
Stability limits and tuning recommendation of the 
classical current control providing inertia support 

Sophie Coffey, Jennifer F. Morris, Agustí Egea-Àlvarez 
PEDEC, Electronic and Electrical engineering department University of Strathclyde 

Glasgow, UK 
sophie.coffey@strath.ac.uk 

  
Abstract – The drastic increase in renewable energy sources in 

power grids has raised stability concerns. A particular concern 

exists in the ability of the converters to preserve frequency 

stability, due to their inherent lack of inertia provision. Grid 

forming converters have been presented as a solution to this issue, 

however the control structure for such converters is significantly 

different from the vector current control structures utilized by 

most installed control-converter systems. The classical current 

controller with a Phase Locked Loop (PLL) can be modified to 

provide inertia by including an additional control loop that 

injects active power in the case of a frequency event. This paper 

presents a detailed stability study, using a small signal model, and 

presents a set of controller tuning recommendations for the 

classical current controller with inertia emulation capability. The 

investigation found that the classical current and PLL tuning 

decreases the power that can be provided using the inertia 

emulation loop. Reducing the current loop time constant can 

allow for stable inertia emulation with classical vector current 

control. 

Index Terms—Inertia Emulation, Stability, Phase Locked Loop 

(PLL), Short Circuit Ratio (SCR) 

I. INTRODUCTION 

With manmade climate change causing natural disasters, rising 
sea levels, ecological loss, and an increase in inequality, the 
UN IPCC 2018 report outlined significant action that must be 
taken to reduce future global warming to under 1.5˚C [1]. This 
has resulted in conventional fossil fuel power stations, with 
synchronous generators, being replaced with renewable energy 
sources (RES). In 2020, the European installed renewable 
capacity was rated at 573,266 MW [2]. RES are usually 
interfaced by power electronic devices compared to the 
synchronous machines used in standard power stations. The 
rotating masses of the synchronous generators provide inertia 
to be released into the grid during frequency or angle 
disturbances [3]. However, generation connected to the grid 
through power converters, lack this inherent inertia because the 
rotating parts of the renewable source are decoupled from the 
grid when utilizing classical current control [4]. The lack of 
inertia threatens the stability of the power network, as with a 
low inertia system the rate of change of frequency (RoCoF) is 
much higher and the system can be more easily destabilized 

[5] [6].   Because of this, small and medium power networks, 
such as those in Ireland, Texas, and the UK, are facing 
increasing challenges [7]. Renewable sources also produce an 
issue with intermittent generation; for this reason, large energy 
storage systems have been proposed [8].  
The classical current controller used in the major part of grid-
connected applications is defined as grid following converter, 
which relies on a strong grid to operate. Grid following 
converters use a phase locked loop (PLL) to measure the grid 
electrical angle from the point of common coupling (PCC) and 
cannot provide inertia in its basic implementation.   
One solution presented to provide inertia using power 
converters, are Virtual Synchronous Machines (VSMs), a 
particular type of grid forming converter. They provide inertia 
by emulating the behaviour of conventional synchronous 
machines during a frequency disturbance [9]. However, the 
VSM control structure, with the grid forming capabilities it 
provides, is significantly different to the traditional current 
controller, which is currently widespread and utilized by most 
manufacturers [10]. Another solution is to add an additional 
loop to the classical current control to provide inertia 
emulation without modifying the present control structure [6]. 
The benefit of using this model would be that the control 
structure would not need to be changed much and existing 
installed control mechanisms can be used. Furthermore, the 
conventional current controller has a faster transient response 
than that of a typical VSM which is a greatly desirable feature 
[11], [12], [13]. [14] reviewed the performance of grid 
following converters with inertia emulation, grid forming 
converters and VSMs and concluded that from the frequency 
point of view, all provided the same behaviour. Therefore, the 
grid following converter should not be discounted as a viable 
option as converter penetration continues to rise. 
This paper investigates the limitations and optimal tuning of 
the PLL and current loop for a current controller with an inertia 
emulation branch, for varying grid strengths. The introduction 
of this branch has been found to affect system stability and 
only a limited inertial gain could be introduced. Therefore, the 
authors investigated methods to allow for a higher inertial gain 
whilst maintaining system stability. The current loop and PLL 
gain values are often restricted to a set range, so a series of 



parametric sweeps were run to investigate the effect of these 
parameters on achieving an increased inertial gain. 
Recommendations for PLL and current loop tuning to 
maximise the power provided by the inertia loop are given. 

