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Abstract— The number of electric power conversion 

devices connected to AC grids of different voltages has 

markedly increased worldwide in recent years due to 

the steady growth in renewable power capacity. Unique 

features of power inverters (high performance, the 

dominant role of the automatic control system, etc.) 

modify dynamic properties of power systems, resulting 

in new operating states and processes. These are, most 

notably, broadband oscillations and subsynchronous 

oscillations (SSO) in particular. The latter are the 

subject of the present study. One of the causes of such 

oscillations is interaction between automatic control 

systems running inverters and the external grid. A 

comprehensive SSO analysis within the study involved 

frequency analysis of simplified models of the grid-tie 

inverter under different patterns of active and reactive 

power control, as well as the detailed modeling in the 

time domain. The findings of the above analysis served 

as a basis for a taxonomy of SSO causation 

mechanisms, which are related to the dynamics of 

inverter's automatic control system operation under 

various network topologies and operating conditions. 

Furthermore, the factors increasing the probability of 

SSO events in power grids with inverter-based 

generators are highlighted. Testing different designs of 

closed-loop automatic control systems provided 

evidence for the validity of the proposed taxonomy. 

Index Terms — Grid-tie inverter, subsynchronous 

oscillations, automatic control systems. 

I. INTRODUCTION 

The increased focus on environmental protection issues 

over the last decade and the corresponding policies pursued 

by countries worldwide to serve the steadily growing 

electricity demand facilitate a paradigm shift of the energy 

sector from conventional synchronous generators running 

on fossil fuels in favor of generation facilities based on 

renewable energy sources (RES) [1]. The transition from 

conventional generation to renewables is inextricably 

linked to the adoption of power inverters in modern power 

systems: at present, their use in power generation, 

transmission, distribution, and consumption is ever 

growing. 

II. LITERATURE REVIEW 

It has been demonstrated that grid-tie inverters 

connecting RES to AC grids and commonly operating in 

the grid-following mode fail to ensure stable operation in 

weak and ultraweak grids [2–5], when the short circuit ratio 

(SCR) at the point of inverter connection to the grid is less 

than 2. Furthermore, instability in such cases may be 

accompanied by broadband oscillations, most notably 

subsynchronous oscillations (SSO) [6] that are the subject 

of this study.  

One of the causes of such oscillations is interaction 

between automatic control systems of inverters and an 

external grid, which over the last 15 years was responsible 

for SSO events ranging from a few Hz up to a few tens of 

Hz in power systems worldwide [7, 8]. In view of this, a 

primary challenge for the global energy sector is to 

investigate SSO induced by inverter control algorithms and 

characterize their causation mechanisms. The scope of this 

study covers some of the key findings of a comprehensive 
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analysis of SSO origins in power systems with high 

inverter penetration. More detailed treatment of the subject 

matter is available in our previous publications [9, 10]. 

III. METHODOLOGY 

Figure 1 shows the block diagram of the investigated 

electrical network with a connected generic energy source, 

such as a PV system. Connecting the source to an external 

AC grid is implemented with a grid-tie inverter operating 

in the grid-following mode [11, 12]. Figure 2 presents a 

more detailed structure of possible options for external 

control loops of the grid-tie inverter. 

Figure 1 shows that the three-phase inverter has 

decoupled control of active and reactive power in dq-axes 

rotating at the synchronous speed, where the d-axis 

coincides with the voltage vector at the point of connection. 

Inverter synchronization with the AC grid is achieved 

through a phase-locked loop (PLL). This study covers the 

four most common scenarios of the grid-tie inverter control 

to facilitate further analysis: 

1) P-U control: inverter's output active power is 

controlled along the direct axis d, whereas the voltage at 

the point of inverter's connection to the grid is controlled 

along the quadrature axis q (Figs. 2a and 2b); 

2) P-Q control: inverter's output active and reactive 

powers are controlled along the direct and quadrature axes, 

respectively (Fig. 2a and 2d); 

3) DVC-U control: inverter's output active power is 

controlled by DC voltage regulation along the direct axis, 

whereas voltage at the point of inverter's connection to the 

grid is controlled along the quadrature axis (Figs. 2b and 

2c); 

4) DVC-Q control: inverter's output active power is 

controlled by DC voltage regulation along the direct axis, 

 
Fig. 1. The overall block diagram of the investigated electrical network with a grid-tie inverter. 

