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Abstract—A method for improving the power reference 

tracking capability of Virtual Synchronous Machines (VSM) 

by phase angle feed-forward (PAFF) control is proposed in this 

paper. The presented implementation includes compensation 

for the ac power flow dynamics and can be applied to any 

VSM-based control relying on a virtual swing equation. Fast 

and accurate power reference tracking is achieved 

independently from the emulated inertia time constant, and 

without influencing the grid synchronization mechanism of the 

VSM. Therefore, the grid forming capability of the VSM and 

the inertial response to grid frequency variations are not 

influenced by the proposed PAFF control. The effectiveness of 

the derived feed-forward terms is first validated with a 

simplified VSM scheme. The performance is also thoroughly 

evaluated for a detailed VSM implementation including closed 

loop current control and a virtual impedance. This includes 

operation with different grid impedance values and studies of 

the sensitivity of the PAFF function with respect to parameter 

variations in the VSM control or deviations from the assumed 

grid impedance. Experimental results with a 50 kVA converter 

controlled as a VSM are presented as verification of the 

improvement in power reference tracking capability.  

Keywords—Feed-forward, Grid Forming Control, Inertia 

Emulation, Virtual Synchronous Machines 

I. INTRODUCTION 

The control of Voltage Source Converters (VSCs) as 
Virtual Synchronous Machines (VSMs) has been extensively 
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studied as an approach for providing virtual inertia and "grid-
forming" functionality in modern power systems with 
declining inertia [1], [2]. Thus, a wide range of VSM 
implementations have been proposed and analysed in the 
literature [3]-[6]. While the first proposals for converter 
control strategies explicitly emulating synchronous machine 
behaviour were developed in the context of distributed 
generation and microgrids [7],[8], transmission system 
applications including control of HVDC converter terminals 
have also been widely studied [9]-[12].  

In general, grid forming operation of a VSM-controlled 
converter requires a dispatchable energy source, in a similar 
way as any synchronous generator providing primary 
frequency control in a power system. Thus, a VSC interfaced 
with an energy storage system or an HVDC converter 
terminal without responsibility for controlling its dc voltage 
can be considered the simplest application cases for 
implementing VSMs [3], [12]. However, inertia emulation 
by VSM-based control can also be introduced as an ancillary 
function of power converters in renewable power generation 
systems such as photovoltaics or wind turbines [2], [3]. In 
such cases, the primary function of the VSC is to inject a 
controlled power to the grid according to the Maximum 
Power Point Tracking (MPPT) for the energy source [13]-
[15]. Therefore, the VSM-based control must allow for 
controlling a time-varying power injection to the grid, while 
also being able to respond with inertial dynamics to 
frequency transients in the power system.  

In general, VSM-controlled converters in grid connected 
operation can be easily controlled to follow a slowly varying 
power reference. However, the grid synchronization 
mechanism based on a virtual swing equation imposes an 
inherent trade-off between the emulated inertia, the damping 
and the speed of response [16]-[18]. Indeed, a VSM with a 
high virtual inertia will exhibit a relative slow response to 
variations in the power reference and will require high virtual 
damping to avoid poorly damped oscillations. Equivalently, 
a VSM-based control designed for fast transient response to 
power reference variations cannot provide significant virtual 
inertia to the power system. Furthermore, the dynamic 
response will also depend on the equivalent grid impedance 
[16]. Similar challenges also appear for other control 
strategies relying on power-balance-based synchronization to 
the grid voltage, such as the Power Synchronization Control 
(PSC) [19]. 

Recently, it has been demonstrated how feed-forward 
control acting directly on the phase angle of the converter 
output voltage can be utilized to improve the power reference 
tracking capability of VSM-controlled converters [20], [21]. 
However, the implementation in [20] introduced a damping 
effect that inherently attenuates the inertial response. 
Furthermore, the phase angle feed-forward in [21] was based 
on an ideally calculated steady-state power angle. Thus, the 
effects of non-negligible losses and parameter uncertainties 
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in the calculation of the feed-forward term, combined with 
the influence of transient dynamics in the electrical system, 
caused unintended excitation of the VSM inertial dynamics. 
Another approach for achieving faster power reference 
tracking of VSM-based control was proposed in [22]. A 
feed-forward action was introduced from the power 
reference to the VSM frequency, applying a two-degree of 
freedom design that allows for specifying the inertial 
response and the power tracking speed independently. A 
feed-forward approach for improving the speed of response 
to power reference variations for PSC has also been 
proposed in [23]. However, this implementation is based on 
feed-forward action introduced from the power reference to 
the current reference of the PSC and is not directly 
applicable to VSMs.  

A feed-forward path from the power reference to the 
frequency of the VSM swing equation, based on a transfer 
function with two terms, was also proposed in [24]. 
However, the purpose of this approach was mainly to damp 
oscillations, and one of the transfer function terms included a 
limited derivative action to avoid influencing the steady-state 
characteristics. Thus, improvement of the power reference 
tracking was not the main objective. It should also be 
mentioned that several other recent publications have 
considered feed-forward control actions for VSM-based 
control, as for instance [25]-[27]. However, these studies are 
mainly concerned with the general characteristics and the 
power decoupling capability of the studied VSM 
implementations and do not directly consider the power 
reference tracking capability.  