II. SYSTEM UNDER STUDY 

The system investigated is a 3 MW, 690 V grid connected two-
level VSC converter, similar to a wind turbine or energy 
storage system (figure 1). The converter is connected to the 
grid through an RL filter and a shunt capacitor Cf for filtering 
the PWM harmonics. In this study a constant DC link has been 
assumed. The grid is modelled as the Thevenin equivalent [14] 
and will be studied for varying short circuit ratio (SCR) values 
(2-5). The grid is modelled in the dq synchronous reference 
frame, represented in the state space form: 

ẋ = Alcx + Blcu (1) 
y = Clcx (2) 

Where Clc is a 3 by 3 identity matrix and Alc, Blc, and are the 
state matrices, defined by: 
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where Ln and Rn are the grid Thevenin equivalent inductance 
and resistance, ωn is the grid frequency, Lc and Rc are the 
converter inductance and resistance, and Cf is the filter 
capacitance. For this grid system, the states, inputs and outputs 
are defined by xlc, ulc and ylc: 

xlc = [icd,icq,ud,uq,ind,inq] (4) 
ulc = [vd,vq,ed,eq] (5) 
ylc = [ild,ilq,ud,uq] (6) 

Where icqd is the current through the coupling filter, inqd is the 
current through the grid equivalent, eqd is the grid voltage, vqd 
is the converter voltage, and uqd is the voltage from the PCC. 

A. Overall Control Structure 

The converter control is based on classic current control and is 
depicted in figure 1, [14]. The current controller consists of two 
PI controllers, two decoupling terms and a voltage 
feedforward. The PI controller for the current loop, KCC (s), is 
tuned as in [14]: 

Kcc(s) = (Kpccs + Kicc)/s (7) 
Kpcc = Lc/τα (8) 
Kicc = Rc/τα (9) 

Where τα is the current loop time constant, and is 
recommended to be 5 to 10 times slower than the switching 
frequency [14], which is in the range 1-2 kHz [15], up to 10 
kHz [17]. Therefore, for the classical current controller, the 
optimal time constant has been considered to be 1-5 ms. 
The PLL gain, KPLL(s) is defined as: 

KPLL(s) = 
KpPLLs+KiPLL 

(10) 
 s 

With gain values calculated using: 

KpPLL= 
2ωnζ (11) 
Em 

KiPLL= 
ΚpPLL (12) 
τPLL 

Where Em is the admitted voltage, ζ is the damping ratio, and 
τPLL is the PLL bandwidth. The optimal τPLL has traditionally 
been tuned using [17]: 

τPLL= 
2ζ 

(13) 
 ωn 

Which is used in turn, to tune the proportional and integral PLL 
gains. Initially, the current loop was tuned with a current loop 
time constant of 2 ms, and the PLL time constant to 4.5 ms.  
  

 
Figure 1.  Electrical scheme of studied Converter and control 

B. Inertia Emulation 

Inertia is emulated with the inertia branch, the output of which 
is added to the reference id

* current to form the total reference 
current [6]. A gain, Kin amplifies the rate of change of 
frequency. As the PLL provides the frequency of the grid, a 
derivative term and a low pass filter are added to improve the 
system stability: 

idfreq = 
sKin (14) 

 Fs + 1 
Where F is the first order filter time constant. 
The inertia gain Kin also determines the required power to be 
delivered to the grid during a frequency disturbance [18]. The 
gain of the inertia controller can be obtained from the 
synchronous generator swing equation and therefore the 
maximum power delivery required for a particular RoCoF [7], 
which can be simplified to: 

Pemulation max = 
2HSbase 

∆ωmax (15) 
 ωn 



Where Sbase is the rated power of the turbine, H is the inertia 
constant emulated (seconds), ωs is the synchronous frequency 
and    is the maximum allowable RoCoF (Hz/s). 
The required power should be divided by the nominal voltage 
and RoCoF to obtain the gain Kin. The inertial branch gain is 
therefore: 

Kin = 
Pemulation max = 

2HSbase (16) 
Vnom∆ωmax ωsVnom√(3/2) 

A typical required inertia constant, H, for a 3 MW system 
ranges from approximately 1-5 s [19] [21]. 

III. SMALL SIGNAL MODEL 

The converter-controller system was linearised, and a small-
signal model created to observe the effect of a small 
disturbance on the stability of the system. The general 
representation of a small-signal model is: 

Δẋ = AΔx + BΔu (17) 
Δy = CΔx +DΔu (18) 

Figure 2 shows the linearised system and the connections of 
the different components. The current loop [14] and the 
electrical system, given in (3), are already linear models. The 
linearised models of the PLL and Park transformation and Park 
inverse transformation used in this paper are derived in [14]. 