 
Fig. 2. Block diagrams of external control loops: a) – P control; b) – DVC control; c) – U control; d) – Q control. 
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whereas inverter's output reactive power is controlled 

along the quadrature axis (Figs. 2b and 2d). 

To identify the causation mechanism of oscillations and 

the causes themselves, we establish simplified 

relationships that explicitly capture the interplay between 

different controllers, as well as effect of the topology and 

operating conditions of an electrical network. To this end, 

it is acceptable to represent a grid-tie inverter driven by a 

conventional control algorithm as current sources.  

By way of an example, Fig. 3 shows the block diagram 

of a simplified model of a grid-tie inverter with active 

power regulation and PLL, where Block I corresponds to 

the active power regulator ( )cl

PСG p , Block II captures the 

effect of the PLL, and Block III is related to the voltage 

regulator ( )cl

VCG p . 

Our analysis of the resulting expressions leverages the 

root locus method [13] that evaluates the stability of a 

closed-loop transfer function by the value of the gain 

coefficient at the point of intersection of locus branches 

with the imaginary axis. If this coefficient is less than 1, 

the closed system is deemed unstable in terms of the 

considered equilibrium point. 

Figure 4 uses three different colors to indicate zeros and 

poles corresponding to each of the above blocks, given the 

PLL broadband (bwPLL) of 13 Hz. Note that Block III poles 

move toward zeros z2 and z4, Block II poles move toward 

z1 and –∞, and those of Block I – toward the origin (z3) 

and +∞, respectively. As a result, Block I poles, i.e. those 

of the voltage regulation loop (Fig. 2c), explicitly intersect 

the imaginary axis and pass through the right half-plane 

which affects the generation of oscillations in the 

considered case. The oscillations are thus caused by the use 

of the voltage regulation loop, which is responsible for 

interplay between active power and voltage control of the 

grid-tie inverter. 

If the voltage control loop is replaced with the active 

power control loop, the coupled poles of Block I intersect 

the imaginary axis only at the origin, which eliminates 

oscillatory instability (red curves in Fig. 4). The factors 

that increase the likelihood of oscillation events are as 

follows: the grid impedance magnitude, the inverter's 

active power loading, and the voltage at the point of 

common coupling. Similarly, other combinations of 

 
Fig. 3. The block diagram of a closed-loop transfer function that captures the effect of the PLL block on generation of 

oscillations. 

 

 
Fig. 4. Root locus plots for the open-loop function ( )ol

PLLG p , given the PLL bandwidth of 13 Hz and different regulators along 

the q-axis. 
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control algorithms of the grid-tie inverter are analyzed, as 

shown in Fig. 2. 

IV. RESULTS 

The findings of the analysis of linearized models of the 

grid-tie inverter controlled by different methods were 

validated by time domain simulations of the investigated 

system (Figs. 1 and 2) in the PSCAD (Power systems 

CAD) environment. Figure 5 shows the waveforms of the 

output active power and three-phase current of the inverter 

for the case of P-U control when the equivalent grid 

impedance changes. 

It follows from Fig. 5, that the analysis of the detailed 

three-phase model of the inverter with P-U control reveals 

instability in the grid-tie inverter operation once the grid 

impedance reaches a specific threshold (Lg = 0.86 p.u.). 

The instability is oscillatory in nature, with the dominant 

frequency of about 2.7 Hz. The frequency content of these 

oscillations was identified by analyzing the three-phase 

current frequency range applying the Fourier transform 

(Fig. 6). The highlighted frequency of 2.7 Hz is observed 

in the dq frame and is also characteristic of the inverter's 

active power oscillations. Furthermore, the frequency 

content analysis of the phase A current (Fig. 6) under P-U 

control, as performed in the fixed frame of reference, 

revealed the dominant frequencies of 47.2 Hz and 52.8 Hz. 

These values mirror each other with respect to fundamental 

grid frequency (50 Hz), corresponding to the oscillations 

frequency identified in the rotating frame of reference: 

50 ± 2.7 ≈ 47.3 and 52.7 Hz. This mirrored frequency 

 
Fig. 5. Waveforms of processes in time domain modeling, given an Lg increase for P-U control with the PLL bandwidth of 13 Hz. 

