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The ability to use the algorithm synthetic inertia (SI) is one of the most important properties of renewable 

energy sources (RES) generating units connected to the network via a power converter (GUPC). Through the use 

of SI algorithm there is an opportunity to increase the inertia and damping properties of such plants. The 

effectiveness of the SI algorithm depends on the mains frequency input value, which is formed by the phase locked 

loop (PLL), which is an integral part of the power converter control system. However, the operation of the PLL 

can lead to oscillations with different frequencies when the GUPC is installed in weak electrical networks and, 

accordingly, adversely affect the performance of the SI algorithm. The studies have shown that the PLL in the 

photovoltaic plant (PV) control system allows to influence the performance of the SI algorithm, but the nature of 

this influence depends on the electric network density and can be positive or negative. The influence obtained on 

the test EPS is also confirmed for the power system of large-scale. 
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Introduction 

Currently, there is a trend of ever-increasing energy consumption. Many leading countries are interested 

in decarbonization, based on the reduction of traditional generation based on fossil fuels. One of the main 

directions of development of the global energy sector is the large-scale introduction of new generation 

facilities based on renewable energy sources (RES) [1]. According to the report of the International Energy 

Agency [2], the growth of installed RES capacity in 2020 was 280 GW, which is almost 45% more than in 

2019, the record growth was also due to an increase of 23% of new photovoltaic installations of almost 135 

GW of capacity. 

Common to RES facilities is the use of power converters (PC) for connection to the network, which 

leads to the absence of direct coupling with the network and, accordingly, a contribution to the overall inertia 

of the system. The mentioned features of devices based on power semiconductor technology significantly 

change the dynamic properties of electric power systems (EPS) due to the different dynamics of PC 

functioning, especially its automatic control system (ACS), in comparison with traditional EPS equipment. 

As a result, the continuous growth of the implementation level of RES facilities, which will last until at least 

2030 according to the Paris Agreement [3], leads to a significant decrease in the reliability of modern EPS 

functioning in normal and especially emergency modes [4-7].  

One of the main problems is to ensure the frequency stability of EPS [8, 9]. The emergence of this 

problem is associated with the introduction of inertia-free RES facilities, including by replacing conventional 

generation, which leads to a decrease in the available power reserve and overall system inertia. This leads to 

an increase in the rate of voltage frequency change in the occurrence of power imbalance [10]. As a result, in 

power systems with low inertia, the depth of frequency reduction is much greater for a similar perturbation 

compared to traditional EPS [11, 12]. 

In order to ensure the reliable operation of EPS with low inertia and to reduce the negative effects from 

the implementation of RES facilities, it is necessary to adapt their ACS to the requirements of conventional 

generation as part of EPS [13]. Due to the necessary mass use of frequency control algorithms, developed 

solutions must be simple and reliable. Currently, many approaches have been developed to solve this 

problem and provide the formation of the so-called synthetic inertia. One such approach, which is applicable 

to all dominant types of RES, is the introduction of a synthetic inertia (SI) algorithm into the ACS, as well as 
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the correct tuning of the phase locked loop (PLL) [14-16]. The PLL is usually used to measure the network 

frequency, due to its simple structure and reliability, the PLL is the most popular and widely used [17]. 

In addition, during the operation of RES objects, it is necessary to take into account the heterogeneity of 

the magnitude of inertia, which leads to different rates of change and, accordingly, the values of frequency 

reduction in different parts of the network, which causes serious difficulties in setting up systems of 

protection against frequency reduction and increase. The problem of modeling transients in "weak" networks 

when implementing RES is worth mentioning separately [16, 18]. Due to the more oscillatory nature of 

transients in such networks, quite often there is a situation that after perturbations begin to oscillate with 

increasing amplitude, and also the PLL requires more fine-tuning, in contrast to networks with "strong" links 

[16]. In this paper [16, 18] it is shown that the coefficients of the PLL, especially in networks with "weak" 

links, strongly affect the operation of the power converter.  

This paper deals with this issue and is organized as follows. First, the SI algorithm under consideration 

is described with the peculiarities of its application and the "underloading" mode of the photovoltaic plant 

(PV). Next, the mathematical model of the PV object used and the EPS test scheme are presented. The final 

section presents the results of the experiments with a corresponding description. The conclusions on the 

performed research are presented in the conclusion. 