Starting from the concept introduced in [21], this paper 
presents a Phase Angle Feed-Forward (PAFF) control 
function that ensures fast and accurate power reference 
tracking for a VSM. The implementation is based on feed-
forward of the steady-state power angle that will result from 
the power reference, combined with a compensation of the 
dynamic response in the ac-side power flow based on model 
inversion. Since low-pass filtering is required for practical 
implementation of the model inversion, the same filtering 
effect is also introduced in the power reference. Thus, a fast 
and accurate but slightly smoothed response to changes in 
the power reference is achieved. Theoretical derivation of the 
proposed concept is presented and supported by a frequency 
domain analysis of a simplified VSM implementation with 
direct modulation of the output voltage. The results 
demonstrate how the proposed PAFF control can fully re-
shape the power tracking capability of the VSM without 
influencing the inertial response to grid frequency variations. 
Application to the Current Controlled VSM (CCVSM) from 
[28] is presented to verify the performance of the proposed 
approach for a detailed practical VSM-implementation 
including a virtual impedance. A parameter sensitivity 
analysis is also presented to evaluate the impact of the VSM 
parameters on the dynamic response and the dependency on 
accurate knowledge of the grid impedance. Finally, the 
obtained improvement in the power reference tracking of a 
VSM with the proposed PAFF control is demonstrated by 
laboratory-scale experimental results.  

II. DERIVATION OF POWER-ANGLE FEED-FORWARD 

CONTROL FOR VSMS 

The basis for the proposed PAFF control is the general 
structure of a virtual swing equation combined with the 
dynamic characteristics of the power flow between two 
voltage sources, as indicated in Fig. 1. The limitations of the 

power reference tracking capability of a VSM and the 
proposed approach for avoiding this limitation by feed-
forward control are derived from this starting point.  

A. Basic characteristics of VSM 

The virtual swing equation of a VSM can be 
implemented in several different ways. Especially, various 
approaches have been proposed for emulating the damping 
effect associated with the damper windings of a synchronous 
machine [6]. However, for the presented analysis, the details 
of the implementation are not of significant importance. In 
the following, the direct implementation of a power balance 
is preferred since this avoids the need for introducing a 
nonlinear dependency on the speed [6]. The swing equation 
in per unit quantities can then be illustrated by Fig. 1 and 
expressed as: 

( )d VSM gVSM m o

a a a

kd p p

dt T T T

   −
= − − (1) 

In this equation ωVSM is the virtual per unit speed of the 
emulated SM dynamics, pm represents the emulated 
mechanical input power to the swing equation and po is the 
electrical output power, while Ta (= 2H) is the mechanical 
time constant representing the emulated inertia. The grid 
frequency is given by ωg while kd is the damping coefficient. 

As shown in Fig. 1, the phase angle θVSM associated with 
the virtual swing equation of a VSM results from integration 
of the virtual speed, and can be expressed as  

VSM

VSM b

d

dt


 =   (2) 

where ωb = 2πfb is the base value for the angular frequency, 
corresponding to the nominal grid frequency. Considering a 
general network equivalent as indicated on the right-hand 
side of Fig. 1, the phase angle between the voltage 
determined by the VSM and the equivalent grid voltage will 
correspond to the power angle δVSM, defined as: 

( )VSM

VSM g b

d

dt


  = −  (3) 

B. Dynamic limitations of VSM-based control schemes 

Considering the electrical model with two voltage 
sources indicated in Fig. 1 and assuming negligible 
resistance, the steady-state power delivered to the grid can be 
approximated as [29] : 

ˆ ˆ ˆ ˆ
sin

e g e g

o VSM VSM

v v v v
p

x x


δ≈

 (4) 

where v̂e is the internal voltage amplitude of the VSM while 
v̂g is the amplitude of the grid voltage. Furthermore, x is the 
per unit reactance associated with the inductance L and the 
grid frequency, while the power angle δVSM is defined by (3). 
The value of δVSM must be small for the approximation of the 
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Fig. 1. General illustration of power control by a VSM virtual swing 

equation generating the voltage phase angle 
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sine function to be applicable, but this simplification is only 
considered as a starting point for preliminary analysis  

Assuming a quasi-stationary approximation of the power 
transfer according to (4), the linearized open loop transfer 
function from the power deviation pe (i.e. pm−po) indicated in 
Fig. 1 to the output power po can be expressed as [16]: 

( )

( )

ˆ ˆ ˆ ˆ1 1 1

1

e g e go b

b

ae d a d

d

v v v vp s

Tp s k T s s x k x s
s

k


=   =  

+
+

(5) 

From this equation, it can be seen that the time constant of 
the open loop transfer function from the power unbalance to 
the power output will increase for high values of Ta. 
Furthermore, the dynamic response will have an inherent 
second order characteristics. These characteristics can be 
further understood by considering the closed loop transfer 
function from the power reference pm to the output power po: 

( )

( ) 2

ˆ ˆ 1

ˆ ˆ

e go

b

e gdm a
b

a a

v vp s

v vkp s T x
s

T T x





= 

+

(6) 

The oscillation frequency, damping and settling time of this 

closed loop transfer function can be expressed as [16]:  
2ˆ ˆ 1

, ,
ˆ ˆ2

84

e g d

osc b osc

a a b e g

a

set

osc osc d

v v xk

T x T v v

T
T

k

  


 

= =

 =

(7) 

These identities clearly show how the oscillation frequency 
and damping will be reduced while the settling time will 
increase when the emulated virtual inertia defined by Ta is 
increased. While an increase of kd will reduce the settling 
time, this will also increase the relative damping ξosc which 
will attenuate the first swing overshoot that is important for 
emulating inertial response. Thus, a fast response to power 
reference variations cannot be directly achieved while 
providing a strong inertial response to the grid. 

