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ABSTRACT: The increasing number of megawatt-scale photovoltaic (PV) power plants and other large inverter-based power 

stations that are being added to the power system are leading to changes in the way the power grid is operated. In response to these 

changes, new grid code requirements establish that inverter-based power stations should not only remain connected to the grid 

during faulty conditions but, also provide dynamic support. This feature is referred in the literature to as momentary cessation 

operation. The few published studies about momentary cessation operation for PV power plants have not shed much light on the 

impact of these systems on the overall power system stability problem. As an attempt to address this issue, this paper proposes a 

control scheme for PV inverters that improves the transient stability of a synchronous generator connected to the grid. It is shown 

through the paper that the proposed control scheme makes the PV inverter's dc link capacitors absorb some of the kinetic energy 

stored in the synchronous machine during momentary cessation. Besides that, the proposed solution is also able to improve voltage 

stability through the injection of reactive power. Experimental and simulation results are presented in order to demonstrate the 

effectiveness of the proposed control scheme. 

INTRODUCTION 

 

 In recent years, power systems have experienced a significant increase in the penetration of RE sources, which are usually 

connected to the power grid through power converters (such as inverters). The increase of PV generation implies some new 

technical challenges, such as transient stability, which makes the operation of power systems under severe disturbances an 

important issue. The overall system inertia and governor response are reduced for this new system configuration, which may 

negatively impact the transient response of the rotor angle of SMs. However, the inverters used in PV generation provide new 

opportunities, such as ancillary services to SMs. For instance, PV inverters may help maintain stability after a system disturbance, 

such as a short circuit caused by a lightning strike on a transmission line, which may trigger a FD signal that is responsible for 

opening the faulted line’s circuit breakers. 

 The GCs of the past two decades did not anticipate the significant changes in the power system configuration regarding the 

operation of power inverters. Even today, it is difficult to comprehend and estimate future scenarios of RE generation. Because of 

that, during the last decade, GCs have required the RE sources to be disconnected as soon as a disturbance is detected This 

requirement is acceptable as long as the RE penetration level is not significant, which is done to prevent the loss of synchronism. 
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 However, the GCs have changed to require FRT capacity from RE units during disturbances, which means that the generation 

unit must not only remain connected to the power system but, also, must give support in maintaining synchronism and voltage 

stability. Some countries have established standards that require additional capabilities from the PV inverters used in distributed 

generation units, and from PV plants connected to the medium voltage transmission grid. Some of these standards allow for a MC 

operating mode or temporarily stop transferring active power to the grid while giving priority to the reactive power support to 

improve voltage stability Some GCs establish APRRR for post-fault operation, as can be seen in end. 

 In the literature, the FRT capacity of PV systems in compliance with the GCs has been largely investigated. For example,  proposes 

an FRT scheme to support the grid by injecting reactive power, as required in the German GC], and that enables the power quality 

to adjust based on a trade-off between power ripple and current harmonics. In, the impact of the following PV systems’ operating 

modes is investigated: disconnection from the grid; FRT in blocking mode; and FRT with dynamic voltage support on short-term 

voltage stability, on post-fault recovery and, eventually, on transient stability. Another relevant research is presented in ], which 

models the LVRT capacity in PV plants based on field test results performed by manufacturers in compliance with the Chinese 

GC. Lastly, in the control system of a PV plant is adapted to include current limiters and dc link voltage control, making the FRT 

capability able to face any type of fault. Even though the FRT implementation on PV systems and its benefits on dynamic voltage 

support have been studied in the literature, a more thorough study about the impact that the GC’s operating modes have on the  

system transient stability remains necessary. The Blue Cut Fire ] and the Canyon 2 Fire  events showed how little are the studies 

on the impact of the MC operating mode of PV systems on power system stability during a transmission fault. The NERC/WECC 

joint task recommends performing dynamic simulations to understand the impact of MC and post-fault APRRR on stability. These 

studies are necessary to determine the conditions under which the MC should be used, and if so, what type of power should be 

delivered (active or reactive) and, also, the sequence of the injected current (positive, negative, or zero). Recently, some research 

efforts have been made to assess the impact of the MC mode on transient stability. 

