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Abstract Under voltage faults, grid-tied photovoltaic 

inverters should remain connected to the grid according 

to fault ride-through requirements. Moreover, it is a 

desirable characteristic to keep the power injected to grid 

constant during the fault. This paper explores a control 

strategy to regulate the active and reactive power 

delivered by a single-stage photovoltaic generation 

system to the grid during asymmetrical voltage faults. 

The reference for the active power is obtained from a 

Maximum Power Point Tracking algorithm, whereas the 

reference for the reactive power can be set freely if the 

zero-sequence voltage is null, otherwise it will depend on 

the magnitude of the zero-sequence voltage and the 

active power reference. The power control loop generates 

the reference currents to be imposed by the grid-tied 

power inverter. These currents are regulated by a 

predictive controller. The proposed approach is simpler 

than other methods proposed in the literature. The 

performance of the control strategy presented is verified 

with an experimental laboratory setup where voltage sags 

and swells are considered. 

 

Keywords Solar Power Generation, Current Control, 

Power Generation 

 

Nomenclature 

PV : Photovoltaic 

MPPT : Maximum power point tracking 

DC : Direct current 

AC : Alternating current 

P : Active power 

Q : Reactive power 

IARC : Instantaneous active reactive control 

AARC : Average active reactive control 

BPSC : Balanced positive sequence control 

PNSC : Positive-negative sequence control 

FRT : Fault ride-through 

LVRT : Low voltage ride-through 

PLL : Phase locked loop 

VSC : Voltage source converter 

LV : Low voltage 

MV : Medium voltage 

P&O : Perturb and observe 

PCC : Point of common connection 

THD : Total harmonic distortion 

𝒗𝒂𝒃𝒄  : Voltage in 𝑎𝑏𝑐 reference frame 

𝒗𝜶𝜷𝜸  : Voltage in 𝛼𝛽𝛾 reference frame 

𝒊𝒂𝒃𝒄  : Current in 𝑎𝑏𝑐 reference frame 

𝒊𝜶𝜷𝜸  : Current in 𝛼𝛽𝛾 reference frame 

𝒊𝜶𝜷
∗   : Reference current in 𝛼𝛽 reference frame 

𝒑(𝒕)  : Instantaneous active power 

|[𝒒𝒂𝒃𝒄]|  : Instantaneous reactive power 

𝐩𝐫𝐞𝐟  : Active power reference 
|𝐪|𝐫𝐞𝐟  : Reactive power reference 

 

1 Introduction 
 

The increase in the world population and environmental 

pollution, along with the decrease in the fossil-based 

fuels, have made the renewable energy sources a very 

attractive alternative for electrical power generation. 

Nowadays, photovoltaic systems are the fastest growing 

and most promising renewable energy source in the 

world. It is estimated a worldwide PV installed power of 

about 871 GW in 2022 [1]. A photovoltaic module 

converts the solar irradiation into DC electrical energy; 

then to connect a PV system to the electrical grid, this DC 

voltage needs to be transformed into AC voltage by 

means of a power electronics converter. Moreover, to 

optimize the energy captured from the PV system, a 

Maximum Power Point Tracking (MPPT) algorithm [2] 

is always considered. In general, MPPT is a method to 

extract the maximum power available in a variable 

generation source (e.g. wind, solar, etc.), and for PV 

systems the most common MPPT techniques used are 

[2]: perturb & observe, incremental conductance and 

ripple correlation, among others. Moreover, intelligent 
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MPPT strategies based on fuzzy logic and neural 

networks can also be found in the literature [2]-[4]. 

Regarding the power conversion topology of a grid 

connected PV system, it can be classified in two types: 1) 

Single-stage: where there is only one DC/AC power 

converter with ability to handle all the tasks, i.e. MPPT 

and grid current control [5]-[6], 2) Multi-stage: where 

one or more DC/DC power converters are incorporated 

to carry out MPPT [7]-[8]. However, multi-stage systems 

have some drawbacks such as a lower reliability, higher 

cost, and larger size compared to single-stage systems 

[9], [10]. 

 
Independent of the number of stages considered for the 

energy conversion, the continuous and efficient operation 

of the system is fundamental even under the presence of 

abnormalities in the grid such as 

symmetrical/asymmetrical sags (reduction of voltage 

magnitude) and swells (increase in the voltage 

magnitude). In this sense, Fault Ride-Through (FRT), 

that is defined as “the ability of generating units to ride 

through transmission system faults and disturbances” 

[11], is a desirable characteristic in every power system 

[12]. Hence, the study of faults and FRT control in 

generation systems containing renewable sources 

(islanded or grid-tied topologies and microgrids) has 

been a matter of interest in last years. 

