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A B S T R A C T   

In this paper, an analytical approach is proposed to analyse the small-signal stability associated with the voltage 
dynamics of three paths within current control of a VSC connected to a weak AC grid via series compensated AC 
line: the PLL, active damping and virtual conductance loops. The basic control structure of the VSC is a cascade 
type based on PI controllers, where DC voltage and reactive current setpoints are used to drive the VSC terminal 
voltage change. Besides, active damping (AD) and virtual conductance (VC) filters are included to damp high and 
low frequency oscillations of terminal voltage, respectively. Different series compensation level (SCL) and AC 
grid stiffness values are considered while performing the analysis. The main design implications obtained 
through this analysis are the proposal of adequate values for PLL bandwidth according to a decreasing level of AC 
grid stiffness and suitable ratio values between AD and VC filter gains to ensure stability and good cross-impact, 
given a SCL value. The analysis is validated by means of simulations conducted in MATLAB® Simulink. The 
proposed analytical framework serves as a contribution to support a robust terminal voltage change mechanism 
within current control time-scale.   

1. Introduction 

With the increasing presence of power electronic devices in modern 
electrical grids, the interactions between converters and their adjacent 
transmission lines open room for emerging oscillatory problems. In 
weak AC grids, the inclusion of series compensated lines can assist full- 
range active power transfer of converters, in contrast to shunt 
compensated lines [1]. However, the increase in SCL may also worsen 
the stability of the system, as the authors in [2] observed on a system 
composed by a set of VSCs controlled by a virtual synchronous generator 
(VSG). Besides, when a power electronic-based renewable energy 
generator injects power to a weak AC grid, power quality and stability 
issues become more severe by raising the risk of unstable interaction 
between the converter and the AC grid [3,4]. The influence of 
phase-locked loop (PLL) schemes on stability has been studied by au
thors such as [5], pointing out the PLL as the main factor causing 
sub-synchronous resonance. 

Authors in [6] divided the damping methods of a grid-tied inverter 
on the grid- and inverter-side methods. The grid-side damping measures 
focus on approaches to reshape the grid impedance to ensure the 

stability of a local grid-tied inverter, either by resistive power filter to 
attenuate harmonic propagation, as shown in [6,7], or by the inclusion 
of a solid-state transformer [8,9] . In turn, the inverter-side measures 
work on the modification of converter’s output impedance to ensure the 
stability of a local grid-tied inverter. Among these, AD filters came into 
focus due to their capability to improve stability [10]. Authors in [11] 
classified the AD techniques into single loop [6,12–14] and multi-loop 
[3,10,15–21], being multi-loop techniques more employed due to 
their higher controller bandwidths and whose principle may rely on 
capacitor voltage [16,22–25] or current feedback control [10,15,17,21, 
24–26]. 

The problem of voltage stability in mid- and long-term time-scales 
has received much attraction but voltage dynamics in transient time- 
scale and particularly, within current control loop scale, remain still 
understudied [27]. The transient time-scale may vary from a few mil
liseconds to one second, according to [27–31]. In this sense, faster 
control loops within a cascade frame correspond to current control loops 
(less than 50 ms) in comparison with voltage control loops (from 50 ms 
to 1 s) [27]. 

With this purpose, this paper serves mainly as a continuation of the 
work in [27] and more partially of the work in [29–32], whose 
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difference lies in the inclusion of a different oscillation mitigation (OM) 
strategy, the presence of PIs instead of proportional resonant (PR) 
controllers and the influence of series compensation AC line that con
nects the VSC with the external AC grid. Therefore, the main novelties of 
this paper are:  

• The clarification of the cross-impact on stability of three voltage 
dynamic branches, PLL, AD and VC filters, within current control 
time-scale and the role of each voltage branch in the current-control 
loop.  

• The influence in the previous analysis of the AC grid strength and 
SCL  

• Impact on sub-harmonic and harmonic content due to relative tuning 
of AD and VC filters. 

The paper is organized as follows. In Sections 2 and 3 the method
ology is presented, as well as the small-signal model equations for the 
system. In Section 4 different eigenvalue trajectory analyses (EGAs) are 
conducted to study the cross- impact of the different voltage dynamic 
control paths on stability. In Section 5, a case study is described for the 

implementation of the methodology. In Sections 6 and 7, the proposed 
framework is validated with simulations conducted in MATLAB® 
Simulink and several design implications are drawn considering other 
AC grid strength and SCL values. In Section 8, the obtained stability 
limits are compared with those from other papers and in Section 9 the 
main conclusions are extracted. 

2. Analytical framework for stability analysis of VSC voltage 
dynamics on current-control time-scale 

In this section the analytical framework for the stability analysis is 
described. For this purpose, a scheme of a generic VSC connected to the 
AC grid by means of a series compensated AC line is presented in Fig. 1, 
where the blocks in yellow are the three VSC voltage dynamic paths 
whose cross-impact is studied. 

The inverter presents a cascade PI-based system where the DC 
voltage setpoint, vDC,ref , is controlled through the d-axis and the con
verter reactive current setpoint, icv,q,ref , through the q-axis. To this con
ventional control structure, two voltage dynamic paths are added at the 
inner control loop, consisting in the AD and VC filters to compensate for 

Nomenclature 

PI Proportional integral controller 
vDC,ref DC voltage setpoint 
vDC DC voltage input signal 
→

icv,abc 
Converter output current in abc coordinates 

→
icv,dq 

Converter output current in dq coordinates 

→
vcv,abc 

Converter output voltage in abc coordinates 

→
vcv,dq 

Converter output voltage in dq coordinates 

θgrid Calculated grid phase angle 
PLL Phase locked loop 
kp,PLL,ki,PLL Proportional and integral parameters for PLL 
Δω Speed variation of PLL respect to ωn 
ωgrid Actual value of grid angular frequency 
ωn Rated value of grid angular frequency 
Vd, Vq d and q components of AC grid voltage signal 
Va, Vb, Vc a, b and c components of AC grid voltage signal 
fs Switching frequency 
icv,d, icv,q Converter output d-and q-axis current signals 
icv,d,ref Converter active current setpoint in d-axis 
icv,q,ref Converter reactive current setpoint in q-axis 
kpc, kic Proportional and integral parameters of conventional 

current control loop (inner loop) 
→

ivir,dq 
VC current in dq coordinates 

→
ψdq 

Low pass filtered signals of →
vo,dq 

→
vo,dq,AD 

AD voltage in dq coordinates 

PCC Point of common coupling 
Cs,line Series capacitance of series compensated AC line. 
Xc,line Series reactance of series compensated AC line 