Given the importance of making the PV plant have a positive impact on the system stability while operating in the MC mode, this 

paper proposes an FRT control scheme based on the absorption of the kinetic energy stored in the SM’s rotating mass to ensure 

transient stability. The proposed control scheme also improves voltage stability and its post-fault recovery through the delivery of 

reactive power into the grid. When using the proposed scheme, the SM active power output is increased close to its pre-fault value, 

recovering the balance between the SM electrical power and mechanical power, what decelerates the rotor angular speed that, in 

turn, reduces the rotor angle excursions and ensures transient stability within the first cycles of the disturbance. The proposed 

control scheme doesn’t require any other additional equipment on the power system or in the inverters’ dc link. When comparing 

with the solutions proposed in and the control scheme presented in this paper also shows better performance ensuring the transient 

stability in the first cycles after the FD. 

 The proposed control scheme requires no additional hardware to be added to the existing equipment of a PV plant, and hence no 

additional costs are expected. However, it relays on a PMU and a PDC, which may need to be installed. Even though this is a large 

investment, there is an increasing trend to operate power systems in an economical and synchronized way, using smart grid 

technologies. PMUs and PDCs may thus become commodities in this environment, as they provide other functionalities for 

metering, monitoring and control. 

PROPOSED CONTROL SCHEME OF THE PV INVERTER 

 The power system configuration shown in Fig. 1 is used for the transient stability analysis presented below. This hybrid power 

system consists of an SM operating in parallel with a PV system, both power plants are connected to the grid through two 

transmission lines. The PV system is composed of n PV units as shown in Fig. 2, these units are controlled according to a MPPT 

strategy under normal operation.     However, during a fault in one of the transmission lines, the PV inverters can enable FRT in 

MC mode and perform the proposed control action to minimize the SM load angle (δr). 
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Fig.1 Three-phase diagram of a utility-scale hybrid power system. 

 

 

 

Fig.2 Three-phase diagram of each PV unit 

  

 It is well known that in an APF the grid currents can be indirectly controlled by making the APF inject the harmonic components 

and reactive parts of the load currents. Similarly, the SM current components responsible for regulating the torque (or active 

power) and magnetic flux (or reactive power) can be imposed by controlling the currents injected into the grid by the PV inverters. 

This can be done because these inverters can act within the fault time frame, whereas the SM governor usually acts after the fault 

has ended. The disequilibrium caused by a disturbance can be reduced by maintaining the active power output of the SM as close 

as possible to its pre-fault condition. This means that, during the fault, the exceeding active power, that cannot be absorbed by the 

faulty grid must be delivered to the dc link capacitors of the PV units. Therefore, it should be noted that this strategy depends on 

the operational limits of the inverter, which must be considered. During the fault, the objective of the proposed control scheme 

becomes ensuring that the SM active power (PfS
M) remains equal to its pre-fault value (Ppre-fSM) . To achieve this objective, the PV 

plant reference active power should be: 

 

where P¯fg is the average active power injected into the grid during the fault. 

As determined by, the PV plant will require real-time measurements of the SM and of the grid. For this, as shown in Fig. 1, a PMU 

is installed in the SM substation to measure the voltage phasor at the PCC and the current phasors of the transmission lines. Current 

PMU technology can transmit synchro phasor data at up to 120 samples per second21] to a PDC, which is located at the PV plant 

substation for the following analysis. 
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 A PDC is employed to aggregate and time-synchronize the phasor data collected from a PMU or multiple PMUs, and from other 

PDCs. The PDC is a critical link between PMUs and the synchro phasor software application to which the time-synchronized data 

is fed, for control decision action 

 An important aspect regarding the data transmission is the communication delay involving sampling, data filtering and processing, 

communication system I/O, and communication distance. During the delay, since no variation in the SM active power output 

measurement reaches the PDC, the PV inverters won’t be able to act properly. Thus, the communication system must be designed 

to avoid delays that are longer than a certain threshold, which is determined as the maximum delay that doesn’t compromise the 

effectiveness of the proposed control scheme in ensuring transient stability. In this study, it was verified that the PMU delay 

shouldn’t be longer than 20% of the total fault duration. The simulation in Section IV sets a maximum delay of 28 ms. which is 

well within the range of 20 ms to 50 ms for a typical system, as described in. 