In [13]-[15], control strategies for grid-tied power 

inverters during asymmetrical faults are proposed. The 

methods presented in [13]-[14] aim to reduce the DC-link 

voltage oscillations and the harmonic content of the 

currents injected to the grid during a fault. In [15] the aim 

is to minimize the peak value of the grid currents during 

the fault. 

A FRT strategy that limits the fault current by using an 

adjustable resistor connected in the inverter DC-link, is 

presented in [16]. During normal operation the current 

limiter has no effect on the inverter operation, and during 

a fault, the adjustable resistor will limit the current in the 

faulty phases and does not affect healthy lines.  

In [17], a model predictive control for a grid-connected 

inverter with FRT capability is presented. The control 

strategy is developed to obtain a constant DC-link 

voltage during the fault, however the active and reactive 

power injected to the grid do not remain constant. 

Regarding the integration of PV and other renewable 

generation sources in grids/microgrids, the study of 

different types of faults and control techniques have been 

reported in literature. In [18]-[20] different 

methodologies to analyze unsymmetrical faults in 

microgrids are presented. In [21] it is carried out the 

application of neural network algorithms to control and 

improve the transient stability in a hybrid generation 

system; the aim is to reduce the power fluctuations and to 

provide voltage support during transient operation. In 

[22], it is presented a control strategy to limit the voltage 

and current during a fault in an islanded microgrid. The 

strategy is tested with symmetrical and asymmetrical 

faults showing good performance. 

On the other hand, the control of active (P) and reactive 

(Q) power injected to the grid by PV systems, during 

unbalanced voltage faults, have been also widely studied. 

In [23]-[24] a review of four grid fault control strategies 

is presented: (1) Instantaneous active reactive control 

(IARC), (2) average active reactive control (AARC), (3) 

balanced positive sequence control (BPSC) and (4) 

positive-negative sequence control (PNSC). The general 

principle of the above techniques is to decompose the 

measured grid voltage into positive and negative 

sequence. Then, the control strategy calculates the 

current reference during a voltage fault by using one or 

both sequence components. The current reference based 

on IARC contains harmonics whereas AARC, BPSC and 

PNSC strategies give rise to output power fluctuation. A 

control method that maximizes the power capability of 

the inverter, by injecting the maximum rated current 

during voltage sags containing positive and negative 

sequences voltages, is presented in [25]. The strategy 

combines a balance between positive and negative 

sequences currents, limiting the inverter output current to 

the maximum rated value and avoiding active power 

oscillations. In [26] a control system based on a fuzzy 

neural network is developed for active/reactive power 

control of a PV system which complies with the Low 

Voltage Ride Through (LVRT) regulations under grid 

faults containing positive and negative sequences 

voltages, without exceeding the maximum current limit. 

Whereas most previous works have considered the use of 

negative sequence currents to regulate active and reactive 

current references during unbalanced faults, the effects of 

zero-sequence voltages have been addressed in [27] 

where simulations results have been presented.  

 

This paper presents an experimental implementation to 

obtain a real-time validation of the control strategy 

presented in [28], intended to inject the desired 

active/reactive power during asymmetrical voltage sags 

and swells in a single-stage PV system. 

 

The reference currents to be injected to the grid are 

obtained from the reference powers and the measured 

grid voltage. Then, the currents are controlled by a model 

predictive control (MPC) strategy [29], taking advantage 

of the features offered by this technique such as: 

straightforward implementation and capability to deal 

with non-linearities, among others. Although MPC has 

been used in PV systems [17],[30]-[31], it has not been 

used in a power control scheme such as presented in this 

article. Then, the combination of a power control stage 

that generates reference currents to be imposed by a 

predictive controller in the converter output, operating in 
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a FRT strategy, is highlighted as an important 

contribution of this work.  

 

Moreover, another important feature of the control 

strategy proposed is that avoids the need of a Phase 

Locked Loop (PLL) scheme for grid synchronization 

purposes [32]-[33], then facilitating the management of 

this task.  

 

In this work, faults containing positive, negative and zero 

sequence voltages are considered. It is shown that under 

the presence of zero sequence voltage faults, a restriction 

for the active and reactive power injected to the grid 

needs to be fulfilled in order to control the power to the 

desired value without power oscillation. The strategy is 

experimentally verified considering a single-stage 

inverter and an emulated PV system. 

 

The paper is organized as follows. Section 2 presents the 

topology proposed with the description of the hardware 

elements, the MPPT method used and the control 

strategy. Section 3 presents the experimental results from 

a laboratory setup. Section 4 gives the conclusions. 

 

 

2 Photovoltaic system 
 

A large PV plant with centralized configuration is shown 

in Fig. 1. The PV array is connected to the grid by a 

Voltage Source Converter (VSC) that is responsible of 

MPPT as well as controlling active and reactive power 

injection. The PV arrays, consisting on several modules 

connected in series, operate at less than a 1 kV hence a 

transformer is used to increase the Low Voltage (LV) 

operation to a Medium Voltage (MV). Then, the 

electrical energy is transmitted to a substation where a 

power transformer elevates the voltages from medium to 

high voltage for large distance transmission purposes. 