→
vPCC,dq 

Voltage at PCC in dq coordinates 

PN System capacity 
VDC Rated DC voltage 
Rf , Lf , Cf Output filter resistance, inductance and capacitance 
Vg Rated AC grid voltage 
Rg, Lg AC grid resistance and inductance 
SCR Short circuit ratio 
ma, mb, mc a, b and c components of modulation index 

ωb Base angular frequency 
SCL Series compensation level 
EGA Eigenvalue trajectory analysis 
AD Active Damping 
VC Virtual Conductance 
kComp Compensation factor degree of the AC line 
TPLL PLL delay 
fPLL PLL bandwidth 
kAD AD gain 
Gvir VC gain 
Gvir/kAD Relative VC to AD gain 
k Control cycle 
Lg AC grid inductance value 
PWM Pulse width modulation technique 
→

vcv,dq,k 
Output dq converter voltage at instant k 

→
vcv,dq 

Output dq voltage at instant k-1 

G∗
PWM,dq Transfer function associated with the time delay due to the 

switching PWM process 
Ts Time delay due to the switching PWM process 
→
vo,dq 

Disturbance rejection feed-forward terms in dq coordinates 

kp,vDC , ki,vDC Proportional and integral parameters of voltage control 
loop (outer loop) 

ϕdq High pass filtered signals of vo,dq 

ωvir Cut-off frequency of the VC filter 
ωAD Cut-off frequency of the AD filter 
Lline Inductance of series compensated AC line 
Xl,line Inductive reactance of series compensated AC line 
io,d,q AC grid current signals in dq coordinates 
ΔvCs,d Voltage drop in dq coordinates due to the series 

capacitance of AC line 
→
vg,dq 

AC grid voltage signals in dq coordinates 

CDC DC capacitance 
f Rated grid frequency 
fs Switching frequency 
Rline, Lline AC line resistance and inductance 
Lg,stiff Stiff AC grid inductance 
Lg,weak Weak AC grid inductance 
Lg,very weak Very weak AC grid inductance 
VSC Voltage source converter  
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high- and low-frequency oscillation modes. In combination with the 
voltage dynamic path associated with PLL, these present a cross-impact 
that deserves to be studied. 

The inverter is connected to a simplified model of AC grid by means 
of a series-compensated AC line. In this paper, a simplified Thevenin 
model of AC grid has been considered to reproduce a comparable 
baseline scenario as in [27]. As for the sensed variables, the DC voltage 
at the input of the inverter, vDC, is measured and sent as an input to the 
outer loop of d-axis control. The converter output current, →

icv,abc
, is sensed 

and transformed into dq coordinates to →
icv,dq 

and the converter output 

voltage is also sensed as →
vcv,abc 

and transformed into dq coordinates o →
vcv,dq

. 

To make such transformations a PLL computes the grid angle, θgrid. The 
employed type of PLL in this paper is a synchronous-frame type to 
achieve an adequate decoupling between d-and q-axes [33], as pre
sented in Fig. 2. 

In Fig. 3 the analytical framework for the methodology is presented. 
The methodology consists in four stages, which are demonstrated by a 
numerical example in Sections 3 to 7: 

Stage 1-model construction: the first step consists in the construction 
of a small-signal model of the AC grid-connected VSC by means of a 
series compensated AC line, and whose control scheme has been 

previously described and its three dynamic voltage control paths have 
been identified. The corresponding small-signal model equations are 
developed in Section 3. 

Stage 2- model analysis: the small-signal model developed in Stage 1 
is analysed considering three eigenvalue trajectory analyses (EGAs) to 
clarify the influence of each voltage dynamic path, AC grid strength (Lg) 
and SCL on the complete system stability. This study is concluded with 
the maximum SCL (kcomp) (1st EGA), the adequate PLL bandwidth (TPLL) 
(2nd EGA) and with the limits of Gvir/kAD ratio to ensure a stable 
behaviour given a weak AC grid strength value (3rd EGA). The detailed 
analyses are provided in Section 4. 

Stage 3-model simulation and validation: once the different analyt
ical stability constraints are obtained in the EGAs, these are verified by 
means of time-domain simulations of a specific case study application 
described in Section 5. The simulations are shown and commented in 
Section 6. 

Stage 4-design implications: once the methodology has been vali
dated through simulations, the design implications of the methodology 
are extended to other AC grid strength values and SCLs. For each kcomp 
level, the maximum and minimum values of Gvir/kAD that ensure sta
bility are obtained considering 3 different AC grid strength values. 

3. State-space equations and small-signal model 

Small-signal modelling has been the chosen technique to assess 
voltage stability to detect adverse interactions due to small changes in 
the variables around a specific system’s operating point that could 
compromise the detection systems. In this section, the small-signal 
equations that define the system under study are described, with spe
cial focus on the three voltage dynamic paths within current control 

Fig. 1. Scheme of system under study.  

Fig. 2. Employed synchronous frame PLL scheme.  
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loop. Therefore, such equations of the system shown in Fig. 1 are 
hereafter presented in dq coordinates. 

As for the PWM delay modelling, each dq component is calculated 
based on θgrid angle, which is computed at each control cycle, k. Due to 
the delay of PWM process, the output converter voltage at instant k is 
vcv,dq,k
̅̅̅→ and at the previous instant is vcv,dq

̅̅→, as seen in (1). These voltage 
signals are related by means of G∗

PWM,dq, which is defined in (2–4). The 
PLL equations are defined in (5–7). 