As an approach for mitigating the dynamic limitations of 
the power reference tracking imposed by the virtual inertia of 
a VSM, a feed-forward control acting directly on the power
angle δVSM was proposed in [21]. This implementation was 
based directly on calculation of the power angle from the 
nonlinear expression in (4), resulting in: 

1 'sin ,
ˆ ˆ

FF m VSM VSM FF

e g

x
p

v v
   −

 
= = + 

 
 

(8) 

However, due to the dynamic response of the grid 
impedance, the power flow will not immediately settle to a 
new steady-state value when imposing direct changes in the 
phase angle according to changes in the input power pm in 
(8). Thus, the dynamic response of the grid impedance will 
cause the power feedback po to transiently deviate from pm 
when the power reference to the VSM is changed. This effect 
will inherently excite the inertial response defined by (6). 
Thus, even if the approach from [21] could be introduced 
without influencing the response to grid frequency 
variations, it could only provide a limited improvement of 
the power reference tracking capability of the VSM. Indeed, 
a small excitation of the slow inertial response would always 
result from changes in the operating conditions, causing 
inaccurate power reference tracking within the settling time 
defined by (7). A method for avoiding this issue is proposed 
in the following, by starting from the derivation of the 

dynamic response of the power flow to a variation in the 
VSM phase angle.  

C. Mathematical analysis of dynamic relationship between 

phase angle and power flow 

The power flow dynamics in an equivalent grid can be 
studied by starting from the simplified schematic diagram in 
Fig. 1. Assuming the phase angle of the grid voltage to be the 
reference for a space vector-based representation of 
quantities, the voltage drop in the grid impedance can be 
modelled in per unit quantities as: 

ˆ ˆVSMj

e g g

b

l d
v e v r j l

dt

 


− =  + + i i i (9) 

where bold symbols represent complex space vectors. The 

active and reactive power delivered from the equivalent 

voltage source defined by the VSM can then be expressed as: 

( )

( )

ˆRe

ˆIm

VSM

VSM

j

o e

j

o e

p v e

q v e





= 

= 

i

i
(10) 

As implied by the illustration in Fig. 1, the active and 
reactive power flows from the VSM are controlled by acting 
on the voltage amplitude and its phase angle. The dynamic 
relation between these controllable signals and the power 
flow is non-linear and not easily obtained in a closed form. 
However, the derivation of the power flow characteristics 
can be conveniently split into two parts. Thus, the non-linear 
steady-state analytical relation between the power and the 
control variables can be represented as one part, while the 
dynamic behaviour of the linearized system around an 
operating point can be represented by the second part. 

For steady-state conditions, the voltage balance given by 
(9) is reduced to: 

ˆ ˆVSMj

e g gv e v r j l
 − =  + i i

The active and reactive power flow can then be expressed as: 

( )

( )

2 2 2

2 2 2
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(11) 

The values of δVSM and v̂e corresponding to a specific active 

and reactive power flow can be solved from these equations. 

However, the general analytical solution is cumbersome, and 

a numerical solution will be most practical if accurate results 

without any further simplifications are required. It can be 

noted that a very simple solution can be obtained for r=0, 

which leads to po given by (4) and a decoupling of the 

expressions for po and qo. However, a practical solution to 

(11) can also be obtained in case of equal and constant 

voltage amplitudes from both the VSM and the grid (i.e. v̂e =  

v̂g). In this case, the VSM phase angle can be obtained from  

1 2

1

2 2 2

2

1 cos sin

2

ˆ3

VSM VSM

g

g ref

g

k k

l
k

r

r l p
k

r v
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



− + =

=

+
=

(12) 

which gives the solution: 

s +

v
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2 2
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2 2
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arctan

1 2
VSM

k k k k k k

k k k k k

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 (13) 

The dynamic part of the active and reactive power 
expressions can be obtained by linearizing the system 
equations at a steady-state operating point. This leads to the 
following relationships between the incremental power flow 
and the voltage amplitude or the phase angle, respectively: 
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(14) 

These expressions imply that a change in the VSM power 
angle δVSM will start a transient response in addition to the 
change of active and reactive power transfer that result from 
the algebraic equations. The transient response is defined by 
the poles of the expressions in (14). Since the per unit 
resistance r is small, the denominator in (14) can be further 
approximated as.  

2
2 2 2 2

2

2 2 2

2 2 2

2

1 2
1
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b b

g
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l l
den r l r s s

r
l s s
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= + +  + 

 
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(15) 

This expression demonstrates that the dynamic response will 
appear with an undamped resonance frequency equal to the 
grid frequency and a damping depending on the equivalent 
resistance or R/X ratio of the grid impedance. 

D. Accurate Phase Angle Feed-Forward (PAFF) Control 

by Model Inversion 

The proposed strategy for implementing Phase Angle 
Feed-Forward (PAFF) control is based on the idea of 
splitting the steady-state and dynamic parts given by (11) and 
(14), respectively. Thus, the steady-state power angle δPAFF,ss 
is calculated as a generic nonlinear function of the power 
reference po

*, the voltages, the frequency and the grid 

impedance, as g(v̂e,v̂g,r,l,ωg,po
*). From this calculation, a step 

in the power reference will lead to a step in the steady-state 
power angle corresponding to zero steady-state error. The 
resulting power angle should then be dynamically processed 
by a transfer function compensating for the dynamic 
response of the power flow. For this purpose, a simple model 
inversion is assumed by introducing zeros defined to cancel 
the poles from (15). To ensure a strictly proper transfer 
function that can be easily implemented without significantly 
influencing the intended model inversion, a third order low-
pass filter is introduced. Thus, the general transfer function 
for defining the final phase angle feed-forward signal is:  

( )( )( )

2

2 2 2

,

1 2 3

1 2
1

1 1 1

b g b g

PAFF PAFF ss

r
s s

l

T T T

   
 

+ +

=
+ + +

 (16)  

where δPAFF,ss is the numerical solution for δVSM from (11) or 
the simplified solution from (13). With accurate knowledge 
of the equivalent resistance and inductance, or the x/r ratio of 
the grid, the poles associated with the dynamic response in 
the power flow can be perfectly compensated by the 
expression in (16). In this case the dynamics will be dictated 
by the poles of the denominator, defined by the introduced 
low-pass filter time constants T1, T2 and T3. The selection of 
these time constants will be discussed in section III and V. 