1. Approach to the implementation of the SI algorithm and the "deloading" mode PV 
One of the main approaches to the formation of synthetic inertia is the use of SI [8, 15] Implementation 

of SI is usually considered in relation to wind turbines (WT) [8, 15, 19-21]. This is due to the possibility of 

using the stored energy of the rotating wind wheel for a short-term increase in the power output of the WT 

during the occurrence of frequency sag in the EPS. At the same time, there are 2 variants of implementation 

of the synthetic inertia algorithm: single-loop and double-loop control scheme (Figure 1). The double-circuit 

scheme has an obvious advantage over the single-circuit one [22] because it reacts not only in the process of 

frequency change, but also at the actual frequency deviation from the set value, thus providing a return to a 

higher frequency level after the occurrence of imbalance. Further we will consider the double-circuit circuit. 

 

 

a) 

 

b) 

Fig. 1. Schematic diagram of the synthetic inertia algorithm: a) single-loop control, b) double-loop control 

 

The double-loop circuit works as follows: when frequency fluctuations occur in the power system, the 

WT plant output power control system adds a Pextra frequency response signal to the active power setpoint. 

This signal is formed by a two-loop control circuit, including a frequency derivative control circuit df/dt and 

a frequency deviation circuit Δf. At the same time, the contribution in the formation of Pextra of the first 

loop is greatest in the initial stage of the transient process and does not imply the return of the network 

frequency to the nominal value. In order to ensure the return of frequency to the acceptable region, the 

second circuit is used, which imitates the effect of damped windings in a classical synchronous generator and 

provides linear frequency smoothing [23]. 
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Application of PV for frequency control in emergency modes is possible in two ways. The first way is 

to use electric energy storage devices to deliver additional power, the second way is to "deloading" PV in 

steady-state mode and to use full power in emergency modes. In [24] it was proved that the first method has 

a higher cost, in this connection the widespread and currently main option is the "deloading" mode of PV. In 

this case, the use of synthetic inertia in the ACS PV allows the formation of an optimal frequency response 

and effective maintenance of stable operation of the EPS as a whole, including at different levels of 

illumination. Figure 2 shows the power dependence of the PV DC voltage. The Maximum Power Point 

Tracking (MPPT) controller normally changes the DC voltage of the panels to achieve maximum efficiency 

(point A1 in Figure 2). 

 

 

Fig. 2. Dependence of power on the DC voltage of the PV. 

 

The Maximum Power Point and the corresponding DC voltage depend on solar insolation, ambient 

temperature, and solar cell temperature. There are many MPPT methods [25] to maximize PV power output. 

To unload the PV, the PV cell voltage is raised above the MPPT point by ΔU [26], the output power is 

reduced (point A2 in Figure 2) and a power reserve is created that can be used to provide inertial response 

and participate in frequency control. In view of the above, the research further uses a scheme that provides 

"deloading" of the PV and SI algorithm (Figure 3). 

 
Fig. 3. Modification of ACS PV which includes a synthetic inertia algorithm with two-channel control [8, 15, 24, 26]. 

 

 

2. Description of test circuit EPS and the scheme of the PV used 

For the research, a three-machine EPS was implemented as shown in Figure 4. The PV is implemented 

in bus 5 (Fig. 5), which is connected to the network by means of a static voltage converter (inverter). With a 

PV capacity of 25 MW, its share corresponds to 40% of the installed capacity. In the "deloading" mode of 

PV, there is a power reserve of 2.5 MW, which is 10% of the installed power [26]. For the presented network 

topology (Fig. 4), the following perturbation was carried out: load surge at busbar 3. The load surge allows to 

estimate the influence of the SI algorithm on the inertial response of the network. 
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Fig. 4. Test three-machine power system. 

 

 

 
 

Fig.  5. Structural diagram of PV with upgraded ACS 

 

To investigate the influence of the SI algorithm on the frequency stability, 2 variants of circuit-mode 

conditions are realized: "strong" and "weak" network. The strong network means that the short circuit ratio 

(SCR) of this network is more than 10 o.u. (SCR of "strong" network = 14,36), respectively SCR of weak 

network is less than 10 o.u. (SCR of "weak" network = 7,54) [27]. The calculation is made according to 

formula (1):  

min

RES

S
SCR

P
  [о.е.],         (1) 

 

where, Smin - is the minimum value of short-circuit power at the RES connection point to the mains without 

RES influence, РRES - is the rated power of RES. 

 

3. Study of the influence of SI algorithm and PLL settings on EPS frequency stability 

For the synthetic inertia algorithm (SI) coefficients were taken according to the analyzed literature: [28, 

29] "Kin" differential coefficient we take equal to 2H (Kin=40) [28]. "Kdpoop" proportional coefficient is 

calculated according to the formula, relative to the network topology (2) [29]. 

 

20
Pg

Kdroop
R

   [p.u.],      (2) 

 

where, Pg - power of PES (p.u.), R - equivalent droop coefficient of synchronous generators. 
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3.1 Study of the effect of the proportional and differential coefficient of the synthetic 
inertia algorithm on the stability of the power system by frequency. 