Regarding the basic control structure of the converter, the outer and 
inner control loop equations are shown in (8,9) and in (10,11), respec
tively. The conventional inner current controllers in dq frame regulate 
the d and q components of the output current of the VSC, icv,d and icv,q, so 
that they converge to icv,d,ref and icv,q,ref , respectively. To improve the 
capability of disturbance rejection feed-forward terms, vo,dq

̅̅→ are included 
at the output of the current controller. The expression in (10) can be 
expanded if an OM structure is included. In the present paper, the OM 
structure is composed by two methods for damping oscillatory modes, 
VC and AD branches. 

The mitigation of low frequency oscillations is achieved by the VC 
branch. It extracts the low-frequency oscillations of the dq voltage at the 
filter capacitor (vo,dq

̅̅→) and injects them in counterphase with the VSC. 

The contribution of VC branch, ivir,dq
̅̅→, is made at the input of current 

control, as presented in (12),(13), where Gvir is the emulated VC gain 
and ωvir the cut-off frequency of the filter. Besides, ϕd and ϕq are the high 
pass filtered signals of vod and voq, respectively. Therefore, the (vo,dq

̅̅→
−

ϕdq
̅→

) terms are the low frequency oscillations of vo,dq
̅̅→ that are attenuated. 

The mitigation of high frequency oscillations is achieved by AD 
branch. It extracts the high-frequency oscillations of the dq voltage at 

the filter capacitor (vo,dq
̅̅→) and injects them in counter-phase with the 

VSC. The contribution of AD voltage loop, vo,dq,AD
̅̅̅̅→, is made at the output 

of current control, as presented in (14),(15), where kAD is the AD con
stant and ωAD the cut-off frequency of the filter. Besides, ψd and ψq are 
the low pass filtered signals of vod and vod, respectively. Therefore, the 
(vo,dq
̅̅→

− ψdq
̅→) terms are the high frequency oscillations of vo,dq

̅̅→ that are 
attenuated.Besides, the Cs,line value is directly linked to the compensa
tion factor degree of the AC line, kComp(%), as indicated in (16). The 
equations that model the RLC filter, series compensated AC line and AC 
grid are shown in (17)-(21). 

vcv,dq,k
̅̅̅→ = G∗

PWM,dqvcv,dq
̅̅ → (1)  

G∗
PWM,dq =

[
GPWM,d − GPWM,q
GPWM,q GPWM,d

]

(2)  

GPWM,d =
1 + 1.5Tss

(1 + 1.5Tss)2
+
(
1.5Tsωgrid

)2 (3)  

GPWM,q = − j
1.5Tsωgrids

(1 + 1.5Tss)2
+
(
1.5Tsωgrid

)2 (4)  

Δω = kp,PLLVq + ki,PLL

∫t

0

Vqδτ (5)  

ωgrid = ωn + Δω (6)  

Fig. 3. Methodology flowchart.  
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dθgrid

dt
= ωgrid (7)  

icv, d,ref = kp,vDC

(
vDC,ref − vDC

)
+ ki,vDC λVdc (8)  

λVdc =

∫t

0

(
vDC,ref − vDC

)
δτ (9)  

vi,dq,ref
̅̅̅ → = kpc

(
icv, dq,ref
̅̅̅̅ →

− icv, dq
̅̅→

)
+ kicλic,d

̅→
+ vo,d,q

̅̅→ (10)  

λic,d
̅→

=

∫t

0

(
i cv,dq,ref
̅̅̅̅ →

− idq
̅→

)
δτ (11)  

ivir,dq
̅̅ →

= − Gvir

(
vo,dq
̅̅→− ϕdq

̅→)
(12)  

dϕdq
/

dt
̅̅̅̅̅→

= ωvir

(
vo,dq
̅̅→− ϕdq

̅→)
(13)  

vo,dq,AD
̅̅̅̅→ = − kAD

(
vo,dq
̅̅→− ψdq

̅→)
(14)  

dψdq
/

dt
̅̅̅̅̅→

= ωAD
(
vo,dq
̅̅→− ψdq

̅→)
(15)  

kComp(%) =
Xc,line

XL,line
=

1
ω2

gridCs,lineLline
(16)  

d
dt

[
icv,d
icv,q

]

=
ωb

Lf

[
vcv,d
vcv,q

]

−
ωb

Lf

[
vo,d
vo,q

]

−

⎡

⎢
⎢
⎢
⎣

Rf ωb

Lf
− ωg

ωg
Rf ωb

Lf

⎤

⎥
⎥
⎥
⎦

[
io,d
io,q

]

(17)  

d
dt

[
vo,d
vo,q

]

=
ωb

Cf

[
io,d
io,q

]

−
ωb

Cf

[
icv,d
icv,q

]

−

[
0 − ωg

ωg 0

][
vo,d
vo,q

]

(18)     

d
dt

[
ΔvCs,d
ΔvCs,q

]

=
ωb

Cs

[
io,d
io,q

]

−

[
0 − ωg

ωg 0

][
ΔvCs,d
ΔvCs,q

]

(20)  

d
dt

[
io,d

io,q

]

=
ωb

Lg

[
vPCC,d

vPCC,q

]

−
ωb

Lg

[
vg,d

vg,q

]

−

⎡

⎢
⎢
⎢
⎢
⎣

Rgωb

Lg
− ωg

ωg
Rgωb

Lg

⎤

⎥
⎥
⎥
⎥
⎦

[
io,d

io,q

]

(21) 

The parameter values for small-signal model are enclosed in Table 1, 
where Lg,stiff , Lg,weak and Lg,very weak correspond to SCR values of 15.15, 2.52 
and 1.26, respectively. The grid stiffness is thus associated with the AC 
grid impedance, as in [27]. 