While the pole cancellation introduced in the proposed 
feed-forward control can ensure a fast and smooth transient 
of the power flow in response to the feed-forward signal, the 
VSM swing equation will still respond to deviations between 
the input power and the measured power flow. Thus, it is 
proposed to introduce the same low-pass filter as used in the 
denominator of (16) in the power reference for the VSM. 
This will imply that the power reference for the VSM swing 
equation will change with the same dynamic response as the 
power flow in the circuit imposed by the PAFF control. 
Thus, the power balance of the VSM swing equation will 
remain unperturbed, and the inertial response given by (6) 
will not be excited. The filtering of the input power to the 
VSM swing equation is then defined by: 

( )( )( )
*

1 2 3

1

1 1 1
m op

T T T
=

+ + +
(17) 

An overview of the proposed implementation is shown in 
Fig. 2, where it is assumed for simplicity that T1 = T2= T3 = 
Tf. This implementation ensures a significant improvement in 
the VSM power reference tracking capability, with a 
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dynamic response defined by the low pass filtering of the 
power reference, but without influencing the inertial 
response to grid frequency disturbances. Thus, the VSM with 
the PAFF control will still provide the same virtual inertia in 
response to grid frequency variations as without the PAFF.  

III. APPLICATION TO A GENERIC VSM SCHEME 

The equivalent transfer functions characterizing the 
behaviour of a VSM with power feedforward in ideal 
conditions can be obtained by combining (1), (11) and (16). 
This assumes a control implementation as shown in Fig. 2 
and ideal measurements and modulation. For sake of brevity, 
the analytical expressions are omitted. The main parameters 
for the following analysis are defined by kd = 40 pu, l = 0.5 
pu, r = 0.05 pu and T1 = T2 = T3 = Tf =0.005 s. Selecting 
equal values for all the three time-constants places the 
corresponding poles at a single controlled location. The value 
is chosen according to the desired transient response of the 
power control, as will be discussed in section V.  

The Bode plot of the transfer function defined by the 
power reference as input and active power as output is 
displayed in Fig. 3. The figure shows the frequency response 
for two values of Ta when the PAFF function is enabled or 
disabled. It can be noticed that the introduction of the PAFF 
control increases the bandwidth with more than a decade and 
that the resulting frequency characteristics are almost 
unaffected by Ta. By contrast the cases without the PAFF 
exhibit a reduced bandwidth for higher values of Ta. This can 
be easily explained by the considering that any change in the 
power reference input needs to act on a larger virtual mass 
and that this virtual mass behaves as a low pass filter. 

The behaviour in the frequency domain can be directly 
confirmed in the time domain by simulations as shown in 
Fig. 4. The response to a step change in the power reference 
is shown in Fig. 4 a), where the curves show that the PAFF 
control ensures a fast overdamped response without any 
inertial transient. Furthermore, the step response with the 
PAFF control is unaffected by the value of the inertia time 
constant. The dynamic response of the scheme without 
feedforward is in general slower, with longer settling time 
and an oscillatory inertial behaviour when the value of Ta is 
high (while kd, r and l are kept constant). The figure also 
displays the response when applying a feedforward term 
containing only the static correction of the phase angle. The 
corresponding curves highlight how the rapid change in the 
angle produced by the feedforward excites the oscillatory 

mode at 50 Hz that can be observed for the cases without 
PAFF in Fig. 4. These results demonstrate the importance of 
the dynamic term from (16) in the proposed PAFF control 
for avoiding poorly damped oscillations.  

The results in Fig. 4 b) show the response to a step in the 
grid frequency and the presented curves illustrate how the 
inertial response is unaffected by the PAFF control. Indeed, 
the power responses are identical with and without the PAFF 
control, and both cases show a more pronounced inertial 
response with a higher overshoot, lower damping ratio and 
longer settling time when Ta is high. The results in Fig. 4 a) 
and b) together illustrate how the PAFF enables operation of 
a VSM with high virtual inertia while providing fast response 
to power reference variations.  

IV. APPLICATION TO DETAILED VSM IMPLEMENTATION 

To demonstrate the applicability and performance of the 
proposed PAFF control for a relevant practical control 
scheme, this section presents an analysis of a complete VSM 
implementation including inner loop current control and a 
virtual impedance. 

