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Abstract—The advent of renewable energy has posed difficulties 

in the operation of power systems whose net inertia is becoming 

critically low. To face such challenges, grid-forming power has 

been one of the potential solutions pursued by the industry and 

research community. Though promising, grid-forming power 

converters are still immature for mass deployment in power 

systems. In the meanwhile, an enormous amount of grid-following 

power converters has been underexploited when it comes to grid-

supporting functionalities. Therefore, this paper proposes an 

external inertia emulation controller (eIEC) for grid-following 

power converter to provide frequency support to the grid. For the 

purpose of minimizing installation efforts and resources, the 

controller is designed in such a way that it can be implemented in 

an external controller communicating with the grid-following 

power converter via an industrial communication link. This paper 

also investigates the effect of communication delay on the stability 

performance of the proposed controller. In addition to the detailed 

analysis, hardware-in-the-loop experiments are also carried out to 

validate the proposed eIEC. 

Index Terms—Inertia emulation, Grid-following power 

converter, networked control, low inertia systems, frequency 

support. 

I. INTRODUCTION

N an effort towards carbon neutrality, the installation of

renewable energy has increased significantly in the last 

decade. According to the latest estimates, the worldwide 

capacity addition of renewables has risen from 54.5 GW in 

2010 to 198 GW in 2020 [1]. Despite the positive 

environmental impact, the large-scale integration of 

renewables, which connects with the grid mainly via grid-

following power converters, threatens the operation of power 

systems. Particularly, since the grid-following power 

converters do not possess inertial behavior, the net inertia of 

power systems has been continuously reducing. This reduction 

in system inertia results in a higher rate of change of frequency 

(RoCoF) and maximum frequency deviation, which can lead to 

frequency instability, load-shedding or even blackout [2]. Thus, 

improving frequency stability for power systems, especially for 
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those with high-level of renewable penetration, has become an 

important issue [3]. Indeed, fast frequency reserve has been 

introduced as a service in recent grid codes to cope with low-

inertia situations [4]. 

The most conventional and widely adopted control approach 

to mitigate the adverse impact of large-scale integration of 

renewables on frequency stability is to emulate inertia by using 

power converters [5], [6]. That is, by modifying its control part, 

the power converters can provide inertia response to a grid 

frequency deviation. Consequently, the net inertia of the system 

can be increased to reduce both the RoCoF value and the 

maximum frequency deviation. Existing inertia emulation 

approaches are either direct or indirect. Direct methods aim to 

increase the system inertia by injecting active power inversely 

proportional to the derivative of frequency deviation, 

modifying exclusively the inertia constant of the power system. 

Being virtually implemented in a controller, the value of virtual 

inertia can be modified arbitrarily in a given range to meet the 

desired performance. A controller that takes advantage of the 

dc-link capacitor for emulating inertia is presented in [7].  In

this study, the injected power is set to be directly proportional

to the derivative of frequency which is obtained from a phase-

locked loop (PLL). To avoid the direct implementation of the

derivative operator that might lead to instability, a washout

filter is often employed [8]. Though direct inertia emulation is

simple and theoretically sound, the high level of susceptibility

to measurement noises hinders its practical deployment.

On the other hand, the indirect inertia emulation methods 

emulate partially or fully the operation of a synchronous 

machine (SM) also referred to as virtual synchronous machine 

(VSM) [9]. With these indirect methods, the power converter 

can operate as a SM to provide frequency support and other 

grid-friendly functionalities without directly modifying the 

inertia constant of the power system. The power converters 

equipped with this control group is recently identified as grid-

forming power converters [10]. Due to its versatility and 

practicality, grid-forming power converter has received 

increasing attention from the industry and research community. 
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Common implementations of grid-forming power converters 

include voltage and current cascaded controller [11], 

synchronverter [12], synchronous power controller (SPC) [13], 

and more recently virtual oscillator [14]. Due to its simplicity 

and robustness, the SPC implementation is preferable. Because 

grid-forming power converters can provide inertia response 

similar to a SM, it contributes to improving frequency stability 

of power systems as demonstrated in recent works [15], [16]. 