 The proposed FRT scheme to be implemented on the PV inverters is shown in Fig. 3. The power references for each PV unit (Fig. 

2) can be computed once the PMU measurements are transmitted to the PV plant substation’s PDC. Based on (1), the pre-fault 

SM active power must be computed during the disturbance. For that, it can be obtained through the use of a very slow LPF, having 

a time constant of some seconds, which is much longer than the typical duration of a fault. On the other hand, the reduction of the 

active power consumed by the grid must be considered by the control. A MAF is used to attenuate the power oscillations caused 

by the negative-sequence and harmonic components of voltages and currents during the fault. The same applies to the PV reactive 

power reference computation. 

 

Fig.3 Proposed FRT scheme including: PMU measurements and data transfer, FRT inverter power references 

computation, dc link voltage control, and P-SSI based current control. 

 According to, no oscillatory power should be part of the calculation of the PV plant reference power. For this to happen during 

major grid disturbances, MAFs and LPFs are used. The MAFs’ cutoff frequency is higher, in order to allow the proposed control  

scheme to keep tracking the real-time changes of the average power that is being transferred through the grid. On the other hand, 

the LPFs with lower cutoff frequency are used to retain the SM pre-fault active power output, which is used as a reference signal 

in the proposed control scheme. 

 Since the reference values calculated through are for the PV plant, the power references of each PV unit are calculated dividing 

those values by the number of PV units (n). The reference P ∗inv value must be limited within the maximum active 

power Pinv
max that can be absorbed during the disturbance for safety purposes, which can be determined by: 
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 where C is the dc link capacitance, Δt is the fault’s maximum duration, vdc is the steady state dc link voltage, and vmaxdc is the 

maximum dc voltage during a disturbance. This imposed limit on the controller prevents the dc link voltage from rising beyond 

the maximum inverter’s dc input voltage, as specified in , which is a more restrictive limit than the capacitor’s surge voltage of 

two times its nominal voltage, as in . 

The reference Q∗inv must also be limited within the maximum reactive power Q inv max , which can be calculated as: 

 

 

 It should be noted that the proposed control scheme gives priority to the computation of the active power reference necessary to 

be absorbed by the PV units. However, the limit imposed by provides a power margin that can be dispatched as reactive power 

support to improve voltage stability as required by some GCs. 

 As presented in, the FRT scheme computes the inverter current references in order to achieve constant power injection (which 

demands to synthesize all odd harmonic current components) or oscillatory power injection of frequency 2ω (which only demands 

to synthesize fundamental-frequency positive sequence (FFPS) currents). When applied to the proposed control scheme, the 

oscillatory power injection does not impact the average SM active power output because its mean value is zero, thus, it has no 

influence in the variation of δr . It should also be noted that, when compared to the injection of only FFPS currents, injection of 

all odd harmonic currents can exceed the maximum short-circuit withstand capacity of the inverter. For these reasons, in this 

research, the inverter current references contain only FFPS component. The “power to current” block determines the current 

references using the instantaneous power theory: 

 

 

 In, the FFPS component of the voltage at PV unit’s terminals (v⃗ inv+1,αβ) is obtained using a PLL (a GDSC-PLL was used for 

obtaining the results presented in this paper due to its better performance characteristics. The resulting three-phase 

current (iabcinv) should not exceed the short-circuit withstand capacity specified in the datasheet of the inverter unit  

A. VOLTAGE AND CURRENT CONTROLLERS 

 The overall control scheme is presented in Fig. 3. In steady-state operation, the dc link voltage control block makes the power 

that comes from the PV panels to be transferred to the grid. The dc link voltage controller shown in Fig. 4 calculates the active 

power reference (p∗c) to be delivered to the capacitor to reduce the voltage control error (ev). This value corresponds to the amount 

of power necessary to keep constant the dc link voltage. The power extracted from the PV panels at MPPT (p PV-panels m ppt) is 

added to p∗c , as can be seen in Fig. 4. By doing so, the p PV-panels m ppt becomes part of the active power reference. The inferior 

and superior limits of the anti-windup saturation block (Fig. 4) are selected to determine the maximum power variation the 

controller can compensate. The block “==” makes zero the input of the integral controller in case p′c and p∗c values are different. 
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Fig.4 Diagram of the dc link voltage controller with anti-windup action 

 When the FD signal is activated, the “dc link voltage control” block is disabled, which means that the transfer of active power 

from the PV panels to the grid enters in MC mode. Under these conditions, the dc capacitors can absorb the SM kinetic energy, 

thus, mitigating the impact of the fault on the SM transient stability. 