The grid-connected photovoltaic system used in this 

work is represented in Fig. 2, where the different control 

variables and the Point of Common Connection (PCC) 

are shown. The PV module array is connected to a single 

grid. For simplicity, only an inductive filter (L filter) is 

connected between the power inverter and the grid, 

instead of LC or LCL filter configurations [34]. 

However, as can be appreciated in the experimental 

results shown in Section 3, this consideration does not 

affect the performance of the proposed strategy.  Fig. 3 

shows the control scheme for the grid-connected 

photovoltaic system. This control system can be 

separated into three stages: PV panel and MPPT method; 

reference currents calculation; and current control of the 

grid-tie inverter. 
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Fig. 1  Typical PV plant connected to the grid 
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Fig. 2  Grid-connected photovoltaic system 

 

2.1 PV panel and MPPT method 

A PV array consists of several photovoltaic modules 

connected in series and parallel, which define the 

maximum power voltage (𝑉𝑀𝑃𝑃𝑇) and current (𝐼𝑀𝑃𝑃𝑇), 

the short circuit current (𝐼𝑆𝐶) and open circuit voltage 

(𝑉𝑂𝐶). In this work, a commercial PV panel from the 

company Sunedison model D330 is considered. The 

parameters of this panel at standard test conditions (1000 

W/m2 and 25°C), are 𝐼𝑀𝑃𝑃𝑇 = 8.77 𝐴,  𝑉𝑀𝑃𝑃𝑇 = 37.7 𝑉, 

𝐼𝑆𝐶 = 9.28 𝐴 and 𝑉𝑂𝐶 = 46.2 𝑉.  

On the other hand, as aforementioned, MPPT is a strategy 

to extract the maximum available power in the PV array. 

Among the several MPPT methods proposed in the 

literature [2], [35], the most known are: 

- Perturb and observe (P&O): method that operates 

periodically incrementing or decrementing the output 

voltage of the PV array and comparing the power 

obtained in the current cycle with the power of the 

precious cycle. P&O is the most widely used MPPT 

method due to its very easy implementation and low 

computation requirements. However, it has the drawback 

of wrong MPP tracking during fast changes in solar 

irradiation. 

- Incremental conductance (IC): method based on the 

fact that the power slope of the PV is null at MPP, 

positive in the left and negative in the right. Due to this 

condition, the MPP can be found in terms of the 

increment in the array conductance. 

- Ripple correlation (RC): strategy that makes use of 

the current or voltage ripples inherent in power 

converters, as these ripples provide some information 

about the system operating point. RC has the advantage  
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Fig. 3  Control scheme for grid-connected photovoltaic system for balanced and unbalanced grid voltage conditions

of not introducing any external disturbance into the 

system but makes use of the current or voltage ripple 

already present in the system. In this work, for the sake 

of simplicity, the MPPT method used is P&O. Moreover, 

as it will be considered that during a fault the solar 

irradiation will not suddenly change, it is expected a good 

performance of P&O method along with the FRT strategy 

proposed. The parameters considered for P&O are [36]: 

tracking speed=5s and voltage step=5V. A Proportional-

Integral (PI) controller is used to process the DC voltage 

error and generate the power reference for the inverter 

(Fig. 4). The controller parameters used in this work, for 

a closed loop natural frequency of 10 Hz and a damping 

ratio of 0.707, are 𝑘𝑝 = 0.1091, 𝑘𝑖 = 4.7418 with 𝐶 =

470 𝜇𝐹. 
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Fig. 4  DC-link voltage control loop 

2.2 Reference current calculation 

The aim of the proposed strategy is to control the active 

and reactive power supplied to the grid by the power 

converter during asymmetric voltage disturbances. The 

method assumes that the instantaneous active/reactive 

power references and grid voltage are known. 

Considering the grid voltage and current in 

𝑎𝑏𝑐 coordinates [𝑣𝑎𝑏𝑐] = [𝑣𝑎 𝑣𝑏 𝑣𝑐]𝑡 and [𝑖𝑎𝑏𝑐] =
[𝑖𝑎 𝑖𝑏 𝑖𝑐]

𝑡, then the active power is obtained as 

𝑝(𝑡) = [𝑣𝑎𝑏𝑐]
𝑡 ∙ [𝑖𝑎𝑏𝑐]. Using Clarke’s transformation, 

presented in (1): 

𝑇𝑎𝑏𝑐→𝛼𝛽𝛾 = 𝑇 =
2

3

[
 
 
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2
1

2

1

2

1

2 ]
 
 
 
 
 

 (1) 

and defining [𝑣𝑎𝑏𝑐] = 𝑇−1[𝑣𝛼𝛽𝛾]and [𝑖𝑎𝑏𝑐] = 𝑇−1[𝑖𝛼𝛽𝛾] 

then the instantaneous active power in 𝛼𝛽𝛾 coordinates 

is given by: 

𝑝(𝑡) = (𝑇−1[𝑣𝛼𝛽𝛾])
𝑡
∙ (𝑇−1[𝑖𝛼𝛽𝛾]) (2) 

𝑝(𝑡) = [𝑣𝛼𝛽𝛾]
𝑡
(𝑇−1)𝑡 ∙ (𝑇−1)[𝑖𝛼𝛽𝛾] (3) 

Since 𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 0, then the instantaneous power is 

calculated by (4). 