Figure 6 and 7 show the oscillograms of frequency changes when varying the differential coefficient of 

the SI algorithm.  From Fig. 6 and 7 we can see that increasing the differential coefficient leads to a decrease 

in the frequency sag, as is observed the damping of oscillations in both "strong" and "weak" network. The 

use of a larger differential coefficient has a positive effect on the transient process during load surge.  

The proportional coefficient of the SI algorithm was varied in a similar way, the results are shown in 

Figures 8 and 9. 

 
Fig.  6. Oscillograms of frequency changes when varying the "Kin" coefficient of the SI algorithm  

(Kdroop=const=20; SCR network = 14,36) 

 

 
Fig.  7. Oscillograms of frequency changes when varying the "Kin" coefficient of the SI algorithm 

 (Kdroop=const=20; SCR network = 7,54). 

 

 
Fig.  8. Oscillograms of frequency changes when varying the coefficient "Kdroop" of the SI algorithm  

(Kin=const=40; SCR network = 14,36) 
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Fig.  9. Oscillograms of frequency changes when varying the coefficient "Kdroop"  

(Kin=const=40; SCR network = 7,54) 

 

Figure 8 and 9 show that increasing the proportional coefficient leads to decreasing the frequency sag in 

both "strong" and "weak" networks. Increasing the proportional coefficient up to the value of 300 has a 

positive effect on the transient process in the "strong" network, a further increase in the coefficient leads to 

overshooting, which in turn leads to a decrease in network stability. This process has the same tendency for 

the "weak" network. Increasing the coefficients of the SI algorithm has a positive effect on the frequency 

stability of the EPS. However, the variation of coefficients should be within acceptable limits, in order to 

avoid a negative trend of frequency change, which can lead to an emergency situation and unstable state of 

EPS, respectively with the correct adjustment of the SI algorithm it is possible to maintain and improve the 

stability of EPS, which is confirmed by the obtained experimental results. 

3.2. Study of the influence of the PLL bandwidth on the performance of the SI algorithm 

As mentioned above, the study was conducted for "strong" and "weak" network, changing the PLL 

bandwidth in networks with different SCR led to different results. Calculation of the bandwidth of the PLL 

was performed according to [30]. The bandwidths for the studies were taken as follows: 0.3 Hz (Ki=0.83; 

Kp=1.2), 30 Hz (Ki=8390; Kp=130) and 50 Hz (Ki=20500; Kp=240) and SI algorithm coefficients were 

taken Kin=40; Kdpoop=20.  Figures 10 and 11 show oscillograms of frequency changes and oscillograms of 

signal changes of SI algorithm at different PLL bandwidths in the "strong" and "weak" networks, 

respectively. 

 

  
a b 

Fig. 10. Oscillograms of the transient process in the "strong" network, where: a) frequency change at different 

bandwidth of the PLL, b) signal change of the SI algorithm at different bandwidth of the PLL 

 

In a "strong" network, as the bandwidth of the PLL increases, the amount of frequency sag decreases 

(Figure 10a). This process occurs due to the fact that the PLL, with the entrainment of the bandwidth, 

increases the response speed of the SI algorithm (Figure 10b). In the "weak" network, the opposite picture is 

observed (Figure 11a), the PLL, with increasing bandwidth, decreases the response speed of the SI algorithm 

(Figure 11b), which leads to an increase in frequency droop.  
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a b 

Fig.11. Oscillograms of the transient process in the "weak" network, where: a) frequency change at different bandwidth 

of the PLL, b) signal change of the SI algorithm at different bandwidth of the PLL  

 

Figures 12 and 13 show oscillograms of frequency changes and oscillograms of signal changes of SI 

algorithm on the differential channel when the "Ki" factor of the PLL increases in the "strong" network and 

"weak" network, respectively.  
 

  
a b 

Fig.12. Oscillograms of the transient process in the "strong" network, where: a) frequency change at different 

bandwidth of PLL, b) change of the SI algorithm signal on the differential channel when the "Ki" coefficient of the PLL 

increases 

  
a b 

Fig. 13. Oscillograms of the transient process in the "weak" network, where: a) frequency change at different bandwidth 

of PLL, b) change of the SI algorithm signal on the differential channel when the "Ki" coefficient of the PLL increases 

 

At the moment of perturbation when the "Ki" coefficient of the PLL is larger, a signal of larger 

amplitude is generated in the differential channel of the SI algorithm (Fig. 12b), which leads to a smaller 

EPS frequency sag (Fig. 12a), in the "weak" network results in the opposite process (Figure 13 a, b). Figures 