 
Fig. 6. The harmonic content of the phase A current after the onset of oscillations for the case of P-U control with the PLL 

bandwidth of 13 Hz. 
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arrangement confirms that the generated oscillations were 

caused by the inverter's control system operating in the 

rotating dq-axes [14]. 

Next, the experimental studies were performed by 

testing the closed-loop control system of a grid-tie inverter 

with the aid of the Real Time Digital Simulator (RTDS) 

[15] (Fig. 7). Control algorithms that use different 

regulation techniques were implemented in an STM32 

industrial microcontroller that ensured a real-time control 

of the inverter’s digital model in the RTDS environment. 

Figure 8 presents validation results for one of the operating 

conditions presented in Fig. 5. In this case, instability 

occurred when the grid impedance Lg increased to 

0.85 p.u., which aligned with simulation results. The 

experiment also demonstrated that the increase in the 

response speed of the voltage regulator in the external 

control loop suppressed oscillations of about 2.7 Hz and 

growing amplitude, thus ensuring stable operation of the 

grid-tie inverter even in ultraweak grids. 

V. DISCUSSION 

Table 1 summarizes our findings on key oscillation 

causation mechanisms and their defining features. 

A key risk factor triggering SSO events in grids with 

inverters are weak grid conditions that increase the 

equivalent grid impedance. The effect of active power 

loads on the dynamics of inverter's operation is 

inconsistent. Under most scenarios (not covered in this 

study), increasing the output active power of the inverter 

makes oscillation events more probable. However, when 

the performance of external regulators (e.g., active or 

reactive power regulators) is comparable to the dynamics 

of the PLL block, the inverse relationship may emerge. In 

such cases, the SSO events are more likely to occur as the 

inverter's output active power decreases. Another factor 

that has a direct effect on the emergence of oscillations is 

the PLL block dynamics. The frequency of the resulting 

oscillations is primarily determined by the bandwidth of 

the block as part of the inverter control system. 

The analysis of the generated SSO revealed their two 

defining features. The first is a wide frequency spectrum, 

ranging from a few Hz to values approaching fundamental 

frequency of the grid, as evidenced by the experimental 

data in Table 1. The second is the presence of mirror 

frequencies located symmetrically relative to the 

fundamental frequency, as revealed by the analysis of 

 
Fig. 8. Simulation results of closed-loop testing for the case of P-U control of the inverter, given the PLL bandwidth of 13 Hz 

and an increase in Lg with subsequent changes in voltage regulator settings. 
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three-phase currents and voltages in the grid. This 

mirroring of the oscillation frequency content was 

observed in all the investigated scenarios and is an inherent 

result of the inverter's control system operation within the 

rotating dq reference frame. This feature may serve as a 

key criterion to distinguish SSO events specifically caused 

by the interaction of the grid-tie inverter control system 

with the parameters of an external grid under certain 

topological and operating conditions. 

VI. CONCLUSIONS 

This study presented the findings of an analysis of 

simplified control system models for grid-tie inverters with 

different external regulation loops that are commonly 

employed in conventional RES inverter control algorithms. 

The investigated models enabled the identification of 

specific loops that trigger SSO events in the grid, while 

determining the factors that increase their occurrence 

likelihood. By combining the frequency analysis of 

linearized models, mathematical modeling of the time 

domain, and closed-loop testing, this study developed a 

taxonomy of SSO causation mechanisms driven by the 

dynamics of the grid-tie inverter control system under 

various topological and operating conditions. The 

presented taxonomy is based on the choice of regulators, 

whose combination determines the causation mechanism 

of oscillations. Network topology and operating conditions 

are also a major factor, which was duly reflected in the 

taxonomy design. These factors can trigger different 

causation mechanisms depending on their magnitude at the 

pre-fault state; in particular, this could be the level of active 

power loading. A distinct feature of the SSO type 

investigated in this study - the oscillations induced by the 

inverter control system – is a broad frequency range 

extending from low frequencies to the values close to the 

 synchronous frequency, characterized by a mirrored 

synchronous frequency, characterized by a mirrored 

frequency arrangement in the case of three-phase 

quantities. 
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TABLE 1. Taxonomy of SSO Causation Mechanisms Related to the Inverter Control System 

