
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 11, NOVEMBER 2022 13091

Grid-Forming Vector Current Control
Mario Schweizer , Member, IEEE, Stefan Almér , Sami Pettersson , Member, IEEE,

Arvid Merkert , Member, IEEE, Vivien Bergemann , and Lennart Harnefors , Fellow, IEEE

Abstract—In this article, a novel point of view on grid-forming
control with current controlled power electronic converters is pre-
sented. A control concept based on the emulation of the combined
effect of a virtual synchronous condenser and a parallel-connected
virtual current source is proposed. It combines the positive effects
of virtual synchronous generator control, such as the provision
of inertia, voltage support, the possibility of islanded operation,
and good control performance in weak grids, with the benefits of
vector current control, such as fast current limitation, improved
synchronization properties, and fast setpoint tracking. The pro-
posed control concept is simply a modification of standard vector
current control. Therefore, it can be implemented easily on all con-
trol platforms with minor software changes. The control method
is verified with analytical models, time-domain simulations, and
experimental results.

Index Terms—Phase locked loop, virtual inertia, virtual
synchronous generator.

I. INTRODUCTION

THE transmission and distribution grid is currently undergo-
ing a transition where conventional synchronous genera-

tion is being displaced by converter-interfaced renewable energy
resources. It has been shown in many studies that there is a risk of
grid instability if the utility grid is equipped with a high amount
of converter-interfaced energy resources that do not employ any
grid supporting control strategy [1], [2].

Novel converter control strategies can mitigate the risk of
instability. There are a number of unique characteristics of such
control methods. Most important is the ability to adapt and share
the amount of injected active power according to the demand of
the various loads in real-time. This is achieved with a terminal
behavior that resembles a voltage source with a low output
impedance. Furthermore, such control methods aim to provide
“virtual inertia” to the grid, meaning that the rate of change of
the grid frequency is limited. The combined effect of voltage
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source characteristics and inertia leads to characteristics that are
very close to the behavior of a synchronous generator.

Converter-interfaced energy resources with grid-forming con-
trol methods are able to fully replace conventional synchronous
generators in the grid. It is possible to operate a grid without any
conventional synchronous generator connected to it, a situation
that has become common, e.g., in microgrids or in railway grids
already.

Today’s control methods that can provide grid support are pre-
dominantly based on two basic concepts, the droop control [3],
[4] and the virtual synchronous generator [5], [6] concept.

History of grid supporting converter control started in the
1980s with first attempts to support the grid with a battery energy
storage system (BESS) [7]. Droop control was introduced in [8]
for the operation of parallel connected converters supplying a
stand-alone ac system. In many applications, it is required to
connect several converter units in parallel in order to increase
the nominal power of the system. Consequently, the proposed
concept was applied to control parallel connected uninterruptible
power supply (UPS) units [9], parallel connected BESS con-
verters [10], and parallel connected photovoltaic (PV) inverter
units [11] a few years later.

The initially proposed droop control concept has been im-
proved with several extensions over time, such as virtual
impedance [12]–[14], or methods to emulate inertia and damping
effect [15].

A completely new concept was introduced around 2007 with
the idea of emulating the behavior of synchronous generators
or synchronous machines with the converter control. Several
implementation variants have been proposed, such as the vir-
tual synchronous machine (VISMA, VSM) [16] or the virtual
synchronous generator (VSG) [17]. The two concepts mainly
vary in the complexity, i.e., the order of the adopted machine
equations. Both concepts originally have been based on current
references that are calculated with the machine equations and
subsequently tracked with current controllers. A reformulation
of the concept to create voltage references instead of current
references was given in [18].

A further voltage reference-based virtual machine concept
was introduced in [19], known as the Synchronverter concept.
It simplifies the control method by assuming that the converter
filter inductance is equivalent to the stator impedance of the
VSM. In a later publication, the possibility to adapt the out-
put impedance with a virtual stator impedance was reintro-
duced [20]. A similar control method known as power synchro-
nization control was presented in [21]. It can improve the control
performance of converters that are connected to weak grids.
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Fig. 1. Basic concept of GFVCC.

Several papers discuss the similarities between droop control
and virtual generator control [5], [15]. It was concluded that the
two concepts are more or less equivalent.

The existing control solutions have several shortcomings such
as high complexity and difficult tuning approach with high
commissioning effort [22]. Therefore, a search for simplified
control concepts offering the same advantages as VSM control
regarding grid supporting capabilities and being at the same time
as simple as the well-known current control strategies, such as
vector current control, has started several years ago.