 
Figure 2.  Small Signal Representation 

The inertia response of this small-signal system was 
implemented by the transfer function previously shown in (14). 
A time domain model was designed and simulated in Matlab, 
with Simulink, to validate the results of the small-signal model, 
with SCR values ranging from 2 to 5. The time domain and 
small signal model (SSM) responses to a power step are shown 
in figure 3. As it can be seen, both models overlay, validating 
the small signal model. 

  
Figure 3.  Time domain and SSM response 

A. Investigation 

The SSM was used to perform a parametric sweep for 
increasing values of Kin and F in order to identify the impact 
of each parameter on stability. This produced the stability 
limits of the system under varying conditions and isolated the 
optimum PLL and current loop tunings. The eigenvalues of the 
SSM were analysed to determine system stability; any poles in 
the right-hand plane indicated system instability. The specific 
investigations carried out to achieve this are as follows: 

• Determining the maximum Kin gain whilst maintaining 
stability with increasing F filter constant for changing 
SCR.  

• Investigate the effect of changing PLL time constant, 
τPLL, on stability considering the inertia loop. 

• Investigate the impact of the current controller time 
constant, τα, and its effect on system considering the 
inertia loop. 

IV. RESULTS 

A. Impact of Kin and F with varying SCR 

The first investigation was to observe the maximum value of 
Kin and F which had a stable condition when classic PLL and 
current control tuning were considered for different SCR 
values from 2 to 5.  The initial tuning of the converter has been 
obtained from well-established tuning rules and resulted in a 
current loop time constant, τα of 2 ms, and a PLL time constant, 
τPLL, of 0.0045 s [17].  
Figure 4 shows the stability limit for different SCR and F 
values, and a linear relationship between the maximum value 
of Kin and F is observed. Also, it can be seen that as the SCR 
is decreased, the maximum inertial gain for a stable system at 
a given filter constant reduces. 
The line of stability continues as both Kin and F increase, 
however, there reaches a point where the filter value is too 
great and degrades the dynamic response of the power 
injection during a frequency disturbance.  

 
Figure 4.  Kinmax against F Stability limit for varying SCR, τPLL = 0.0045 s, τα 

= 0.002 s 
The limiting effect of the filter constant can be observed in 
figure 5 which shows that for a constant value of Kin (12 As-2), 
the value of F significantly affects the performance. An F of 



0.3 s produces an acceptable dynamic performance, however, 
when F is increased to 0.9 s, the dynamic performance is much 
slower. Equation (15) is used to calculate the power required 
to be transferred by the converter. If a value of 24 kW is 
required, figure 5 shows that this is not achieved by the system 
with F 0.9 s. Therefore, it is recommended that F is tuned to 
be fast enough for an appropriate dynamic response but slow 
enough to filter out standard frequency deviations that the 
system is not required to respond to. 

 
Figure 5.  Power [kW] Response to 1p.u ramp increase in frequency: Kin = 

8, F = 0.3 s, F = 0.9 s 

B. Kin against τPLL 

The effect of increasing τPLL on the stability of the system was 
studied for varying F values. Figure 6 shows the maximum Kin 
that can be employed as τPLL is increased, with τα kept constant 
at 2 ms. For all values of F, the maximum Kin gain that can be 
achieved increased with an increasing τPLL and then plateaus. 
The plateau begins at 0.04 s for F = 0.1 s, τPLL = 0.15 s for F = 
0.5 s. 

 
Figure 6.  SCR 5 Kinmax against τPLL 

As expected, increasing the filter time constant increased the 
maximum Kin gain that could be achieved for a stable system. 
As the PLL time constant is increased, the stability limit 
increases at first, but then reaches a plateau. Based on the 
location of this plateau, a new τPLL constant of 0.04 s was 

selected, 10 times slower than the previously defined optimal 
tuning. Figure 6 demonstrate that increasing the time constant 
past this value would have no further impact on stability. 
It was therefore concluded that the optimal PLL time constant 
to be selected for this system was 0.04 s. 

C. Kin against τα Current Controller time constant 

The maximum value of Kin that can be achieved as the current 
controller time constant is varied was simulated at multiple 
values of F. Note that (8) and (9) are considered to give optimal 
tunings for vector current control, which results in a current 
control time constant in the range τα = 2-5 ms [14]. The optimal 
PLL bandwidth is given by (13).  