𝑝(𝑡) =
3

2
𝑣𝛼𝑖𝛼 +

3

2
𝑣𝛽𝑖𝛽 (4) 

This is a well-known expression due to the absence of 

zero sequence current. Therefore, during a fault condition 

any zero-sequence voltage does not affect the calculation 

of the active power. The instantaneous reactive power is 

obtained as: |[𝑞𝑎𝑏𝑐]| = |[𝑣𝑎𝑏𝑐] × [𝑖𝑎𝑏𝑐]| and using 

[𝑣𝑎𝑏𝑐] = 𝑇−1[𝑣𝛼𝛽𝛾] and [𝑖𝑎𝑏𝑐] = 𝑇−1[𝑖𝛼𝛽𝛾], yields to 

[37]: 

|[𝑞𝑎𝑏𝑐]| = |(𝑇−1[𝑣𝛼𝛽𝛾]) × (𝑇−1[𝑖𝛼𝛽𝛾])| (5) 

that can be rewritten as: 

|[𝑞𝑎𝑏𝑐]| = |𝑇−1||𝑇𝑡[𝑣𝛼𝛽𝛾] × [𝑖𝛼𝛽𝛾]| (6) 

Developing (6), the expression for the instantaneous 

reactive power is given by (7) as function of the 𝛼𝛽𝛾 

voltage and current components (in this case the zero-

sequence current component is zero): 

|[𝑞𝑎𝑏𝑐]| =
3

2
√2𝑣𝛾

2(𝑖𝛼
2 + 𝑖𝛽

2) + (𝑣𝛼𝑖𝛽 − 𝑣𝛽𝑖𝛼)
2
 (7) 

The reference currents needed to inject a certain active 

and reactive power to the grid is obtained using (4), (7) 

and defining 𝑃 =
2

3
𝑝𝑟𝑒𝑓  and 𝑄 =

2

3
|𝑞𝑟𝑒𝑓| as: 

𝑖𝛼1
∗ , 𝑖𝛼2

∗ =

𝑃𝑣𝛼 ∓ 𝑣𝛽√
−2𝑃2𝑣𝛾

2 + 𝑄2(𝑣𝛼
2 + 𝑣𝛽

2)

2𝑣𝛾
2 + 𝑣𝛼

2 + 𝑣𝛽
2

𝑣𝛼
2 + 𝑣𝛽

2  
(8) 

𝑖𝛽1
∗ , 𝑖𝛽2

∗ =

𝑃𝑣𝛽 ± 𝑣𝛼√
−2𝑃2𝑣𝛾

2 + 𝑄2(𝑣𝛼
2 + 𝑣𝛽

2)

2𝑣𝛾
2 + 𝑣𝛼

2 + 𝑣𝛽
2

𝑣𝛼
2 + 𝑣𝛽

2  

(9) 

It can be observed from (8)-(9) that there are two possible 

sets of reference currents. The first set,  𝑖𝛼1
∗ , 𝑖𝛽1

∗ , 
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corresponds to lagging power factor operation, whereas 

the second set 𝑖𝛼2
∗ , 𝑖𝛽2

∗  corresponds to leading power 

factor operation. Both solutions must satisfy the 

following restriction:
−2𝑃2𝑣𝛾

2+𝑄2𝑣𝛼
2+𝑄2𝑣𝛽

2

2𝑣𝛾
2+𝑣𝛼

2+𝑣𝛽
2 ≥ 0. Hence, in 

order to obtain reference currents with physical meaning, 

the desired active and reactive power 𝑝𝑟𝑒𝑓  and 𝑞𝑟𝑒𝑓  must 

satisfy the following condition: 

|𝑞|𝑟𝑒𝑓 ≥
√2𝑣𝛾

√𝑣𝛼
2 + 𝑣𝛽

2

𝑝𝑟𝑒𝑓  
(10) 

The unbalanced voltage faults produced between the PV 

inverter and the PV plant transformer could generate zero 

sequence voltages. Therefore, the restriction in (10) 

needs to be satisfied for the system to be able to inject the 

desired active and reactive power. 