A. Studied VSM implementation 

The analysis is conducted for a VSM implementation 
with an inner current control which is relying on a quasi-
stationary virtual impedance model for calculating the 
current references. This control scheme is generally referred 
to as a current control VSM (CCVSM) as it is directly 
adapted from [28]. However, the damping in the swing 
equation is based on grid frequency detection by a PLL as 
discussed in [30]. An overview of the control scheme is 
presented in Fig. 5. It should be noted that the calculation of 

Fig. 3. Frequency response of the transfer function from power reference 

po
* to output power po for a generic VSM scheme with and without PAFF 

a) Response to power reference step of 0.1 pu for a generic VSM scheme
with only the static (SO) PAFF action, with the proposed PAFF 

implementation and without any PAFF control 

b) Response to frequency step of −0.1% for a generic VSM scheme with and 
without PAFF control 

Fig. 4. Time-domain simulation results illustrating the impact of the 

proposed PAFF control on the dynamic response of a generic VSM scheme 
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both the dynamic and steady-state terms in the PAFF control 
include the virtual impedance of the VSM scheme in 
addition to the grid impedance. Thus, the generic terms l and 
r in (11) and (16) are defined as: 

,s g s gl l l r r r= + = + (18) 

where ls and rs represent the virtual impedance while the 
equivalent grid impedance is given by lg and rg. The filter 
impedance defined by lf and rf should not be included in the 
PAFF control, since it is compensated by the closed loop 
current control and does not influence the reference frame 
orientation or power angle of the VSM.  

B. State space modelling and small-signal analysis 

The CCVSM has been modelled according to a state 
space formulation based on the equations for the individual 
control functions as presented in [28] and [30]. This results 
in a model on the general form of  

( , ), ( , )f g= =x x u y x u  (19)  

with x represented by 22 states, whereof 19 states are related 
to the VSM and 3 states are associated with the low-pass 
filters applied in the PAFF control. The full non-linear state-
space model is reported in the Appendix. This model is then 
linearized and expressed on standard form [29]: 

( ) ( )0 0 0 0, ,=  + x A x u x B x u u (20) 

An overview of non-zero elements appearing in the A-matrix 
of the system model are shown in Fig. 6. The matrix can be 
partitioned into sub-matrices to better highlight the structure 
of the system. Indeed, the first 19x19 diagonal block includes 
the terms related to the VSM states only and the other 3x3 
diagonal block includes terms associated to the filters of the 
PAFF control. The two off-diagonal blocks represent the 
connection between the VSM states and the filter states. The 
figure clearly shows that only one of these off-diagonal 
matrix blocks contains non-zero terms. This is because there 
is an effect of the filter states on the VSM states (i.e. from 
the last three states on some of the first 19 states) but not 
vice-versa (i.e. none of the first 19 states influences the 3 last 
states). Therefore, the system model is represented on a 

"block-triangular" matrix form [31],[32], For such systems 
the eigenvalues of the full system can be found by 
calculating the eigenvalues of the two diagonal blocks 
independently. Thus, the "block-triangular" property proves 
that the introduction of the three states associated with the 
PAFF control does not affect the original eigenvalues of the 
VSM. Instead, the model is only expanded with three 
eigenvalues that are not related to the VSM. Thus, the matrix 
structure in Fig. 6 confirms that the (small-signal) inertial 
dynamics of the VSM in response to external frequency 
disturbances, and thereby the inherent feature of providing 
virtual inertia, are not influenced by the PAFF loop. 

C. Simulation results 

The VSM implementation from Fig. 5 has been simulated 
in Matlab Simulink, without and with the PAFF control 
activated, by using the parameters specified in Table I. The 
same values of Ta and the same perturbations as for the 
simplified VSM scheme in section III have been used for the 
simulations. Results for a 0.05 pu step in the power reference 
are shown in Fig. 7 a). The figure shows how the feedforward 
term allows the VSM to react faster and with almost 
negligible overshoot compared to the VSM without the 
PAFF. However, the transient response of the control loops 
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Fig. 6. Overview of non-zero elements in A-matrix of linearized small-
signal model representing the studied VSM implementation with added 

PAFF control  
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that are not considered in the PAFF design, including the 
current controllers, lead to a transient overshot associated 
with a small excitation of the inertial dynamics. While this 
effect did not appear in the ideal case from section III, it has 
limited practical influence on the studied CCVSM. However, 
this effect could reduce the performance of the PAFF in case 
of VSM applications with very low bandwidth of the inner 
loop current and/or voltage controllers.  

The response to a step in the grid frequency is displayed 
in Fig. 7 b). From the presented curves, it can again be 
confirmed how the PAFF control does not influence the 
virtual inertia provided by the VSM.  

The time domain simulation model has also been utilized 
to verify the validity of the linearized small-signal model. 
While no explicit results are presented for the model 
verification, the accuracy is as expected, both without and 
with the PAFF-control activated, in line with the results 
presented for the CCVSM in [28]. 

D. Frequency domain analyis 

The improvement in the power tracking performance 
achieved with the PAFF control can also be evaluated in the 
frequency domain. For this purpose, the transfer function 
from the power reference to the power output is extracted 
from the detailed small-signal state-space model. The 
resulting Bode diagram is shown in Fig. 8, and the plotted 
curves show how the PAFF control increases the bandwidth 
of the transfer function with more than one decade. At lower 
frequencies (i.e. < 30 Hz), the frequency response with the 
PAFF is almost identical to the response when applying the 
PAFF to the ideal VSM scheme evaluated in Fig. 3. 
However, visible differences can be noticed at higher 
frequency with a significant notch at 50 Hz and a smaller 
notch at around 400 Hz. These variations can be attributed to 
the inner loops that are included in the detailed scheme and 
not present in the generic scheme from Fig. 2. Still, the 
figure shows how the power control bandwidth with the 
PAFF control is almost independent from the emulated 
inertia. It can also be noted that the frequency characteristics 
for the cases without the PAFF control in Fig. 8 are different 
from the ideal cases with the simplified VSM in Fig. 3. For 
instance, the plots without PAFF control in  Fig. 3 exhibit a 
clear resonance at 50 Hz, which is not visible in Fig. 8 since 
it is mitigated by the closed loop current control. 