14 and 15 show oscillograms of frequency changes and oscillograms of signal changes of the SI algorithm on 

the differential channel when the "Kp" factor of the PLL increases in the "strong" and "weak" network, 

respectively. 
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a b 

Fig.14. Oscillograms of the transient process in the "strong" network, where: a) change of frequency at different band-

width of PLL, b) change of signal of SI algorithm on differential channel when increasing the coefficient "Kp" of PLL 

 

 

  
a b 

Fig.15. Oscillograms of the transient process in the "weak" network, where: a) frequency change with different 

bandwidth of PLL, b) change of the SI algorithm signal on the differential channel when the "Kp" coefficient of the 

PLL increases 

 

With the increase of "Kp" coefficient in the "strong" network, there is a positive tendency of frequency 

change: the level of frequency sag decreases (Figure 14a) due to the fact that the differential channel of SI 

algorithm generates a signal of larger amplitude (Figure 14b). With the increase of "Kp" coefficient in the 

"weak" network, the trend of frequency change has a negative character (Fig. 15a, b), there is an effect of 

overshoot on the second oscillation cycle, which is associated with the intensity of signal generation of 

differential channel of SI algorithm. Changing the settings of the PLL in the power converter control system 

allows to influence the characteristics of the frequency reduction process, but for the "strong" and "weak" 

network a different approach in setting is required. 

 

3.3. A study of the effect of PLL bandwidth on the performance of an SI algorithm in a 
large-scale EPS 

 
The study was conducted on a test power system of large-scale, which contains 177 bus (Figure 16). PV 

is being implemented in bus 176. The introduction of PV in this area is justified by suitable climatic 

conditions, the area is located near the zone of maximum intensity of solar radiation. The introduction of PV 

allows to solve the problems of the deficit energy district, and is one of the possible solutions to improve the 

reliability and sustainability of electricity supply. Also, this area is "weak" (SCR<10 o.u.), so in it is 

important to consider the identified patterns as in Section 4.2. To investigate the effect of the PLL bandwidth 

on the performance of the SI algorithm, load shedding at bus 170 was performed. The connection of the 

power district with the rest of the power system is carried out by a two-chain transmission line. The 

coefficients of the SI algorithm are calculated similarly to [28, 29], the bandwidths of the PLL are taken as in 

Section 4.2. Figure 17 shows the oscillograms of transients in the power system of large-scale. 
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Fig. 16. Scheme of a large-scale EPS. 

 

  
a b 

 
c 

 

Fig.  17. Oscillograms of the transient process in the power system of large-scale where: a) frequency change in bus 176 

when operating PV with and without SI algorithm; b) frequency change in bus 176 when varying the bandwidth of PLL; 

c) signal changes of SI algorithm when varying the bandwidth of PLL 

 

Obviously, in large-scale EPS, the introduction of PV in general does not have a significant effect on 

the transients and does not dramatically reduce the overall inertia, but for a remote power district the 

contribution of PV including the SI algorithm and different setting of the PLL can have an impact on the 

transients. Figure 17a shows that the use of the SI algorithm has a positive effect on the frequency stability of 

the EPS, the frequency sag is reduced. Figure 17b shows that increasing the bandwidth PLL, leads to an 
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increase in the frequency sag in the EPS, this process occurs due to the fact that with increasing bandwidth 

PLL, decreases the response rate SI algorithm (Figure 17c). The regularities obtained in section 4.2. for the 

test EPS are also observed in large-scale EPS. 

Conclusion 

In the article the influence of SI algorithm on the frequency stability of EPS is investigated. It is noted 

that the correct adjustment of the SI algorithm has a significant impact on the dynamic stability of the 

network, especially in networks with a predominant fraction of RES. For the EPS test scheme, the results 

clearly show the possibility of a positive effect of SI algorithm on the dynamic stability of EPS. It is noted 

that varying the coefficients of the SI algorithm affects the transient process.  

With a certain adjustment of the SI algorithm it is possible not only to provide the required inertial 

response, but also to extend the stability boundaries. It is also worth noting the effect of the PLL on the 

performance of the SI algorithm. The results show that changing the bandwidth of the PLL in the ACS PV 

allows to influence the process characteristics of both decreasing and increasing the frequency during the 

transient process, depending on the network topology. Accordingly, in a "strong" network, as the PLL 

bandwidth increases, the frequency sag decreases, while in a "weak" network, the opposite situation is 

observed. The same patterns obtained for the "weak" network in the test EPS are also observed in the high-

dimensional EPS. The research proves that the problem of modeling transients in "weak" networks when 

implementing RES is relevant. Due to the more oscillatory nature of transients in such networks, quite often 

there is a situation that after perturbations begin to oscillate with increasing amplitude, and also the PLL 

requires more accurate tuning, in contrast to networks with "strong" links. 
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