2.3 Grid-tied inverter 

Fig. 2 shows the VSC connected to a three-phase voltage 

supply through a filter inductance 𝐿 with resistance 𝑅. 

The model of the system in 𝑎𝑏𝑐 coordinates is given in 

(11)-(13). 

𝑉𝑎𝑁(𝑡) = 𝐿
𝑑𝑖𝑎(𝑡)

𝑑𝑡
+ 𝑅𝑖𝑎(𝑡) + 𝑒𝑎(𝑡) + 𝑉𝑛𝑁(𝑡) (11) 

𝑉𝑏𝑁(𝑡) = 𝐿
𝑑𝑖𝑏(𝑡)

𝑑𝑡
+ 𝑅𝑖𝑏(𝑡) + 𝑒𝑏(𝑡) + 𝑉𝑛𝑁(𝑡) (12) 

𝑉𝑐𝑁(𝑡) = 𝐿
𝑑𝑖𝑐(𝑡)

𝑑𝑡
+ 𝑅𝑖𝑐(𝑡) + 𝑒𝑐(𝑡) + 𝑉𝑛𝑁(𝑡) (13) 

Using (1), the system model is transformed into 𝛼𝛽𝛾 

coordinates, where gamma component reflects the zero-

sequence voltage. 

To impose the reference currents by the grid-tied inverter, 

a predictive current control scheme is used [38]. Hence, 

a discrete model in 𝛼𝛽 coordinates is necessary to 

estimate the currents in the sampling instant 𝑘 + 2. These 

currents will depend on the converter voltage vector and 

the grid voltage and current values [39]. The error 

between the reference and the measured current is 

minimized by evaluating the following cost function for 

all the possible switching states (voltage vectors) of the 

grid-tied inverter. 

𝑔 = |𝑖𝛼
∗ (𝑘 + 2) − 𝑖𝛼

𝑝(𝑘 + 2)|

+ |𝑖𝛽
∗(𝑘 + 2) − 𝑖𝛽

𝑝(𝑘 + 2)| 
(14) 

Using Euler’s approximation for calculating the 

derivative (
𝑑𝑖

𝑑𝑡
≈

𝑖(𝑘+2)−𝑖(𝑘+1)

𝑇𝑠
), the discrete model of the 

system in αβ, is given by (15). It should be emphasized 

that Euler’s approximation will give sufficiently accurate 

values for the predicted currents as the sampling period 

considered (56µs) is very low compared to the L/R time 

constant. 

𝑖𝑝𝛼𝛽(𝑘 + 2) = (1 −
𝑅𝑇𝑠

𝐿
) 𝑖̂𝛼𝛽(𝑘 + 1)

+
𝑇𝑠

𝐿
(𝑣(𝑘 + 1) − 𝑒̂(𝑘 + 1)) 

(15) 

 

𝑖𝑝𝛼𝛽(𝑘 + 2) : Predicted current of the system in αβ 

𝑖̂𝛼𝛽(𝑘 + 1) : Estimated current of the system in αβ 

𝑣(𝑘 + 1) : Voltage applied by the inverter in αβ 

𝑒̂(𝑘 + 1) : Estimated voltage grid in αβ 

𝑅 : Line resistance 

𝑇𝑠 : Switching period 

𝐿 : Line inductance 

To calculate the vector to apply in 𝑘 + 1 instant, it is 

necessary to know the voltages and reference currents at 

sampling time 𝑘 + 1 and 𝑘 + 2 respectively. In order to 

do that, a Lagrange extrapolation function is used. The 

voltage and current estimations are given by: 

𝑒̂(𝑘 + 1) = 3𝑒̂(𝑘) − 3𝑒̂(𝑘 − 1) + 𝑒̂(𝑘 − 2) (16) 

𝑖∗(𝑘 + 2) = 6𝑖∗(𝑘) − 8𝑖∗(𝑘 − 1) + 3𝑖∗(𝑘 − 2) (17) 

As can be noted in (15), the predictive equation depends 

on the line R-L parameters. It is known that the resistance 

varies with temperature, which in turn depends on the 

current that can vary largely from zero to its rated value. 

However, despite this, as the sampling period used is low 

enough (56µs), variations on the line resistance (and/or 

inductance) will not affect considerably the prediction 

equation nor the performance of the overall control 

strategy. 

A flow chart summarizing the control method proposed 

is shown in Fig. 5. 