V. IMPACT FROM PARAMETRIC VARIATIONS 

While the PAFF control adds a feedforward term by 
assuming knowledge of the grid impedance, the grid 
impedance can exhibit large variations and may not be 
accurately known. Thus, it is relevant to assess the 
performance of the PAFF for a wide range of grid conditions 
and its robustness against errors in the assumed grid 
impedance. 

A. Grid impedance variations 

For assessing the performance with PAFF control in 
different grid conditions, four values of the equivalent grid 
inductance are considered (i.e. 0.05 pu, 0.1 pu, 0.2 pu, and 
0.5 pu), while the equivalent grid resistance is kept constant 

TABLE I  
PARAMETERS AND SET-POINTS FOR SIMULATIONS 

Parameter Value Parameter Value 
Rated voltage 

VS,LL,RMS  
690 V  

Current controller gains: 

kpc, kic 
1.27 

15 
Rated power Sb  2.75 MVA Voltage feed-forward in 

current controller  kffv 
0 

Rated ang. freq. ωb 2π·50 Hz 

Grid voltage v̂g  1.0 pu Active damping gain kad 0 
Grid angular 

frequency ωg 
1.0 pu 

Active damping filter 

crossover frequency ωad 
20 rad/s 

Grid inductance lg 0.50 pu Frequency droop gain kω  0 
Grid resistance rg 0.005 pu PLL PI controller gains, 

kp,PLL, ki,PLL 

0.0025 

0.0013 Filter inductance lf 0.08 pu 
Filter resistance rf 0.003 pu PLL voltage filter, ωlp,PLL   50 rad/s 
Filter capacitance cf 0.074 pu Reactive power filter  ωqf 200 rad/s 
Inertia constant Ta 1s or 10 s Voltage reference v̂* 1.0 pu 
Damping 

coefficient kd 
40 

Reactive power 

reference q* 
0.0 pu 

Virtual inductance ls 0.25 pu Reactive power droop 

gain kq 
0.0 pu 

Virtual resistance rs 0.04 pu 

PAFF filter time 
constants T1 T2 T3 

0.005 s 
Power reference p* 0.5 pu 
Frequency ref.  ω*

VSM  1.0 pu 

a) Response to power reference step of 0.05 pu for the CCVSM scheme
with and without PAFF control 

b) Response to frequency step −0.1% for the CCVSM scheme with and 
without PAFF control 

Fig. 7. Time-domain simulation results illustrating the impact of the 

proposed PAFF control on the dynamic response of a CCVSM  

Fig. 8. Bode plot for the transfer function from power reference to output 

power for a CCVSM scheme VMS with and without PAFF 
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at 0.05 pu. It is still assumed that the values of the resistance 
and the inductance are known for the PAFF operation. It 
should also be noted that the control scheme includes the 
additional virtual impedance as given in Table I.  

Fig. 9 a) shows the eigenvalues of the studied system for 
the different values of the grid inductance when Ta = 1s. The 
figure clearly shows how the oscillation frequency and 
settling time of the high frequency modes are decreasing 
when the grid inductance is increasing. Furthermore, the 
zoomed plot in the figure shows how the mode associated 
with the inertial response is becoming more damped and 
finally bifurcates into two real eigenvalues when the grid 
impedance is increased. Since the PAFF control does not 
affect the eigenvalues of the system, the results in Fig. 9 a) 
are identical both without and with the PAFF path activated. 
However, the influence from the PAFF control on the time 
response is clearly seen in Fig. 9 b). This figure shows how 
the response in the power flow without the PAFF control is 
becoming more damped when the inductance is increased, as 
expected from the eigenvalue analysis. However, with the 
PAFF control activated, the time response is almost 
independent from the grid impedance, as shown by the black 
curves. Instead, the time response is mainly determined by 
the low pass filtering introduced in the model inversion and 
power reference signal.  

The differences between the control without and with the 
proposed PAFF control are even more clear when the inertia 
time constant is increased to Ta = 10 s. The eigenvalues for 

different grid impedances values are shown in Fig. 10 a), and 
the main difference from the case of Ta = 1 s is that the 
eigenvalues associated with the inertial dynamics have 
higher real part and thereby a less damped response with a 
longer settling time. The consequence is clearly seen for the 
case without the PAFF control by the red curves in Fig. 10 
b). These results clearly demonstrate the limitation in the 
power reference tracking of the regular VSM control with a 
high inertia, which causes high overshoot and long settling 
time. For the cases with the PAFF control activated, the 
initial time response is almost independent from the grid 
impedance. However, a small excitation of the inertial 
dynamics can be seen from the black curves in Fig. 10 b), 
due to the non-ideal response of the control system to the 
phase shift imposed by the PAFF control. As the impact 
from the transient response is small, it can still be concluded 
that the PAFF control can provide a relatively fast and 
consistent response to power reference variations for any 
value of the grid impedance.  