 The “P-SSI based current control” block will act to track the current references I inv∗+1,α and I inv∗+1,β , which are obtained 

from the “dc link voltage control” block in steady-state operation or from the “proposed control scheme” block during the 

disturbance. For this purpose, two controllers, one for α and the other for β components, based on sinusoidal-signal integrators 

(SSIs) are used, [28]. A proportional action was also used for defining the controller’s bandwidth. 

 The P-SSI based current control scheme has been selected because it is widely used in systems with sinusoidal references and/or 

disturbances. This motivated by the fact that its transfer function is equivalent to that of a sinusoidal signal, eliminating the steady-

state error for sinusoidal reference signals (according to the internal model principle). A feed-forward value of v in vabc vdc is 

added to the controllers’ output to obtain the modulation signals m abc , and a PWM converts these signals into commands g1…6 

for the inverters’ IGBTs. The current control must be significantly faster than the dc voltage control. 

PROBLEM STATEMENT 

 It is against this background that this study attempts on evaluating the impact of photovoltaic plant on voltage sags. With the 

introduction of RES such as PV plant into the grid, it is not clear whether the voltage sags will improve or worsen the network 

performance hence; there is a need to understand what impact the PV plant will have on the network. 

The author [5] defines the voltage sags as “short duration reductions in rms voltage, caused by short circuits, overloads and starting 

of large motors”. This voltage sags may lead to system failure where some equipment trip when the rms voltage drops below 90% 

for longer than one or two cycles. 

 The main concerns about voltage sags is the impact they can cause on sensitive equipment such as speed drive control, motor 

starter contactor, programmable logic controllers, robotics, controller power supplies and control relays. The results will cause the 

equipment to fail or shut down, over and above create a large current unbalance that could blow fuses or trip breakers. More so, 

consequences of these effects can be very expensive for the customers, ranging from minor quality variations to production 

downtime and equipment damage. 

 Voltage sags disruptions have been a major concern to customers, electrical industry, utilities and government. According to 

literature, several publications identified a solution of mitigating voltage sag impacts on the PV plants. A study to investigate the 

impact of voltage sags and PV plant on the network was carried out on reference]. The findings showed that voltage sags could 

course severe damages on customers leading to financial loss. Further results showed potential positive impact on grid connected 

PV renewable sources supporting voltage improvements 

http://www.ijcrt.org/
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AIMS AND OBJECTIVES OF THE STUDY 

 This research aims to evaluate the impact of the trending PV plants on utility network to show how it will contribute on voltage 

sags mitigation and its financial impact. The main objective will be, investigated and addressed with the aid to reveal the influential 

factors relating to PV impact on voltage sags, by applying the following specific sub-objectives: 

• To investigate the impact of a PV plant on voltage sag performance. 

• To investigate the impact of power factor variation during the integration of PV plant into power system network. 

REVIEW OF POWER QUALITY 

 A power quality (PQ) study by [5] indicates that reliability and quality of power supply was not an important issue up until the 

early 1980s, where the industrial and commercial power systems adopted the power quality virus due to the change of attitude. 

The customers' electricity demands became more and more resulting into the deregulation of the electricity industry. Power quality 

problems then became a substantial concern on the power networks; several analytical techniques also developed to overcome 

these disturbances in system equipment interactions. 

 Residential customers have nowadays considered electricity as the basic right and became more sensitive to power quality 

resulting to frequent complaints. Commercial and Industrial customers are more likely into using electronic and power electronic 

equipment which has become much more sensitive thus easily affected by poor quality of supply. The author in [5] states, “Not 

only has equipment become more sensitive, companies have also become more sensitive to loss of production time due to their 

reduced profit margins”. 