A number of extended studies on the aforementioned inertia 

implementation approaches for grid-tied power converters have 

been recently conducted. Notably, [17] investigated the 

behavior of commercial inverters in the event of grid frequency 

deviations. Evidently, frequency-watt droop function, which 

resembles primary frequency regulation, can contribute 

positively to arresting frequency excursions. Demonstrations of 

the direct inertia emulation approach have also been reported. 

Authors in [18] [19] proposed a simple controller, that consists 

of a derivative block connected in series with a virtual inertia 

gain, for generating damping power. As an enhancement, a 

lead-lag compensator is introduced after the derivative block in 

[20] to deal effectively with measurement noises. Being more 

straightforward and grid friendly, virtual inertia 

implementation based on VSM is widely adopted. Remarkably, 

[21] validates the effectiveness of VSM in providing grid 

frequency support for the two-area system. A simplified version 

of VSM for grid-following converters is also proposed in [22]. 

Usually, VSM consists of an electromechanical part and an 

electromagnetic part. The former often implements a swing 

equation to equip the converter with electromechanical 

dynamics. Likewise, the latter includes virtual admittance to 

characterize the electromagnetic behavior of the power 

converter. 

Nevertheless, the actual implementation of all the above 

methods requires a modification of the control firmware of the 

power converters. Considering the enormous amount of already 

deployed converters, which are mainly programmed to work as 

grid followers, the requirement of firmware modification is 

deemed impractical and costly due to the additional 

development effort needed for testing and certifications. As an 

alternative, inertia emulation algorithms might be implemented 

on an external controller, which communicates with the power 

converter via a Fieldbus communication link. This is possibly 

due to a slower frequency response range i.e. between 1 and 10 

seconds [23], which is not so demanding in terms of control 

bandwidth. Towards that end, an earlier research attempt in [24] 

shows interesting results yet the design and analysis of the 

controller are still limited. 

Motivated by the above rationale, this paper proposes an 

external inertia emulation controller (eIEC) interfacing with the 

power converter through a communication link. This 

implementation provides the ability for plug-and-play operation 

meaning that the proposed eIEC can enable any grid-following 

power converter to provide inertia emulation functionality 

without costly and time-consuming modifications of the 

internal firmware of the power converter. Moreover, being 

independent of the power converter system, the eIEC can be 

standardized to meet grid code requirements, and allow 

receiving input signals from the transmission system operator 

(TSO) for altering parameters setting as required in several grid 

codes [6]. Concretely, this paper analyzes the influence of 

communication delays caused by such an external 

implementation on the eIEC performance. Finally, simulations 

and hardware-in-the-loop (HIL) experiments are carried out for 

validation purposes. 

II. SYSTEM MODELING 

For the proper design and tuning of the controller, this section 

presents a brief overview of the grid model typically used for 

studying frequency regulation, and the model for a conventional 

grid-following power converter. To facilitate the analysis, the 

models are linearized and in the continuous-time domain. 

A. Grid Model for Frequency Stability Analysis 

Conventionally, frequency stability studies are based on a 

one-area system [25], [26]. In this paper, the model of the 

Nordic system is considered mainly for two reasons: the high 

penetration of renewables and the recently observed frequency 

instability issues [2]. Fig. 1 shows the block diagram of the 

equivalent model for the Nordic system whose parameters are 

summarized in Table I [27]. Since the focus of this work is to 

study the performance of the proposed controller, rather than 

tuning the PI controller, the low-pass filter, the PI controller, 

and the servo models are simplified by using the balanced 

truncation method resulting in a reduced model as in Fig. 2. 

Such simplification is beneficial for real-time implementation. 

From Fig. 2, the transfer function of the grid can be derived as  
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Fig. 1.  Equivalent model for Nordic power system. 

TABLE I 

PARAMETERS OF NORDIC SYSTEM 

Symbol Quantity Values 

Tt Filter time constant     0.5 s 

kp Proportional gain     2 pu 

ki Integral gain     0.49 s-1 

Ep Droop coefficient     0.05 pu 

Ty Servo time constant     0.2 s 
Tw Water time constant     0.5 s 

M Inertia time constant     9.8 s 

D Frequency dependent load     0.9 pu 
a0 Coefficient     0.02265 

b0 Coefficient     0.4531 

b1 Coefficient     0.9937 

 Frequency deviation for load shielding     1.5 Hz 

 RoCoF for load shielding     0.18 Hz/s 
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This reduced model will be used not only for tuning the 

proposed controller but also for hardware-in-the-loop 

validation. Fig. 3 shows a step response to a load event of the  

equivalent and reduced model. It is evident that the reduced 

model is able to capture the dynamics of the Nordic system. 