B. Impact of low pass filter time constant 

As mentioned in section III, it is preferred to keep the 
same value for all the three low pass filter time constants 
utilized for the model inversion and power reference 
filtering. The value of this common filter time constant, Tf, 
can then be selected to shape the response to the power 
reference variations. A set of plots showing the impact of Tf 
on the response to a step in the power reference is shown in 
Fig. 11. From the zoomed plot in the figure, it can be seen 

a) Eigenvalues of the studied system for different values of the grid 
inductance lg between 0.05 pu (SCR = 20)- and 0.5 pu (SCR = 2) for Ta = 1 s 

b) Time response with different grid impedance values without and wtith the 
PAFF control for Ta = 1 s 

Fig. 9. Eigenvalues and time-response with Ta = 1 s and different values of 

grid impedance  

a) Eigenvalues for different values of the grid inductance lg between 0.05 pu 
(SCR = 20) and 0.5 pu (SCR = 2) for Ta = 10 s 

Time response with different grid impedance values without and wtith the 
PAFF control for Ta = 10 s 

Fig. 10. Eigenvalues and time-response with Ta = 10 s and different values 
of grid impedance 
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that a very low value of Tf can cause excitation of some 
relatively fast transients. However, high values of Tf can 
make the rise time of the power flow even longer than for the 
original VSM without the PAFF control. As a smooth power 
response with a rise-time shorter than without the PAFF 
control is preferred, the value of Tf should generally be 
chosen in the range between 5 ms and 50 ms. As a fast 
response is prioritized in this paper, the value of 5 ms is used 
for all other cases than the plots shown in Fig. 11. 

C. Sensitivity to parameter deviations 

Since the PAFF control is based on a feedforward 
compensation of the phase angle for the VSM reference 
frame orientation, its performance is linked to the knowledge 
of the total equivalent impedance. Thus, any error in the 
applied values for inductance or resistance will cause a 
nonideal response that will excite the inertial dynamics of the 
VSM. As already mentioned, the equivalent impedance 
considered by the PAFF includes both the physical 
impedance of the external circuit, which in principle is 
unknown, and the virtual impedance, which is a tuning 
parameter for the VSM. Thus, it is important to note that the 
presence of the virtual impedance effectively reduces the 
sensitivity of the PAFF performance to errors in the external 
impedance. Especially when the virtual impedance is high, a 
large relative deviation in the grid impedance can still 
correspond to a limited relative error in the total impedance.  

The effect of a deviation between the actual and assumed 
equivalent grid impedance on the power reference tracking is 
shown in Fig. 12 for the two cases of Ta = 1 s and Ta = 10 s. 
In these plots, an error varying between 1% and 30% has 
been intentionally introduced in the value for the equivalent 
grid impedance (i.e. with constant l/r ratio) when calculating 
the terms of the PAFF control. The results indicate that the 
feedforward correction still ensures a short rise time of the 
power flow, but the value reached after the fast initial 
increase of power flow is deviating more from the reference 
value with higher values of the error. The deviation is then 
compensated by the VSM power control mechanism, but this 
results in the excitation of an inertial transient with an 
amplitude that increases with higher values of the error.  

In general, the presented results indicate that the PAFF is 
relatively robust with respect to errors in the assumed grid 
impedance. While parameter deviations will deteriorate the 
performance and cause a small excitation of the inertial 
dynamics, a much faster response with a significantly 
reduced overshoot is still achieved compared to the case 
without the PAFF, even with a 30% error in the equivalent 
impedance. Thus, the transient response to power reference 
variations with the PAFF control is still preferrable 

compared to the case without any feed-forward 
compensation, especially when the emulated inertia is high. 

VI. EXPERIMENTAL VALIDATION

The performance and applicability of the proposed PAFF 
control for the CCVSM from Fig. 5 has been validated 
experimentally with a 50 kV, 400V prototype of a 2 level 
VSC. The converter is connected to a 200 kVA grid emulator 
that allows to impose controlled grid conditions including 
step variations of the frequency. Both the converter and the 
grid emulator are controlled by an OPAL-RT OP5600 
platform for real time simulation and rapid prototyping. 
However, the pulse width modulation (PWM) and the inner 
loop current controllers are implemented on the field 
programmable gate array (FPGA) of a Zynq 7030 System on 
Chip (SoC), which is included in a local control board that 
also provides signal conditioning and A/D conversion of the 
measurements being transmitted to the OPAL-RT platform. 
The Zynq-based control board and the corresponding fibre-
optic communication links are further described in [33]. For 
the conducted experiments, the control loops implemented in 
the OPAL-RT are operated with a sampling frequency of 10 
kHz, while the inner loop current controllers implemented on 
the FPGA are operated with a sampling frequency of 40 
MHz. A schematic overview of the experimental setup is 
shown in Fig. 13, and a set of photos from the laboratory 
environment with indications of the main elements are 
shown in Fig. 14. The main parameters of the system are 
listed in Table II. A video showing the main elements of the 
experimental setup and the process of obtaining results is 
also included as a multimedia attachment to the paper. 

A first test has been conducted by applying a step in the 
power reference with the PAFF function enabled or disabled. 
The results for four values of Ta (i.e., Ta =1 s, 2s, 5s, and 10 

Fig. 11.Sensitivity to variations in time constant for model inversion and 
low-pass filtering of power reference 

a) Sensitivity to grid impedance deviations for Ta = 1 s 

b) Sensitivity to grid impedance deviations for Ta = 10 s

Fig. 12. Sensitivity of the response to power reference variation with errors 

in the grid impedance 
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s) are presented in Fig. 15. The plotted curves show how the
feedforward control enables a fast response with negligible 
oscillations in the active power. Moreover, the behaviour is 
practically independent from the value of Ta while the 
regular VSM scheme without the PAFF control shows an 
oscillatory inertial response when Ta is increased. The 
difference in dynamic response is also indicated by Fig. 16 
which shows the sampled values of the instantaneous phase 
voltages measured at the filter capacitance (in grey) and the 
converter output currents. The plots are presented for the 
case of Ta = 1 s without and with the PAFF control. The 
presented curves are clearly illustrating how the currents for 
the case with PAFF control are quickly and smoothly settling 
to a new steady-state operating condition without the inertial 
response seen in the case without the feed-forward (FFW) 
path activated.  