 
Figure 7.  Kinmax vs τα SCR 5 a) τPLL = 2e/wn = 0.0045 s b) τPLL = 0.04 s 

 
Figure 7a shows the effect on the maximum value of Kin of 
increasing τα with τPLL fixed at the assumed optimum value of 
0.0045 s, and in a grid with SCR = 5. Figure 7b shows the same 
system simulation but with τPLL fixed at the new optimum 
value, found in the previous section, i.e. τPLL = 0.04 s. A 
significant increase in the maximum Kin that maintains stability 
can be seen with the new value of τPLL. Figure 7 also shows 
that, for a set value of Kin, the controller is most stable with 
either a very fast τα or a slow value. There is a dip in stability 
at 1.5 – 10 ms, above which the system stability begins to rise 
again allowing for increased Kin. The stability recovers with a 
τα of 0.1 s or greater for SCR 5, and F of 0.5 s. However, with 
SCR 5 and F of 0.1 s, the system requires a much larger time 
constant for stability with an increased Kin.  
The system can achieve high inertial gains for current loop 
time constants less than 1 ms, but then begins to deteriorate, 
dipping to a minimum at around 2 ms. The system then 
recovers, and the gain begins to increase again, but the time 
constant has to be to about 0.1 s to achieve a high Kin. 



 
Figure 8.  SCR 5 Increased τα range 

The analysis was repeated at SCR = 4, 3 and 2, as shown in 
figure 9. As the SCR decreases, the dip in stability begins at a 
slightly lower τα. Furthermore, for the same F, reducing the 
SCR reduces the maximum Kin at the given τα.  

 
Figure 9.  Kinmax against τα a) SCR 4, b) SCR 3, c) SCR 2  

This analysis shows that the classical choice of a current loop 
time constant in the range 1-5 ms gives the lowest possible 
maximum inertial gain. Therefore, a much faster or much 
lower time constant is recommended, which is discussed in the 
following section.  

V. RECOMMENDATIONS AND THEIR LIMITATIONS 

A. Inertia emulation capability in fast operation 

From this investigation, it was determined that for the set 
system parameters, the ideal system tuning can be determined 
from running parametric sweeps of Kinmax against τPLL and 
against τα. A PLL time constant of 0.04s was recommended. 
However, the optimal regions for current controller time 
constant would be 0.1 ms, or a value of 0.1 s or more. This 
would allow the Kin gain to be increased to achieve the required 
power transfer required to emulate inertia.  

Figure 10 shows the response of the system with τα = 0.1 ms, 
10 ms, and 100 ms. The 0.1 ms and 100 ms systems allow high 
inertial gains, but with τα = 10 ms the system cannot reach gains 
higher than 100 As-2. The implication of this means the 
maximum inertial power is reduced. The SCR 5 provides the 
highest possible inertial gain, but any SCR lower than this has 
a significant drop in maximum possible Kin. 

 
Figure 10.   Kinmax vs F with Tuning Recommendations τPLL 0.4s, a) τα 0.1ms 

b) τα 10ms c) τα 100ms 
Figure 11 shows the dynamic response of the system with a Kin 
of approximately 586 As-2 and a filter constant of 0.5 s. The 
required power to be delivered was calculated from requiring 
an inertia constant of 4 s, a RoCoF of 2.5 Hz/s, and the system 
base power 3 MW. Using (15), the power calculated was 1200 
kW, corresponding to an inertial gain of 568 As2. Using the 
new optimum tunings developed in this section, it can be seen 
that the system responds effectively and is capable of 
delivering the power required by the frequency disturbance 
with a suitable inertia constant, H, with appropriate dynamic 
performance.  

 
Figure 11.  Power Response for system: τα = 0.1 ms, τPLL = 0.04 s, SCR 5, Kin 

= 585 As-2, F = 0.5 



B. Classical current controller operation region 

Current controller time constants are limited by the switching 
time of the converter; they should be 5 to 10 times slower than 
the converter switching frequency [14]. The average switching 
frequency for a 3 MW wind turbine to grid converter 
connection is about 1-2 kHz, up to about 10 kHz [17]. 
Therefore, the fastest response of the current controller is about 
1 ms, 10 times slower than the recommended value. The 
classical current controller value is around 2-5 ms, which the 
graphs in figure 7 to figure 9 show is the least stable region of 
operation. Therefore, it is recommended, that for current 
controller inertial emulation, the current controller time 
constants must be reduced to increase stability during 
frequency disturbances to obtain a high inertial gain that can 
deliver or absorb power during the disturbance. The classical 
current controller time constant region of operation is very 
limited for this type of inertia emulation. 

VI. CONCLUSION 

In this study, inertia capabilities were replicated successfully 
in the traditional current controller by adding an inertial gain, 
amplifying the rate of change of frequency of the system, and 
a filter. A series of parametric sweeps were performed for 
varying filter constants and current controller and PLL time 
constants. This investigation highlighted that in the normal 
area of tuning, τα of 1-5 ms, the inertia emulation performs 
poorly, i.e. it is unable to reach the gains required for emulating 
inertia. If τα is reduced to fast values of around 0.1 ms, then 
stable inertia emulation with classical vector current control 
can be achieved. 
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