Indeed, the frequency dynamics of the reduced model closely 

match that of the equivalent model, in particular, the during 

inertia response period. 

B. Model of a Grid-following Power Converter 

To derive the model of a grid-following power converter, 

without loss of generality, a typical grid-following power 

converter, which is interfaced with the grid via an LCL-filter, is 

considered in Fig. 4. The strength of the grid is determined by 

the equivalent resistance of gR and inductance gL . The control 

part of the power converter consists of a power controller and a 

current controller, whose main objective is to track the power 

references refP  and refQ . Moreover, the grid phase angle is 

estimated by a phase-locked loop (PLL) implemented on the 

synchronous reference frame. The closed-loop transfer function 

of the power converter might be generally defined as (s)PCG . 

Consequently, the complete model including the grid and the 

power converter is be presented as in Fig. 5. 

III. EXTERNAL INERTIA EMULATION CONTROLLER  

This section (a) reviews the commonly used communication 

protocols for grid-connected power converters and their real-

time characteristics, (b) presents the proposed eIEC, provides a 

detailed analysis on the influence of communication delay on 

the controller performance. The overall block diagram of the 

proposed control scheme is illustrated Fig. 6 where the eIEC 

provides active power reference to the power converter and 

receive injected power and grid frequency as feedback signals. 

A. Fieldbus Communications for Power Converter 

Fieldbus defines a family of industrial communication 

networks for real-time control adopted by the majority of power 

conversion systems [28]. Due to its robustness, Fieldbus is often 

used for exchanging operational and control information 

between power converters and external equipment. For 

instance, wireless ethernet is employed for controlling 

submodules for modular multilevel converter [29]. For grid-

connected power converters, the most commonly used 

protocols include controller area network (CAN) bus, Modbus, 

and EtherCAT [30], [31]. Among these protocols, the 

EtherCAT has the lowest communication latency, whereas 

Modbus, especially that based on transmission control protocol 

(Modbus TCP), often suffers from higher latency and delay. 

Even though it depends on the network condition and topology, 

the turnaround time for EtherCAT, CAN, Modbus are often in 

a range of a few to dozens of milliseconds. As the activation 

time required for inertia response is from half to even one 

second [32], clearly, it is possible to implement the eIEC 

deployed on external control hardware that communicates with 

the power converter through one of the aforementioned 

communication interfaces. 
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Fig. 2.  Reduced model of Nordic power system. 

Fig. 3.  Response of equivalent and reduced model for Nordic power system. 
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Fig. 6.  Overall block diagram of the proposed control scheme. 
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B. Inertia Emulation Controller 

Fig. 7 shows the proposed eIEC which resembles a 

synchronous machine. Indeed, the electromechanical 

interaction of the proposed eIEC is characterized by virtual 

inertia constant vH , which can be expressed as 

 1

1
( )

2 v

G s
H s

= . (2) 

To achieve synchronization with the grid, the virtual angle 

frequency is compared with measured grid frequency, and then 

the frequency deviation is integrated to obtain the angle 

deviation as 

 0( )

( ) ( )v g

s

s s s



 


=

 − 
 (3) 

where 0  denotes the nominal angular frequency. 

Since the majority of grid-following power converters 

receive references in terms of active and reactive power, it is 

necessary to convert the angle deviation into power references. 

By using the conventional power-follow equation, the angle 

deviation can be transformed into active power as 

 ( )2 2
cos( ) sin( )inv

V inv g inv gP
V

R V V X V
R X

  −  + 
 

=
+

 (4) 

where invV  and gV  are the magnitudes of inverter output voltage 

and grid voltage, respectively, and vR  and vL  are the virtual 

resistance and inductance, respectively. Assuming 0vR = , 

sin( )    , and 1inv gV V  , (4) can be simplified as 

 2 1

v

refP
X

= . (5) 

Equations (3), (5), and ( )PCG s  can be concisely expressed in 

terms of a transfer function as 
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The damping coefficient 
vD  is employed to adjust the 

damping ratio of the closed-loop system. The higher the value 

of 
vD , the more damped the closed-loop system. However, high 

value of 
vD  might result in a slow transient response of the 

system. 