Results from the experimental tests also confirm that the 
schemes with the PAFF control enabled and disabled behave 
identically when exposed to a perturbation in the grid 
frequency. One example for the case of Ta = 2s is presented 
in Fig. 17, which shows the response in the active power for 
a step of −0.05 Hz (−0.1 %) in the grid frequency. The 
negligible differences between the two curves shown in the 
figure are only related to differences in noise during two 

consecutive experimental tests, while it is clearly seen that 
the inertial response is identical for the two cases.  

Finally, the sensitivity of the PAFF control to deviations 
in the equivalent impedance has been verified by 
experiments. For simplicity, the value of the virtual 
impedance has been set differently from the value used in the 
calculations for the PAFF, even though the value of the 
virtual impedance is known exactly in practice. This allowed 
for simpler testing than by changing the impedance in the 
electrical circuit by adding a physical impedance in series to 
the output transformer. The effect of variations in the total 
inductance is shown in Fig. 18. The results confirm how the 
PAFF function is sensitive to errors in the grid impedance 
since both the steady state angle calculation and the dynamic 

Fig. 13. Overview of circuit configuration for experimental setup 

Fig. 14. Photos of experimental setup 

TABLE II  

PARAMETERS AND SET-POINTS FOR EXPERIMENTAL TESTS 

Parameter Value Parameter Value 
Rated voltage 

VS,LL,RMS  
400 V  Inertia constant Ta 1,2,5,10 s 

Rated power Sb  50 kVA Damping coefficient kd 40 
Rated ang. freq. ωb 2π·50 Hz SM inductance ls 0.25 pu 
Grid voltage v̂g  1.0pu SM resistance rs 0.01 pu 
Grid angular 

frequency ωg 
1.0 pu Frequency droop gain kω  0 

Grid inductance lg 0.21 pu Voltage reference v̂* 1.0 pu 

Grid resistance rg 0.025 pu Reactive power ref. q* 0.0 pu 

Filter inductance lf 0.05 pu 
Reactive power droop 

gain kq 
0.0 pu 

Filter resistance rlf 0.01 pu Power reference p* 0.0 pu 
Filter capacitance cf 0.050 pu Frequency ref.  ω*

VSM  1.0 pu 

Fig. 15. Experimental results showing the response to variations in the 

power reference with different values of Ta  

Fig. 16. Instantaneous voltage and current waveforms without and with the 
PAFF control for the case with Ta = 1 s 

Author Accepted Manuscript version of the paper by Salvatore D’Arco and Jon Are Suul.
in IEEE transactions on industry applications, Vol 60 (2024) Page 851-864, DOI: https://doi.org/10.1109/TIA.2023.3324629

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0)



compensation of the filter resonance are affected. The 
performance of the control clearly deteriorates with 
increasing deviation in the inductance. As discussed for the 
simulation results, the main reason is that the change of 
phase angle provided by the PAFF does not directly result in 
the required change of power flow when the impedance 
values do not coincide with the actual sum of the grid 
impedance and the virtual impedance. As shown by the 
figure, a lower inductance than assumed for the PAFF 
control causes an initial power transient that exceeds the 
reference. Similarly, a higher impedance than assumed for 
the PAFF control causes an initial power flow that is too low. 
In both cases, the remaining part of the transient is dictated 
by the behaviour of the virtual swing equation, which implies 
that the transient will become longer and more oscillatory for 
high values of Ta. However, even if the performance is partly 
worsened by parameter deviations, the overall performance 
with the PAFF control is still better than when it is disabled. 
This indicates that it is critical to provide an accurate 
estimation of the grid impedance but also that the scheme 
shows a form of robustness and tolerance to variations in the 
grid impedance. Moreover, it should be considered that these 
effects will be even smaller in relative terms when applying a 
larger virtual impedance, because the relative uncertainty in 
the total equivalent impedance value will be smaller.  

VII. CONCLUSION

This paper has presented an approach for improving the 
power reference tracking performance of VSM-based control 
schemes relying on a simulated swing equation. The 
improved response is obtained by adding a power angle feed-
forward (PAFF) term directly to the phase angle resulting 
from the swing equation utilized for inertia emulation and 
power-balance-based grid synchronization. This feedforward 
term does not affect the modes of the system and the 

response to grid disturbances. Thus, the PAFF does not alter 
the stability characteristics, the power synchronization 
mechanism or the grid forming capabilities of the VSM. The 
increased bandwidth for reference tracking and the higher 
responsiveness can be necessary to provide virtual inertia by 
the VSM while retaining a similar controllability of the 
power injected to the grid as for converters with "grid-
following" control. This will be especially important if it is 
desirable to provide a high virtual inertia.  

The performance of the PAFF control in increasing the 
power reference tracking capabilities without affecting the 
response to grid frequency disturbances is proven by time-
domain simulation, frequency domain analysis and 
experimental verification. The presented results confirm that 
rise time and tracking bandwidth are increased as intended. 
Examples of potential applications for the proposed PAFF 
control in VSMs that could be further investigated include 
wind turbines, photovoltaic generators, HVDC terminals and 
energy storage systems intended to provide multiple ancillary 
services to the grid.  
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APPENDIX 

The complete state-space model of the studied CCVSM 
implementation from Fig. 5 is defined by the 22 equations 
given below, where the expression for k3 is given by: 
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