POWER QUALITY DEFINITION 

 The term power quality has so many meaning by different authors, according to [5]; Power quality is defined as “Any power 

problem manifested in voltage, current, or frequency deviations that result in failure or malfunction of customer equipment”.  

Another interesting definition by] defines it as, “Power Quality is the combination of current quality and voltage quality, involving 

the interaction between the system and the load”. 

 Voltage quality concerns the deviation of the voltage waveform from the ideal sinusoidal voltage of constant magnitude and 

constant frequency. Current quality is a complementary term and it concerns the deviation of the current waveform from the ideal 

sinusoidal current of constant magnitude and constant frequency. Voltage quality involves the performance of the power system 

towards the load, while current quality involves the behavior of the load towards power system. 

Experimental Verification 

 The proposed control scheme is validated through experimental verification using the prototype shown in Fig. 5, consisting of an 

SM-flywheel-primary motor assembly in which the flywheel is mounted on the axis coupling the SM and the primary motor to 

make its inertia to resemble the operation of a conventional hydroelectric power plant. An inverter operates in parallel to the SM 

as shown in Fig. 6, however, in all experiments, no RE source is connected to the inverter’s dc link. A dSPACE platform (model 

DS1005 with a processor running at 1 GHz) is used as a real-time processing tool where the entire proposed FRT scheme was 

implemented. 
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Fig.5 (a) Equipment used in the experimental prototype 

 

 

Fig.5 (b) SM-flywheel-primary motor assembly. 

 

 

 

 

 

 

 

 

Fig.6 Experimental system configuration – Two-phase inductive load. 

 The application of a real fault in a laboratory is not recommended due to the increased risk to the operators and facilities. Due to 

this fact, when the FD signal is enabled, a low impedance inductive load (Leq c=42.7 mH) is connected to the SM terminals 

(phases b & c ), emulating a two-phase fault. The FD signal also disconnects phases b & c of the SM from the grid, as shown 

in Fig. 6. Under these conditions, the SM active power output drops to zero because the SM is connected in Δ and there is no 
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connection with the neutral of the grid. The low impedance inductive load produces high currents and a high SM reactive power 

output, which is similar to what happens during a real fault. 

The parameters of the SM and of the inverter are shown in Tables 1 and 2, respectively. The terms fs and fsw in Table 2 are the 

sampling and switching frequencies, respectively. The gains chosen for the current and voltage controllers 

are Kp=0.0375&Ki(1) =3 and Kpv=0.07431&Kiv=0.3456 , respectively. The current controller gains were calculated to obtain a 

GM of 13.3 dB, a PM of 55°, and a ZF of 0.65 kHz. Similarly, the voltage controller gains were calculated to obtain a GM of 63.8 

dB, a PM of 84.2°, and a ZF of 5 Hz. 

 

CONCLUSION 

 In this work, a control scheme for PV inverters is proposed to act during faults that could compromise the transient and voltage 

stability of a hybrid power system. The analysis demonstrated that the proposed control scheme can act while the PV system is in 

MC operation, supporting the grid to recover stability during and after a disturbance on the transmission grid. The proposed control 

scheme makes the SM kinetic energy to be absorbed into the dc link capacitors to ensure transient stability. Besides that, it also 

enables the injection of reactive power into the grid to support voltage stability. 

Experimental and simulation results have shown that the proposed control scheme can reduce the rotor angle oscillations within 

the first few cycles of the fault, effectively ensuring the SM’s transient stability. It has also shown improvements in the grid 

voltages during the fault period and a very fast post-fault voltage recovery in comparison with other FRT control schemes. 

PROPOSED FUTURE WORK 

A further study is proposed concerning the calculation model for voltage sag improvement cost using PV plants. This can be 

achieved by matching calculations with measurements made with other technologies on previous studies. Proposals are that, a 

study of PV plant performance on voltage sags, collectively with other type of technologies like, battery energy storage be 

investigated in future. Furthermore, it is suggested to conduct a study with a PV plant located deep inside the MV network to be 

able to respond to excessive voltage drop. 
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