4. Eigenvalue trajectory analysis 

In this section, different EGAs are carried out to clarify the impact on 
stability of VSC voltage dynamics in current control time-scale when 
connected to the AC grid via series compensated AC line. The units of 
vertical axes in these EGAs are radians per seconds. The main scenarios 
for the EGAs are summarized in Table 2  

A. Impact of AC grid strength and series-compensation level 

In Fig. 4 an EGA plot is shown for a variation of the AC grid induc
tance from Lg,stiff to Lg,very weak and considering kComp = 50 %. The critical 
eigenvalues cross the stability limit at around Lg = 8 mH, which means 
that the system parameters keep a stability margin for stiff and weak 
grids but not for very weak grids. As for the influence of SCL, in Fig. 5 an 
EGA is presented for kComp varying from 10 to 90 % within a weak AC 
grid. At kComp = 60 % the dominant sub-synchronous eigenvalues cross 
the imaginary axis, and the system becomes unstable.  

B. Impact of PLL frequency bandwidth 

In Fig. 6, the modification of PLL bandwidth is explored for an un
stable system under a weak AC grid (Lg,weak) with kComp=50 %, where the 
PLL bandwidth is decreased from 57.7 Hz (17.33 ms) to 3 Hz (333 ms). 

As seen in Fig. 6, whenever the PLL bandwidth is decreased the 
critical eigenvalues return to the left half-plane and the system recovers 
stability. However, other higher frequency eigenvalues get closer to the 
stability limit. Therefore, the change in PLL bandwidth may help for the 
recovery of the short-term stability, but it yields to new potential risks of 
instability.  

C. Impact of AD and VC branches 

To study the separate contributions on stability from VC and AD 
branches, an EGA corresponding to VC branch gain variation is initially 
studied without the presence of AD and vice-versa in a very weak AC 
grid case that lies within the critical stability limits.  

• Impact of VC branch without the influence of AD branch 

The variation of Gvir from 0 to 1 is presented in Fig. 7. 
The low frequency modes are damped to the left half-plane, whereas 

Table 1 
System parameters.  

(kW) 100 kpc,kic 0.5, 100 f (Hz) 50 Lline(mH) 0.152 Lf (mH) 0.55 
VDC(V) 700 kp,PLL, ki,PLL 0.09, 4.7 fs (kHz) 10 Vg(V) 690 Cf (µF) 32 
CDC (mF) 14 Rline (mΩ) 4.7 Rf (mΩ) 5 Rg (mΩ) 10 kp,Vdc, ki,Vdc 1, 40 
Lg,stiff (mH) 1 Lg,weak (mH) 6 Lg,very weak (mH) 12 Lf (mH) 0.55 Cf (µF) 32  

d
dt

[
io,d

io,q

]

=
ωb

Lline

[
vo,d

vo,q

]

−
ωb

Lline

[
vPCC,d

vPCC,q

]

−
ωb

Lline

[
ΔvCs,d

ΔvCs,q

]

−

⎡

⎢
⎢
⎢
⎢
⎣

Rlineωb

Lline
− ωg

ωg
Rlineωb

Lline

⎤

⎥
⎥
⎥
⎥
⎦

[
io,d

io,q

]

(19)   
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the high-frequency modes move within the unstable area. The VC 
branch without AD filter drives the system to instability as Gvir is 
increased, though there is an initial trajectory that gets closer to the 
stable area. Without AD branch, the high-frequency modes are respon
sible for unstable operation.  

• Impact of AD branch without the influence of VC branch 

The variation of kAD from 0 to 0.5 is presented in Fig. 8. While the 
increase of kAD from 0 to 0.5 damps the high-frequency eigenvalues as it 
makes them move towards the left-side plane, the low-frequency oscil
latory modes are driven towards to the unstable area, as seen in Fig. 8. 
Besides, within the last set of kAD value, those damped high frequency 

Fig. 4. EGA from Lg,stiff (blue) to Lg,very weak (red).  

-15 -10 -5 0 5
Re

-400

-200

0

200

400

Im

Fig. 5. EGA from kComp = 10 (blue) to 90 % (red).  

-15 -10 -5 0 5
Re

-100

-50

0

50

100

Im

Fig. 6. EGA for the variation of PLL bandwidth between 17.33 ms (blue) to 333 
ms (red). 

Table 2 
Scenarios for EGAs.  

Figures involved Lg kcomp (%) TPLL (ms) Gvir kAD Gvir/kAD 

A-Impact of AC grid strength and SCL 

Fig. 4 
Lg,stiff to Lg,very weak 50 19.14 0 0 – 

Fig. 5 
Lg,weak 0 to 90 19.14 0 0 – 

B-Impact of PLL frequency bandwidth 

Fig. 6 
Lg,weak 50 17.33 to 333.33 0 0 – 

C-Impact of AD and VC branches 

Fig. 7 
Lg,weak 50 333.33 0 to 0.05 0 – 

Fig. 8 
Lg,weak 50 333.33 0 0 to 0.5 – 

Fig. 9a 
Lg,weak 50 333.33 Gvir = kAD 0 to 0.5 1 

Fig. 9b 
Lg,weak 50 333.33 Gvir = 7kAD 0 to 0.5 7 

Fig. 10 
Lg,weak 50 333.33 Gvir = 3kAD 0 to 0.5 3  

-10 0 10 20 30 40
Re

-1000

-500

0

500

1000

Im

Fig. 7. EGA for Gvir from 0 (blue) to 1 (red).  
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modes get closer to the half-right plane again, which contributes to a 
decreasing instability margin. Without the presence of VC branch, the 
low-frequency eigenvalues are responsible for unstable operation. 

Hence, a compromise between of AD and VC gains must be achieved 
to damp both high- and low-frequency modes simultaneously and 
without negative cross-impact.  

• Combined influence of AD and VC branches 

EGA plots for combined influence of AD and VC branches are shown 
in Fig. 9(a) and(b), where Gvir=kAD and Gvir=7kAD have been set, 
respectively, for a variation of kAD from 0 to 0.5. 

Whereas for a Gvir = kAD the low-frequency eigenvalues are respon
sible for system instability, the high frequency eigenvalues are those that 
first drive the system to instability for Gvir = 7kAD. In turn, in Fig. 10 the 
system lies between the two unstable situations shown previously for 
Gvir = 3kAD, and stability is guaranteed for the same range of kAD values 
explored as in Fig. 9. Therefore, an intermediate stable Gvir = 3kAD 
function between two unstable extremes, has a relatively good cross- 
impact on stability. 