Control type P-U control P-Q control 

Condition 
bwPLL bwVC bwPLL 

High Medium Low High High Medium Low 

Risk factors of 

SSO generation 

Lg Increase ↑ 

iod ↑ ↑ ↑ ↓ ↑ ↑ ↑ 

Uo Decrease ↓ 

Instability type 
Oscillat

ory 
Oscillatory 

Oscillat
ory 

Oscillatory 
Oscillatory/ 

aperiodic 
Aperiodic Aperiodic 

SSO mirror frequency yes yes yes yes yes/no no no 

SSO frequency in the 
dq frame, Hz 

≈25.3 ≈2.8 ≈1.96 ≈25.6 ≈27/– – – 

SSO cause 
PLL 

delays 

PLL and VR 

interaction 

PLL 

settings 

PLL and VR 

interaction 

PLL delays / none 

(transmitted power 
limit) 

none 

(transmitted 
power limit) 

none 

(transmitted 
power limit) 

Control type DVC-U control DVC-Q control 

Condition 
bwPLL bwVC bwPLL 

High Medium Low High High Medium Low 

Risk factors of 
SSO generation 

Lg Increase ↑ 

iod ↑ ↑ ↑ ↓ ↑ ↑ ↑ 

Uo Decrease ↓ 

Instability type 
Oscillat

ory 
Oscillatory 

Oscillat

ory 
Oscillatory Oscillatory Aperiodic Oscillatory 

SSO mirror frequency yes yes yes yes yes no yes 

SSO frequency in the 

dq frame, Hz 
≈26 ≈4 ≈3 ≈24 ≈27 – ≈1.3 

SSO cause 
PLL 

delays 

DCVR 

settings 

PLL 

settings 

PLL and VR 

interaction 
PLL delays DCVR settings 

DCVR 

settings 

PR – active power regulator; VR – voltage regulator; DCVR – DC circuit voltage regulator 
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ABBREVIATIONS AND DESIGNATIONS 

Designation Explanation 

ug, ωg grid voltage and angular frequency 

Rg, Lg grid active resistance and inductance 

uo, io output voltage and current 

Rf, Lf, Cf 
filter active resistance, inductance and 

capacity 

iCV output current of the inverter 

iCVd, iCVq 
output current of the inverter on the d-axis and 

q-axis 

UDC direct current voltage 

PWM pulse width modulation 

iCVdref, iCVqref 
reference output current of the inverter on the 

d-axis and q-axis 

uCVdref, uCVqref 
reference output voltage of the inverter on the 

d-axis and q-axis 

uod, uoq output voltage on the d-axis and q-axis 

Kff voltage feedforward coefficient 

Tff voltage feedforward time constant 

KPC, KIC 
proportional and integral coefficients of inner 

current control loop 

um,abc 
modulated voltage in a three-phase coordinate 

system 

θPLL voltage angle of phase-locked loop 

uo,abc 
output voltage in a three-phase coordinate 

system 

KP,PLL, KI,PLL 
proportional and integral coefficients of 

phase-locked loop 

Δω angular frequency deviation 

ωset angular frequency setpoint 

ωb base angular frequency 

Pout output active power 

Pset active power setpoint 

KPP, KIP 
proportional and integral coefficients of active 

power control loop 

τdc direct current voltage control time constant 

UDC,set direct current voltage setpoint 

KPV, KIV 
proportional and integral coefficients of 

voltage control loop 

Qout output reactive power 

Qset reactive power setpoint 

ΔP2, ΔP3 active power deviation 

cl

PСG  
closed-loop transfer function of active power 

control loop 

iod output current on the d-axis 

Δiod output current on the d-axis deviation 

Xg grid inductive resistance 

Δδ0 power angle deviation 

cl

PLLG  
closed-loop transfer function of phase-locked 

loop control 

cl

VСG  
closed-loop transfer function of voltage 

control loop 

ol

PLLG  
open-loop transfer function of phase-locked 

loop control 

bwPLL phase-locked loop bandwidth 

bwVC voltage control bandwidth 
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