 
Fig. 5  Flow chart of the control strategy proposed 
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2.4 Limitations of the proposed method 

 

The restriction shown in (10) indicates the ratio between 

active and reactive power to ensure the existence of 

reference current at any time. When the voltages are 

balanced, 𝑞𝑟𝑒𝑓  can take any value (even zero), but when 

an asymmetrical fault takes place, there will appear a 

voltage component 𝑣𝛾 and the restriction must be 

satisfied. In Fig. 6 it is shown the curves of |𝑞𝑟𝑒𝑓| 𝑝𝑟𝑒𝑓⁄  

(in blue) and the power factor (in black), as functions of 

a coefficient 𝜌, considering that the voltage in one phase 

is perturbed in magnitude as 𝑉 = (1 − 𝜌)𝑉𝑟𝑎𝑡𝑒𝑑. With 

this definition it is considered a swell when −1 ≤ 𝜌 < 0, 

and a sag when 0 ≤ 𝜌 ≤ 1. 

 
 

Fig. 6  Restriction for a fault in one phase 

 

From Fig. 6 it is concluded that when a phase voltage 

doubles its normal magnitude, the relation |𝑞𝑟𝑒𝑓| 𝑝𝑟𝑒𝑓⁄  

equals 
√2

5
. On the other hand, when a phase voltage is 

zero, the quotient between reactive and active power 

must be greater than √2. It is also evident that during a 

sag the system will operate with a power factor lower 

than during a swell, and it is not possible to operate with 

unity power factor during a fault if active and reactive 

power are kept constant. 

 

In Fig. 7 it is shown the relation between active and 

reactive power when a fault occurs in two phase voltages 

simultaneously. In this case it is assumed that the voltage 

magnitude in one phase is 𝑉1 = (1 − 𝜌1)𝑉1,𝑟𝑎𝑡𝑒𝑑 and in 

another phase is 𝑉2 = (1 − 𝜌2)𝑉2,𝑟𝑎𝑡𝑒𝑑 , with {𝜌1, 𝜌2} ∈
[−1,1]. 

 

 
Fig. 7  Restriction for a fault in two phases 

In conclusion, the relation (10) must be satisfied in order 

to maintain constant the magnitude of active and reactive 

power injected to the grid during a fault. Moreover, 

another limitation of the method proposed is that (10) 

only ensures the existence of reference currents to obtain 

constant P and Q during a fault, but it does not give 

information if these currents would have peak values 

greater than admissible by the power inverter, or high 

values of Total Harmonic Distortion (THD). 

 

3 Experimental results 
 

Experimental results are obtained from a 2.5 kW 

laboratory set-up, shown in Fig. 8. The PV panels are 

emulated by means of a Magna Power SL600-4.3 PV 

emulator with 𝐼𝑀𝑃𝑃𝑇 = 4.05 𝐴, 𝑉𝑀𝑃𝑃𝑇 = 32.7 𝑉,       

𝐼𝑆𝐶 = 4.3 𝐴 and 𝑉𝑂𝐶 = 40 𝑉. The Analog-to-Digital 

conversion system and the voltage vector timing for the 

inverter are generated by an Actel A3P400 FPGA 

controlled by a TMSC6713 DSP. The communication 

between the DSP and Matlab platform is carried out by a 

Host Port Interface (HPI) daughter card. The voltage grid 

is set by a three-phase autotransformer. The fault (voltage 

sag or swell) is implemented with a single-phase 

autotransformer which adds and additional voltage 

(positive or negative) to phase-b. The system parameters 

are shown in Table 1. 
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Fig. 8  Set-up for experimental results 

 

Table 1. Experimental Parameters 

R-L 0.25 Ω / 30 mH 

C (VSC) 470 µF 

Vrms 245 V 

Nseries / Nparallel 15 / 1 panels 

Ts 56 µs 

f 50 Hz 

 

Experimental results for normal operation of the PV 

system, with no grid faults, are presented in Fig. 9. The 

PV system is operating with a 220 V grid voltage. 

Initially, the irradiation and temperature for the system 

are 1000 W/m2 and 25 °C. Both are stepped down to 700 

W/m2 and 40 °C, respectively and then return to the initial 

conditions. Irradiation and temperature are kept constant 

for 200 s between steps. 

The DC voltage is shown in Fig. 9 (top). The power 

extracted from the panel is shown in Fig. 9 (middle). For 

normal conditions, the reactive power injected to the grid 

is zero, and the active power injected depends on the solar 

irradiation and panel temperature. The active and reactive 

powers are shown in Fig. 9 (bottom). 

 
Fig. 9  Voltage PV (top), active power from PV array (middle) and 

active/reactive power (bottom) for normal operation 

 

Initially, the DC voltage is 600 V. Under the MPPT 

algorithm the voltage settles within 505 V and 495 V. 

Initially the PV power is 200 W and settles at 2 kW. The 

PV array voltage and power settle to different values 

according to the MPPT for the corresponding irradiation 

and temperature profiles emulated. The PV voltage 

presents a ripple of 5 V due to MPPT action. The power 

injected to the grid varies accordingly with a 0.1 kW 

ripple. The power difference between dc and ac power is 

due to system losses. 