5. Case study 

A case study is defined to validate the analysis in previous sections 
regarding the stability of the VSC connected to the AC grid via a series 
compensated AC line. Both the SCL of AC line and AC grid strength 
remain as configurable parameters to carefully reproduce the previous 
scenarios. Besides, an additional converter is considered while 

implementing the case study, i.e. a converter that tracks the maximum 
power of a PV plant under irradiance changes is included on the DC side 
of the VSC to consider influences from a PV-side converter. This con
verter is responsible for the system perturbation in the simulation sce
narios due to a sudden 20 % decrease in photovoltaic power production 
change and will replace the DC voltage source in Fig. 1. The DC boost 
converter parameters are listed as follows: 12 mF, 4 mH and 5 kHz. The 
remaining parameters for VSC and AC grid side are those employed in 
Table 1 and the case study has been implemented in Matlab-Simulink. 

6. Validation of eigenvalue analysis on a case study 

In this section, the analyses obtained in Sections 3 and 4 are vali
dated through simulations conducted in MATLAB® Simulink for the case 
study described in Section 5. The DC input voltage to the VSC and the 
RMS value of phase to ground AC voltage at PCC are shown for the 
different scenarios.  

A. Grid strength combined with PLL bandwidth. 

In Fig. 11 the DC voltage and RMS signal of AC voltage at PCC are 
shown for different AC grid strength and TPLL values. 

The VSC cases with TPLL = 17.33 ms tied to stiff and weak AC grids 
present expected stability, being more oscillatory when tied to a weak 
AC grid than to a stiff grid. In contrast, TPLL = 17.33 ms no longer 
guarantees stable behaviour for the VSC case tied to a very weak AC grid, 
as it leads to higher amplitude oscillations. However, when increasing 
the TPLL to 333 ms, the VSC tied to a very weak AC grid reduces the 

(a) (b) 
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Fig. 9. EGA for kAD:0 (blue)→0.5 (red):(a)Gvir = kAD and (b)Gvir = 7kAD.  

Fig. 10. EGA for kAD:0 (blue)→0.5 (red) where Gvir = 3kAD.  
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Fig. 8. EGA for kAD from 0 (blue) to 0.5 (red).  
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oscillatory behaviour at PCC. From now on, TPLL value is set to 333 ms, 
and only very weak AC grid case is considered.  

B. Effect of SCL in a very weak AC grid 

In Fig. 12 the DC voltage and RMS signal of AC voltage at PCC are 
shown for different SCLs, given a VSC tied to a very weak AC grid and 
with TPLL = 333 ms. As demonstrated by simulations, the different sig
nals become more and more oscillatory whenever the SCL increases. 
Below 50 % level, the cases are stable but from this level on, unstable. 

From now on, SCL of 30 % is considered. Up to this stage, the back
ground scenario has been configured with framework AC grid strength 
value of 6 mH, SCL of 30 % and PLL bandwidth of 333.33 ms, so that 
new instability mechanisms related to VC and AD branches can be 
validated in next stages.  

C. Impact of kAD with constant Gvir 

In Fig. 13, the DC voltage and RMS signal of AC voltage at PCC are 
shown for a VSC tied to a very weak AC grid for different kAD values, 

Fig. 11. DC voltage and RMS AC voltage signal at PCC for different AC grid strength and PLL bandwidth values.  

Fig. 12. DC voltage and RMS AC voltage signal at PCC for different SCLs.  

Fig. 13. DC voltage and RMS AC voltage at PCC with different kAD values and constant Gvir .  
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while Gviris kept to 0.01. As seen in Fig. 13, the different kAD values 
reduce the oscillation amplitude of signals as far as kAD is increased until 
0.08. Beyond this value, the system becomes unstable.  

D. Impact of Gvir with constant kAD 

In Fig. 14, the DC voltage and RMS signal of AC voltage at PCC are 
shown for a VSC tied to a very weak AC grid for different Gvir values, 
while kAD is kept to 0.01. As in Fig. 14, the different Gvir values imply 
very similar transient behaviors of signals as far as Gvir is increased until 
1. Beyond this value, the system becomes highly oscillatory.  

E. Separate impact of Gvir and kAD 

Based on previous subsections, a discussion on the separate impact of 
Gvir and kAD on THD and subharmonic content of current signals at PCC 

is achieved relatively to the system without VC nor AD filters, according 
to Figs. 15 and 16, respectively. 

Regarding the THD level, as kAD is increased, greater reduction in 
THD level is achieved until kAD = 0.08, with respect to the system 
without AC nor VC filters, as seen in Fig. 15. Beyond this value, such 
reduction in THD level is diminished and for kAD values greater than 
0.65 the THD level is increased, reaching more than 20 % increase in the 
case of kAD = 0.1. Thus, the AD filter complies with its function of 
reducing high-frequency oscillation levels whenever it is tuned below 
certain kAD level, which also acts as a stability limit, as seen in Fig. 13. 
Beyond this limit, the AD filter worsens the system’s stability and 
effectiveness. In turn, the increase of Gvir produces the increment in THD 
level with respect to the system without filters and compromises sta
bility, as seen in Fig. 14 and Fig. 15. 

As for the subharmonic content, the growth of kAD until 0.08 pro
vokes a general increase in subharmonic level whose maximum lies 
above 20 % increase with respect to the system without AD nor VC fil
ters, as seen in Fig. 16. Beyond that value, the subharmonic levels are 
minimized, though values close to 1 drive the system to instability. Thus, 
it can be concluded that the increase in kAD makes the subharmonic 
content grow with respect to the system without AD nor VC filters, 
whereas the kAD value is kept below a boundary. In turn, as Gvir is 
increased, the subharmonic content is decreased. Hence, the VC filter 
complies with its function of reducing low-frequency oscillation levels 
whenever it is tuned below certain Gvir level, which acts as a stability 
limit. Beyond this, the VC filter worsens the system’s stability, as seen in 
EGA plot in Fig. 14. Therefore, the impact of kAD increase on sub
harmonic content is coherent with the EGA plots in Figs. 8 and 13, where 
the increase of kAD provoked the movement to the unstable half-plane of 
low-frequency eigenvalues, despite the stabilization effect on high- 
frequency eigenvalues. The impact of Gvir on THD content is coherent 
with the EGA plot in Figs. 7 and 14, where the increase of Gvir moved the 
high-frequency eigenvalues towards the right side, despite the stabilis
ing effect on low frequency eigenvalues.  