 
Considering that the power control loop of a grid-following 

power converter is relatively fast (20-50 ms) compared to the 

eIEC, it is reasonable to assume ( ) 1PCG s = . Consequently, the 

can be derived as 
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Note that (7) and (8) take the form of a second-order system 

with the natural frequency, 

 
0

2 v v

n
H X


 = . (9) 

Generally, the virtual inertia is predetermined by the system 

operator or the grid codes. Therefore, the damping coefficient 

vD  might be calculated from the desired damping ratio   as 

follows:  

 
08

v

v v

vHD
H X


= . (10) 

From (8), the frequency response of the eIEC with regards to 

grid frequency event can be obtained as in Fig. 8, where the 

black dashed lines denote lower and upper cutoff frequencies 

around 1 and 3 Hz. Such cutoff frequency indicates that the 

eIEC has low sensitivity to high-frequency noises, which are 

usually present in the frequency measurements due to 

switching. This property makes the eIEC more preferable in 

terms of practical implementation than those based on 

frequency derivatives. 

C. Influence of Communication Delay 

It is obvious from Fig. 6 that the communications will create 

an unavoidable delay in the control loop that might lead to 

performance degradation or even instability. Therefore, it is 

necessary to analyze the impact of the communication delays 
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Fig. 7.  Proposed external inertia emulation controller (eIEC). 

 
Fig. 8.  Frequency response of the eIEC to grid frequency according to (8). 
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on the performance of the eIEC and the grid stability. 

The delay, which is introduced by communicating active 

power reference refP  and the feedback signals g  and P , 

might be presented as 

 d ref fbT T T= +  (11) 

where refT  is the time needed for refP to arrive at the power 

converter and fbT  is the communication delay for the feedback 

signals. For the sake of simplicity, communication delay might 

be linearized by using first-order Padé approximation as 

 
2 1.5

( )
2 1.5

d
d

d s

T s
G s

T

−
=

+
. (12) 

Considering the communication delay, the control block 

diagram depicted in Fig. 7 might be modified as in Fig. 9. 

Accordingly, equation (6) is redefined as 

 
2 2( ) (s) (s)d dG s G G= . (13) 

From Fig. 5, (1), (2), and (13), the transfer function that 

aggregates the power converter, the eIEC, and the grid can be 

derived as  

 2 1

2 1 2

( )G( )

( ) (D G )G 1

v grid d grid grid

g v d d grid

D G G G GP s

s G G

+ +
=

+ + +
. (14) 

where the Laplace operator s has been omitted in (14) for 

brevity. Equation (14) presents a fifth-order system whose 

dynamic characteristics can be conveniently studied by using 

root locus and frequency response techniques. 

To illustrate, for chosen values of virtual inertia of 5vH s=  

and virtual impedance of 0.3vX pu= , the virtual damping 

corresponding to 0.707 =  can be calculated from (10) as 

145vD . From (14), a root locus with different values of  

commT , 
vD , and 

vX  can be obtained as in Fig. 10  in which the 

arrows indicate changes of closed-loop poles with respect to the 

increment of selected parameter. It can be observed that as the 

communication delay increases, the oscillatory pole moves 

toward the imaginary axis indicating the decline of damping 

ratio and stability margin. Indeed, the system is unstable as 

commT  reaches 100 ms. To improve the system stability, there 

are two parameters in the proposed eIEC that can be tuned: the 

virtual impedance 
vX  and the damping coefficient 

vD . It is 

obvious from Fig. 10 that the 
vX  is inversely proportional to 

the power reference produced by eIEC. Therefore, by 

decreasing 
vX , it is possible to reduce the net gain of eIEC.  

Evidently, as shown in Fig. 10, the higher the value of 
vX  

the higher damping ratio. an increase of 
vX  reduces the 

magnitude of the inertia response produced by the eIEC. Unless 

necessary, it is suggested that 
vX  should not be modified. On 

the other hand, 
vD  can also be tuned to achieve better stability. 

As shown in Fig. 10, the damping ratio can be improved from 

around 0.3 to 0.6 by increasing 
vD  from 150 to 250. Because it 

does not act directly on the output of eIEC, adjusting 
vD  is 

preferable for enhancing the system stability. 