Fig. 10 shows the 𝑷𝒅𝒄 vs 𝑽𝒅𝒄 curves for the different 

irradiation and temperature steps. It can be observed that 

the system tracks and remains at the MPP (in red) for each 

profile of irradiation and temperature. 
 

 
a) b) 

Fig. 10  MPPT method. a) During 0 and 800s b) During 600 and 
1400s 
 
 

3.1 Voltage sag: 40% phase B 

The system is initially operating under normal conditions 

with irradiation of 1000 W/m2 and 25°C. The reactive 

power reference is set to zero. The running time of the 

experiment is 0.2 s and a voltage sag of 40% in phase B 
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is applied from t=0.05 s to t=0.15 s (see Fig. 11 top). The 

grid fault contains a zero-sequence voltage and the 

restriction in (10) is not fulfilled. Fig. 11 (middle) shows 

the currents in the system. Before the fault, the RMS 

current is 4.7 A and 1.98 kW are injected to the grid. 

During the sag the RMS current reaches 7.1 A and the 

active power is regulated in 1.98 kW. However, the 

reactive power shows a ripple of 100 Hz with a peak of 

0.5 kVAr.  

 
Fig. 11  Grid current (top) and active/reactive power injected (bottom) 

during a voltage sag 

Fig. 12 shows the voltage and power delivered by the PV 

array. Before the sag the DC voltage is 495 V and 2 kW 

are generated. During the fault the array voltage shows a 

ripple of 100 Hz and 8 V whereas the active power 

remains constant through the experiment. 

The THD for each current is calculated resulting in 

𝑇𝐻𝐷𝑖𝑎 = 19.2%,  𝑇𝐻𝐷𝑖𝑏
= 22.9% and 𝑇𝐻𝐷𝑖𝑐 =

21.8%. During the fault, the current harmonic 

components are shown in Fig. 13. 

 
Fig. 12  Voltage (top), power for PV array (bottom) during a voltage 

sag 

 
Fig. 13  Harmonic spectrum and THD for the currents during a sag 

Another test considering a reference of 500 VAr for the 

reactive power is set with the same running time, 

irradiation, temperature and fault conditions of the 

previous experiment, to ensure the constraint in (10) is 

fulfilled for the considered 1.98 kW in active power. Fig. 

14 shows the grid voltage, current and active/reactive 

power injected to the grid. The RMS current before the 

fault is 4.8 A with 1.98 kW injected to the electric system 

whereas the reactive power is 500 VAr. During the grid 

fault active and reactive power maintain their values. Fig. 

15 shows the voltage and power delivered by the PV 

array. The dc voltage ripple is the same as in the previous 

test. The power delivered from the PV array remains 

unchanged. 

The THD for each current is calculated resulting in 

𝑇𝐻𝐷𝑖𝑎 = 19.7%,  𝑇𝐻𝐷𝑖𝑏
= 20.5% and 𝑇𝐻𝐷𝑖𝑐 =

19.5%.  The harmonic spectrum of the currents during 

the fault are shown in Fig. 16. 

 
Fig. 14  Voltage (top), grid current (middle) and power delivered from 

PV panel (bottom) during voltage sag 
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Fig. 15  Voltage (top), power for PV array (bottom) during voltage sag 

 

 
Fig. 16  Harmonic spectrum and THD for the currents during a sag 

 
3.2 Voltage swell: 40% phase B 

Fig. 17 shows the voltage, current and power of the 

system operating at MPP for 1000 W/m2 and 25°C. The 

reactive power is set to zero. A running time of 0.2 s is 

considered for this experiment and a 40% voltage swell 

(Fig. 17 top) in phase B is applied from t=0.05s to 

t=0.15s. The grid fault has a zero-sequence voltage, hence 

the restriction in (10) is not fulfilled, and therefore only 

the active power can be regulated to its set-point. Fig. 17 

(middle) shows the currents for the system. Under normal 

operation the RMS grid current is 4.7 A and 1.98 kW are 

injected to grid. During the swell the current reaches a 7.5 

A peak, and the active power is kept at its reference value 

(1.98 kW). However, reactive power presents a ripple of 

100 Hz with 300 VAr peak, see Fig. 17 (bottom). 

 

 
Fig. 17  Voltage (top), grid current (middle) and power delivered to the 

grid (bottom) during voltage swell 

Fig. 18 shows the voltage and power delivered by the PV 

array during the voltage swell. Before the fault the PV 

array generates 2 kW at 495 V. During the fault the 

voltage has a 5 V and 100 Hz ripple whereas the PV power 

remains unchanged. 

 
Fig. 18  Voltage (top), Power for PV array (bottom) during voltage 

swell 

The harmonic spectrum of the currents during the fault 

are shown in Fig. 19 and the obtained THD values are: 

𝑇𝐻𝐷𝑖𝑎 = 16.8%,  𝑇𝐻𝐷𝑖𝑏
= 14.7% and 𝑇𝐻𝐷𝑖𝑐 =

16.5%.   