F. Combined impact: the effect of Gvir/kAD 

In Section 4, an adequate Gvir/kAD ratio within a VSC connected to a 
very weak AC grid was given to ensure the stability of the system, so that 
much lower or greater Gvir/kAD values may endanger stability, as 
observed in Fig. 9. Now, similar ranges are obtained for the case study. 
In Fig. 17, the behaviour of DC voltage and RMS signal of AC voltage at 
PCC are shown for a VSC tied to a very weak AC grid, where the Gvir/kAD 
ratio is varied. 

As seen in Fig. 17, Gvir/kAD = 2.5 improves the behaviour of signals 
with respect to the case without AD nor VC by reducing the oscillation 
amplitudes. However, Gvir/kAD = 0.125 and Gvir/kAD = 25 make the 
system more oscillatory. Therefore, Gvir/kAD must be limited to a 
bounded interval to ensure the stability of the system and the 

Fig. 14. DC voltage, RMS AC voltage and AC current signals at PCC with different Gvir values and constant kAD kAD.  

Fig. 15. Variation on THD levels on current signals at PCC due to kAD and 
Gvir (%). 

Fig. 16. Variation on Subharmonic content of current signals at PCC due to kAD 

and Gvir (%). 
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effectiveness in reducing the high and low- frequency oscillations 
simultaneously without impacting negatively on each other. In Fig. 18, 
the impact of Gvir/kAD ratio on the THD and subharmonic level variation 
of current signal at PCC is shown relatively to the system without OM 
filters. 

By taking the case without AD nor VC as a basis, Gvir/kAD = 2.5 shows 
improvement in THD and subharmonic level reduction, as it yields to 
26.4 % and 17.4 % reductions in THD and subharmonic levels. However, 
Gvir/kAD = 0.125 and Gvir/kAD = 25 imply a worsening in current THD 
content and therefore, neither of them are suitable ratio values. 

7. Design implications 

Once the methodology has been validated through simulations, the 
results are extended to other values. For this purpose, the real part of the 
critical eigenvalues is shown for different AC grid strengths in Fig. 19, by 
continuing the analysis of Figs. 4 and 5. 

For a stiff AC grid, the system is stable for all range of compensation 
levels. On the contrary, for a very weak AC grid the system is completely 
unstable for the entire range of kComp (%). An intermediate case corre
sponds to a weak AC grid, where the system remains stable for SCL 
below 70 % and unstable with SCL above this value. 

Hence, the combination of weak AC grid strength and high SCL gives 
room to instabilities between VSC and AC grid that can deteriorate the 
voltage dynamics at the PCC, and proper relative tuning of OM filter 
gains is needed to mitigate oscillations and keep the system within 
stability. Therefore, the maximum and minimum limits of Gvir/kAD that 
ensure stability are shown in Fig. 20 for different SCL and AC grid 
stiffness values. 

As the AC grid gets weaker, the difference between the minimum and 
maximum value of Gvir/kAD that ensure stability is narrowed. Besides, 
the minimum and maximum values of Gvir/kAD that ensure stability in
crease with higher SCL. 

Fig. 17. DC voltage and RMS AC voltage signal at PCC with different Gvir/kADvalues.  

Fig. 18. THD and Subharmonic content variation (%) in AC current signal at 
PCC due to different Gvir/kAD value. 

Fig. 19. Real part for different SCLs and strength of AC grid (stiff, weak and 
very weak). 

Fig. 20. Maximum and minimum values for Gvir/kAD that ensure stability for different Lg and SCL values.  
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8. Comparison with other studies in the literature 

In [27], it was claimed that voltage feed-forward (VFF) term poses an 
additional loop that introduces negative damping and thus reduces the 
terminal stability, especially when connected to weak AC grids. How
ever, proper tuning of AD included in this VFF term can reverse the 
electrical damping characteristic. This inference in [27] supports the 
conclusion achieved in the present paper while exploring the effect of 
kAD on stability and moreover, that of the combined Gvir /kAD ratio. 
Similar EGAs and simulations were implemented by using a low voltage 
grid in [5,34], which were validated experimentally. However, no 
combined influence of AD with VC terms was explored in these works, 
and thus, such gap is filled with the present paper. Besides, authors in 
[2] also concluded that SCL of more than 50 % drive the system to 
instability if just a single VSC was considered, and the stability was 
ensured for larger SCL if parallel VSCs were included. 

9. Conclusions 

In this paper, a stability analysis of voltage dynamics that operate 
within current control time-scale in a VSC has been carried out. A small- 
signal model has been constructed based on equations and EGAs have 
been carried out to clarify the cross-impact of PLL bandwidth, SCL and 
relative Gvir/kAD on the system’s stability. Based on these EGAs, specific 
ranges for PLL bandwidth, SCL and the Gvir/kAD ratio that ensure sta
bility have been obtained. Each stability limit imposed by the PLL 
bandwidth, SCL and the Gvir/kAD ratio has been verified through simu
lations. The design implications have been extended to other values and 
contrasted with other studies in the literature. 

CRediT authorship contribution statement 

Marta Haro-Larrode: Conceptualization, Data curation, Formal 
analysis, Investigation, Methodology, Project administration, Resources, 
Software, Supervision, Validation, Visualization, Writing – original 
draft, Writing – review & editing. Pablo Eguia: Formal analysis, 
Investigation, Methodology, Supervision, Writing – review & editing. 
Maider Santos-Mugica: Conceptualization, Methodology, Resources, 
Software, Visualization, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The authors do not have permission to share data. 