In addition to stability, it is important to access the 

performance of the eIEC. By using (14), grid frequency and 

active power reference under a load step event are shown in Fig. 

11. Fig. 11a shows that the eIEC reduces the RoCoF and 

frequency nadir. In fact, the maximum frequency deviation is 

reduced by 0.1 Hz, while the RoCoF value is decreased by 32% 

for 5vH s= . Also, Fig. 11b shows the active power injected 

by the power converter. It is evident that as the communication 

delay increases to 50 ms, the active power injected by the grid-

forming power converter becomes more oscillatory. Such 

oscillatory behavior is due to the movement of the closed-loop 

pole toward the right-hand side of the s-plane. The inertia 

response can also be adjusted via the virtual inertia value vH .  

Fig. 12 shows the response of the eIEC under a load event. 

As shown, the inertia response increases when vH  is increased. 

It is to note that, the inertia value also contributes to the system 

dynamics. That is, the higher the virtual inertia the less the 

stable margin. In practice, the inertia constant of the generation 

units within a region is usually regulated by system operators to 

avoid adverse interactions such as power oscillations. To ensure 

a stable system, it is suggested that once 
vH  is determined 

vD  

should be calculated accordingly. 

Though it is common to consider a perturbation of around 

5% for small-signal analyses [7], [25], in reality, power systems 

might experience more severe events. To investigate the 

1

2 vH s
0

s
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Fig. 9.  Closed-loop system with communication delay. 

 
Fig. 10.  Root locus of (14) with different values of  

commT , 
vD , and 

vX . 
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performance of the eIEC in the events where RoCoF values are 

significantly higher, simulations with a load step of 0.2 pu is 

considered. For such a large perturbation, the grid experiences 

a RoCoF value of up to 0.98 Hz/s as shown in Fig. 13. Despite 

the significance of the event, the eIEC can still improve the 

frequency response of the grid. Indeed, for all the considered 

delays, the eIEC is able to reduce the RoCoF value to 0.66 Hz, 

accounting for only 67% of the uncompensated RoCoF value. 

Such an improvement is consistent with that shown in Fig. 11. 

Evidently, the eIEC is effective even in more extreme events. 

IV. HARDWARE-IN-THE-LOOP EXPERIMENTS 

To further validate the proposed eIEC, HIL experiments have 

been carried out. The configuration of the experimental setup is 

described in Fig. 14(a) whereas the hardware setup is shown in 

Fig. 14(b). In this setup, the real-time simulator (Typhoon HIL 

602+) is used to simulate the grid depicted in Fig. 2 and the 

power circuit of the power converter shown in Fig. 4. The 

power converter is controlled by a digital controller based on 

TSM320F28335 which implements the power controller, 

current controller, and PLL. The parameters of the power 

converter and its control part are shown in Table II. The 

proposed eIEC is designed considering that the power converter 

is able to comply with the grid interconnection codes and is 

supplied by a sufficient dc-source.  

The proposed eIEC is implemented in a programable logic 

controller (PLC) manufactured by Beckhoff (CX9020). The 

communication link between the PLC and the power converter 

controller is based on EtherCAT Automation Protocol (EAP) 

which allows high communication speed e.g. up to 1 ms 

turnaround time. Employing such a high-speed communication 

link allows for emulating various settings for communication 

delay. For instance, Fig. 15 shows experimental measurements 

of communication delays for an EtherCAT Automation 

Protocol (EAP) link with different settings of PLC scan cycles. 

For the HIL experiments, turnaround times of 10, 30, 50, and 

90 ms are considered to emulate the delay caused by the 

common Fieldbus protocols. Without loss of generality, a 

Fig. 11.  System response to a load connection of 0.05 pu at 5 s for different 

values of communication delay: (a) Grid frequency, (b) Active power injected 

by the grid-following power converter. 

(a)

(b)

Fig. 12.  System response to a load connection of 0.05 pu at 5 s for different 
values of communication delay: (a) Grid frequency, (b) Active power injected. 

by the grid-following power converter. 