 
Fig. 19  Harmonic spectrum and THD for the currents during a swell 

To regulate both active and reactive power under normal 

and fault conditions, the reactive power needs to be 

increased in order to satisfy (10). Considering an active 
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power of 1.98 kW and a 40% voltage swell, the minimum 

reactive power to satisfy (10) is 320 VAr. Therefore, the 

previous transient is repeated with a 325 VAr reactive 

power reference. 

Fig. 20 shows the voltage, current and active/reactive 

power delivered to the grid during normal and fault 

conditions. The RMS pre-fault current is 4.73 A while the 

converter injects 1.98 kW and 325 VAr to the grid. 

During the grid fault active and reactive powers are 

regulated according to their reference values. Fig. 21 

shows the voltage and power delivered from the PV array.  

The string voltage ripple is similar than that of the 

transient with zero reactive power reference, whereas the 

control system keeps MPPT operation. 

The currents harmonic spectrum obtained during the fault 

are shown in Fig. 22 and their THD values are: 𝑇𝐻𝐷𝑖𝑎 =

16.8%,  𝑇𝐻𝐷𝑖𝑏
= 15.7% and 𝑇𝐻𝐷𝑖𝑐

= 17.2%.   

 
Fig. 20  Voltage (top), grid current (middle) and power delivered to the 

grid (bottom) during voltage swell 

 
Fig. 21  Voltage (top), Power for PV array (bottom) during voltage 

swell 

 
Fig. 22  Harmonic spectrum and THD for the currents during a swell 

From all the experimental results shown, it is confirmed 

that the convergence to equilibrium during a fault is very 

fast (the response time is almost negligible). Moreover, 

although stability analysis is not the aim of this work, it 

is reasonable to state that since the PV generator keep 

constant the output power during a fault (and is not 

disconnected from the power system), it will not lead to 

voltage instability [40]. 

 

Considering some of the previous works, it can be 

mentioned that the results obtained for active/reactive 

power under asymmetrical sags and swells show a lower 

oscillation compared to the approach presented in [26] 

and a similar performance to the control scheme 

presented in [24] but with a much simpler 

implementation, making the proposed strategy promising 

for the current application. 

 

On the other hand, regarding the IEEE Standard for 

Interconnection and Interoperability of Distributed 

Energy Resources with Associated Electric Power 

Systems Interfaces (IEEE Std 1547 - 2018) [41], the 

requirements under abnormal voltage conditions can be 

summarized in Fig. 23 [41].  

 

From this figure, it is appreciable than the Distributed 

Energy Resource (DER) may ride-through or may trip if 

a phase voltage is lower than 0.5 pu or higher than 1.2 pu 

for a period lower to 0.16 s. For higher periods, the DER 

must trip. Moreover, for voltages in the range 0.5 - 0.7 pu 

there is a permissive operation capability area. 

In the cases presented in this work, the faults 

experimented (voltage sag of 0.6 pu and voltage swell of 

1.4 pu) have a duration of 0.1s and the system proposed 

ride-through, then complying with the requirements of 

the IEEE Std 1547. 

 

Regarding islanding, also specified in the IEEE Std 1547, 

the DER shall detect the island and cease to energize 

within 2 s of the formation of an island. For the strategy 

presented in this paper, the system will actually be 

capable of detect an island and will cease to energize, as 

the reference current will be zero according to (8)-(9), 

without the presence of grid voltages. This action will last 

only one sampling period (56µ), then the system will 

comply with the unintentional islanding criteria. 
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Fig. 23.  DER response to abnormal voltages and voltage ride-through requirement

 

4 Conclusions 

This paper has presented a theoretical analysis of a 

control strategy intended to supply a demanded active 

and reactive power from a PV system into the grid under 

balanced and unbalanced grid conditions. It has been 

shown that, under unbalanced grid voltage conditions, it 

is necessary to consider the magnitude of the voltage 

sag/swell, the active power and the zero-sequence 

voltage in order to regulate the reactive power flow 

between the inverter and the grid. The proposed strategy 

has been experimentally validated using an emulated PV 

panel. Several results have been shown and discussed for 

balanced grid operation and for grid voltage sags and 

swells, showing a good performance of the strategy 

proposed, compared to previous works, especially related 

to power steady state oscillations. Moreover, the 

response time of the proposed method is negligible, then 

the injected active and reactive power do not suffer 

noticeable variations during the fault (when the required 

restriction for 𝑞𝑟𝑒𝑓  is satisfied). On the other hand, the 

proposed strategy complies with the IEEE Std 1547 in 

terms of ride-through capability and islanding detection. 

Future work in this research line could include a thorough 

stability analysis with the PV system interacting with 

other generations sources (for instance in a hybrid 

microgrid) during fault conditions.  
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