References 

[1] S. Wang, G. Adam, K.H. Ahmed, B. Williams, Comparative evaluation of converter- 
based compensation schemes for VSC systems to achieve full-range active power 
transfer in very weak grids, Electr. Power Syst. Res. 210 (2022) 108135, https:// 
doi.org/10.1016/J.EPSR.2022.108135. Sep. 

[2] G. Li, et al., Analysis and mitigation of subsynchronous resonance in series- 
compensated grid-connected system controlled by a virtual synchronous generator, 
IEEe Trans. Power. Electron. 35 (10) (2020) 11096–11107, https://doi.org/ 
10.1109/TPEL.2020.2977981. Oct. 

[3] D. Zhu, S. Zhou, X. Zou, Y. Kang, Improved design of PLL controller for LCL-type 
grid-connected converter in weak grid, IEEE Trans. Power. Electron. 35 (5) (2020) 
4715–4727, https://doi.org/10.1109/TPEL.2019.2943634. May. 

[4] S. Zhou, et al., An improved design of current controller for LCL-type grid- 
connected converter to reduce negative effect of PLL in weak grid, IEEE J. Emerg. 
Sel. Top. Power. Electron. 6 (2) (2018) 648–663, https://doi.org/10.1109/ 
JESTPE.2017.2780918. Jun. 

[5] K. Wang, X. Yuan, H. Wang, S. Li, X. Wu, Mitigation of subsynchronous resonance 
for grid-connected inverters in series-compensated weak power grids through 
observed Q-axis grid voltage feedback, IEEE Trans. Ind. Electron. 69 (10) (2022) 
10236–10248, https://doi.org/10.1109/TIE.2022.3159948. Oct. 

[6] W. Wu, Y. Liu, Y. He, H.S.H. Chung, M. Liserre, F. Blaabjerg, Damping methods for 
resonances caused by LCL-filter-based current-controlled grid-tied power inverters: 
an overview, IEEE Trans. Ind. Electron. 64 (9) (2017) 7402–7413, https://doi.org/ 
10.1109/TIE.2017.2714143. Sep. 

[7] K. Wada, H. Fujita, H. Akagi, Considerations of a shunt active filter based on 
voltage detection for installation on a long distribution feeder, IEEE Trans. Ind. 
Appl. 38 (4) (2002) 1123–1130, https://doi.org/10.1109/TIA.2002.800584. Jul. 

[8] X. She, A. Huang, Solid state transformer in the future smart electrical system, in: 
IEEE Power and Energy Society General Meeting, 2013, https://doi.org/10.1109/ 
PESMG.2013.6672768. 

[9] X. She, A.Q. Huang, R. Burgos, Review of solid-state transformer technologies and 
their application in power distribution systems, IEEE J. Emerg. Sel. Top. Power. 
Electron. 1 (3) (2013) 186–198, https://doi.org/10.1109/JESTPE.2013.2277917. 
Sep. 

[10] C. Chen, J. Xiong, Z. Wan, J. Lei, K. Zhang, A time delay compensation method 
based on area equivalence for active damping of an LCL-type converter, IEEe Trans. 
Power. Electron. 32 (1) (2017) 762–772, https://doi.org/10.1109/ 
TPEL.2016.2531183. Jan. 

[11] D. Khan, P. Hu, S. Habib, M. Waseem, Z. Lin, E.M. Ahmed, A resonant damping 
control and analysis for LCL-type grid-connected inverter, Energy Rep. 8 (2022) 
911–928, https://doi.org/10.1016/j.egyr.2021.11.273. Nov. 

[12] J. Dannehl, M. Liserre, F.W. Fuchs, Filter-based active damping of voltage source 
converters with LCL filter, IEEE Trans. Ind. Electron. 58 (8) (2011) 3623–3633, 
https://doi.org/10.1109/TIE.2010.2081952. Aug. 

[13] Y. Tang, P.C. Loh, P. Wang, F.H. Choo, F. Gao, Exploring inherent damping 
characteristic of LCL-filters for three-phase grid-connected voltage source 
inverters, IEEe Trans. Power. Electron. 27 (3) (2012) 1433–1443, https://doi.org/ 
10.1109/TPEL.2011.2162342. 

[14] R. Pena-Alzola, M. Liserre, F. Blaabjerg, M. Ordonez, T. Kerekes, A self- 
commissioning notch filter for active damping in a three-phase LCL-filter-based 
grid-tie converter, IEEe Trans. Power. Electron. 29 (12) (2014) 6754–6761, 
https://doi.org/10.1109/TPEL.2014.2304468. 

[15] D. Pan, X. Ruan, X. Wang, Direct realization of digital differentiators in discrete 
domain for active damping of LCL-type grid-connected inverter, IEEe Trans. Power. 
Electron. 33 (10) (2018) 8461–8473, https://doi.org/10.1109/ 
TPEL.2017.2780174. Oct. 

[16] M.T. Faiz, et al., Capacitor voltage damping based on parallel feedforward 
compensation method for LCL-filter grid-connected inverter. IEEE Transactions on 
Industry Applications, Institute of Electrical and Electronics Engineers Inc., 2020, 
pp. 837–849, https://doi.org/10.1109/TIA.2019.2951115. Jan. 

[17] J. Liu, L. Zhou, M. Molinas, Damping region extension for digitally controlled LCL- 
type grid-connected inverter with capacitor-current feedback, IET Power Electron. 
11 (12) (2018) 1974–1982, https://doi.org/10.1049/iet-pel.2018.0039. Oct. 

[18] H. Bai, X. Wang, P.C. Loh, F. Blaabjerg, Passivity enhancement of grid-tied 
converter by series LC-filtered active damper, in: 2015 IEEE Energy Conversion 
Congress and Exposition, ECCE 2015, Institute of Electrical and Electronics 
Engineers Inc., 2015, pp. 5830–5837, https://doi.org/10.1109/ 
ECCE.2015.7310478. Oct. 