(a)

(b)

Fig. 13.  Grid frequency following a load connection of 0.2 pu for different 

values of communication delay. 
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conventional synchronous reference frame phase-locked loop 

(SRF-PLL) is adopted [33]. The SRF-PLL is tuned at 50 Hz 

which gives rise to a settling time of around 20 ms. To validate 

the performance of the proposed eIEC, for all experiments, a 

load connection event of 0.05 pu is introduced at the 5th second. 

Note that the 0th-second in the horizontal axis of the following 

HIL results indicates the starting time of data acquisition rather 

than the starting instance of experiments. 

By using the experimental testbed, simulations conducted in 

the previous section are validated. Fig. 16 shows the HIL results 

of the eIEC with different values of communication delay. It is 

shown that due to the switching noise of the power converter, 

the injected power is distorted with high-frequency harmonics. 

Such harmonics are expected in power converters. Yet, the 

harmonics distortion does not noticeably affect the performance 

of the proposed eIEC. That is, the difference of maximum 

deviation of the grid frequency and the injected active power is 

very small with the ones shown in Fig. 11. Similarly, Fig. 17 

shows the HIL results of the eIEC for different values of virtual 

inertia. This proves experimentally that the active power 

injected by the eIEC to support the grid can be adjusted by the 

vH . As clearly shown, for 1vH s= , 3vH s= , and 5vH s= , 

the peaks of the injected active power are 0.01, 0.02, and 0.03 

pu, respectively.  

As analyzed in the previous section, the system stability and 

performance are highly linked to the communication delay, 

especially when the delay is substantial. As shown in Fig. 18, 

Fig. 14.  Hardware-in-the-loop experimental testbed: (a) configuration. (b) 

hardware setup. 

Engineering PC

Real-time Simulation 

Control
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NRG.Lab HIL 

Connect

Power converter 

controller

(a)

(b)

Typhoon HIL 602+

Signal ampplifier

HIL control 

station HIL engineering PC

DSP 28335 Board

JTAG

PWM

Beckhoff PLC

EAP

abcv

abci

TABLE II 
PARAMETERS OF POWER CONVERTER 

Symbol Quantity Values 

Pn Nominal power 100 kW 

Vn Nominal voltage 400V 

fg Grid frequency 50 Hz 

fsw Switching frequency 3150 Hz 

fs Sampling frequency 6300 Hz 

VDC DC bus voltage 750 V 

L1 Inverter-side inductance 778 µH 

R1 Inverter-side resistance 7.3 mΩ 

L2 Grid-side inductance 402 µH 

R2 Grid-side resistance 2.1 mΩ 

Cf Filter capacitance 0.66 µF 

Rd Damping resistance 0.5 Ω 

SCR Short circuit ratio (SCR) 10 

q Xg/Rg ratio 7 

Rg Equivalent grid resistance 22.6 mΩ 

Lg Equivalent grid inductance 504 µH 

 

 
 

 
Fig. 15.  Communication turnaround time for different setting of EAP. 
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Fig. 16.  HIL results for different values of communication delay. (a) Grid 

frequency, (b) Active power injected by the grid-following power converter. 
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the oscillation of the injected active power decays quickly when 

the communication delay is 10 ms. However, once the 

communication turnaround increases to 90 ms, the oscillatory 

poles move relatively close to the imaginary axis, as shown in 

Fig. 10 resulting in a poorly damped response of the injected 

active power. Note that the oscillation frequency observed in 

Fig. 18 perfectly match with that of the pole depicted in Fig. 10. 

Concretely, the HIL results confirm the practicality of the eIEC. 

Moreover, these results also indicate the validity of the 

theoretical analyses drawn in the previous sections. 

V. CONCLUSION 

This paper presents an external inertia emulation controller 

(eIEC) to provide frequency support for converter dominated 

power systems. The eIEC is developed based on the virtual 

synchronous machine concept where the eIEC is designed to 

mimic the behavior of a synchronous generator during a 

frequency event. The main contribution of this work is the novel 

implementation of the eIEC outside the internal controller of a 

power converter on external control hardware. Such an 

implementation allows the eIEC to work with any grid-

following-power converter which possesses a Fieldbus 

communication channel. Furthermore, the external 

implementation also facilitates the system operator to adjust 

control parameters. To ensure a stable system considering the 

delay introduced by communication, the tuning and 

performance of the eIEC is also studied by using the root locus 

technique. Such analyses are validated through simulations and 

hardware-in-the-loop experiments. 
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