[19] L. Harnefors, R. Finger, X. Wang, H. Bai, F. Blaabjerg, VSC input-admittance 
modeling and analysis above the nyquist frequency for passivity-based stability 
assessment, IEEE Trans. Ind. Electron. 64 (8) (2017) 6362–6370, https://doi.org/ 
10.1109/TIE.2017.2677353. Aug. 

[20] S. Li, X. Li, X. Lee, Weighted average current method for active damping control 
based on grid voltage feed-forward, J. Cloud Comput. 10 (1) (2021) 1–12, https:// 
doi.org/10.1186/S13677-021-00236-8/FIGURES/13. Dec. 

[21] X. Wang, F. Blaabjerg, P.C. Loh, Grid-current-feedback active damping for LCL 
resonance in grid-connected voltage-source converters, IEEE Trans. Power. 
Electron. 31 (1) (2016) 213–223, https://doi.org/10.1109/TPEL.2015.2411851. 
Jan. 

[22] X. Li, J. Fang, Y. Tang, X. Wu, Y. Geng, Capacitor-voltage feedforward with full 
delay compensation to improve weak grids adaptability of LCL-filtered grid- 
connected converters for distributed generation systems, IEEE Trans. Power. 
Electron. 33 (1) (2018) 749–764, https://doi.org/10.1109/TPEL.2017.2665483. 
Jan. 

[23] S. Yang, Q. Lei, F.Z. Peng, Z. Qian, A robust control scheme for grid-connected 
voltage-source inverters, IEEE Trans. Ind. Electron. 58 (1) (2011) 202–212, 
https://doi.org/10.1109/TIE.2010.2045998. Jan. 

[24] S. D’Arco, J.A. Suul, O.B. Fosso, Automatic tuning of cascaded controllers for 
power converters using eigenvalue parametric sensitivities, IEEe Trans. Ind. Appl. 
51 (2) (2015) 1743–1753, https://doi.org/10.1109/TIA.2014.2354732. Mar. 

[25] S. D’Arco, J.A. Suul, M. Molinas, Implementation and analysis of a control scheme 
for damping of oscillations in VSC-based HVDC grids, in: 16th International Power 
Electronics and Motion Control Conference and Exposition, PEMC 2014, Institute 
of Electrical and Electronics Engineers Inc., 2014, pp. 586–593, https://doi.org/ 
10.1109/EPEPEMC.2014.6980558. Dec. 

[26] D. Zhu, X. Zou, Y. Zhao, T. Peng, S. Zhou, Y. Kang, Systematic controller design for 
digitally controlled LCL-type grid-connected inverter with grid-current-feedback 
active damping, Int. J. Electr. Power Energy Syst. 110 (2019) 642–652, https://doi. 
org/10.1016/j.ijepes.2019.01.041. Sep. 

M. Haro-Larrode et al.                                                                                                                                                                                                                         

https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012


Electric Power Systems Research 229 (2024) 110189

12

[27] S. D’Arco, J.A. Suul, O.B. Fosso, A Virtual Synchronous Machine implementation 
for distributed control of power converters in SmartGrids, Electr. Power Syst. Res. 
122 (2015) 180–197, https://doi.org/10.1016/j.epsr.2015.01.001. May. 

[28] M. Zhao, X. Yuan, J. Hu, Y. Yan, Voltage dynamics of current control time-scale in 
a VSC-connected weak grid, IEEE Trans. Power Syst. 31 (4) (2016) 2925–2937, 
https://doi.org/10.1109/TPWRS.2015.2482605. Jul. 

[29] P. Kundur, et al., Definition and classification of power system stability, IEEE 
Trans. Power Syst. 19 (3) (2004) 1387–1401, https://doi.org/10.1109/ 
TPWRS.2004.825981. Aug. 

[30] T. van Cutsem, C.D. Vournas, Voltage stability analysis in transient and mid-term 
time scales, IEEE Trans. Power Syst. 11 (1) (1996) 146–154, https://doi.org/ 
10.1109/59.486091. 

[31] C.D. Vournas, P.W. Sauer, M.A. Pai, Time-scale decomposition in voltage stability 
analysis of power systems, in: Proceedings of the IEEE Conference on Decision and 
Control, IEEE, 1995, pp. 3459–3464, https://doi.org/10.1109/cdc.1995.479120. 

[32] E.G. Cate, K. Hemmaplardh, J.W. Manke, D.P. Gelopulos, Time frame notion and 
time response of the models in transient, mid-term and long-term stability 
programs, IEEE Trans. Power Appar. Syst. PAS-103 (1) (1984) 143–151, https:// 
doi.org/10.1109/TPAS.1984.318592. 

[33] M. Haro-Larrode, M. Santos-Mugica, P. Eguia, R. Rodriguez-Sanchez, A. Gil-de- 
Muro, Impact of proportional resonant controller parameters of VSC connected to 
AC grids with variable X/R characteristic on the small signal stability, Int. J. Electr. 
Power Energy Syst. 118 (2020) 105746, https://doi.org/10.1016/J. 
IJEPES.2019.105746. Jun. 

[34] R. Panigrahi, S.K. Mishra, S.C. Srivastava, A.K. Srivastava, N.N. Schulz, Grid 
integration of small-scale photovoltaic systems in secondary distribution network - 
a review, IEEE Trans. Ind. Appl. 56 (3) (2020) 3178–3195, https://doi.org/ 
10.1109/TIA.2020.2979789. May. 

M. Haro-Larrode et al.                                                                                                                                                                                                                         

https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012
https://doi.org/10.1017/9781009157926.012

	Analysis of voltage dynamics within current control time-scale in a VSC connected to a weak AC grid via series compensated  ...
	1 Introduction
	2 Analytical framework for stability analysis of VSC voltage dynamics on current-control time-scale
	3 State-space equations and small-signal model
	4 Eigenvalue trajectory analysis
	5 Case study
	6 Validation of eigenvalue analysis on a case study
	7 Design implications
	8 Comparison with other studies in the literature
	9 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