A simplified method to emulate only the low frequency
characteristics of a synchronous generator is the provision of
virtual inertia using a standard current control scheme and an
extra power reference term calculated with the derivative of the
measured frequency [23]–[25], known as df/dt based inertia
emulation. However, the performance of the method depends
heavily on the filter used for frequency measurement and its short
term (t < 10 ms) response on load steps is different compared
to virtual synchronous generators.

Another approach is the idea to merge the swing equa-
tion, which describes the low frequency characteristics of syn-
chronous machines, with the phase-locked-loop (PLL) unit,
which is often used to synchronize conventional current control
schemes with the grid voltage. First attempts have been shown
in [26]–[28]. It has been shown that the PLL can reproduce
certain characteristics of the swing equation if it is tuned prop-
erly. Similar findings have been presented in [29], where an
inertia-like effect of the PLL in vector current control was found.
However, a systematic analysis as well as a clear link between the
PLL and VSM equations, including damper winding emulation
and virtual stator impedance, has been missing.

In this article, a novel point of view on grid-forming behavior
with current controlled converters is presented. The proposed
concept is named grid-forming vector current control (GFVCC).
It is based on the emulation of the combined effect of a vir-
tual synchronous condenser and a parallel connected virtual
current source according to Fig. 1. The concept is simply an
add-on to standard vector current control with PLL and can
therefore be implemented easily on all control platforms with
minor software modifications. It improves upon the concepts
in [26]–[28] due to correct emulation of damper winding and
virtual stator impedance and conceptual separation of transient
and steady-state response. It has the following main advantages.

1) Compared to VSM implementations with cascaded volt-
age and current control loops [30], the proposed method
is less complex. Due to the removal of the voltage control

stage and the integration of the swing equation into the
PLL, the number of control tuning parameters reduces
considerably and the commissioning effort is minimized.

2) Potentially improved synchronization characteristics dur-
ing faults and inherent overcurrent handling. Conventional
VSM control with cascaded voltage and current control
loops is known that it can lose synchronism with the
grid during faults and has difficulties to resynchronize
(cf., [31]). Also, PLL-based current control can lose syn-
chronism during grid faults but several options to improve
the behavior exist, such as freezing the PLL frequency or
the usage of an adaptive PLL (cf., [32]).

3) Compared with the current-controlled VISMA method,
GFVCC is based on standard pulsewidth modulation in-
stead of hysteresis current control. The VISMA method
has issues in stand-alone operation without load and needs
hardware modifications (i.e., output capacitors are re-
quired) to work properly [18]. This is not the case with
GFVCC.

4) Compared with the df/dt based inertia emulation scheme,
GFVCC emulates additionally the low output impedance
characteristic of a synchronous generator which is impor-
tant for sinking/sourcing of harmonics, for providing reac-
tive power, and for fast power injection during load-steps.
Furthermore, the df/dt method requires elaborate tuning
of the frequency measurement low-pass filter to make it
run in stand-alone mode [33].

The proposed control concept is suitable for the control of
utility grade battery energy storage systems [34] providing vir-
tual inertia. Furthermore, it enables grid-forming functionality
for microgrid applications, railway interties, and high-voltage dc
(HVDC) stations [35], as well as for future static synchronous
compensators and HVDC stations with integrated storage [36],
[37].

The rest of this article is organized as follows. In Section II, the
swing equation-based formulation of VSM control is reviewed
as a starting point. In Section III, the analytical derivation of
the control concept is given. It is shown that the VSM swing
equation including damper winding emulation and virtual stator
impedance can be reproduced accurately with special tuning
rules for a standard PLL and a virtual admittance block creating
VSM-equivalent current references. In Section IV, it is shown
that the control scheme is compatible with the recently pro-
posed generalized PLL-based grid-forming control framework.
In Section V, a possible implementation of the control method
is presented. Simulation results for several scenarios are shown
and discussed in Section VI. Experimental results obtained with
two 25 kW inverter units are presented in Section VII. Finally,
Section VIII concludes this article.

II. SWING EQUATION-BASED VSM FORMULATION

The goal of VSM control is to make the behavior of the
converter at the point of common coupling (PCC) equal to the
behavior of a synchronous machine (cf., Fig. 2). The simplest
method to achieve such a behavior is to control the converter
output voltage according to the swing equation.
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Fig. 2. Equivalent models of a swing equation-based VSM. (a) VSI, (b) VSM
without virtual stator impedance, (c) VSM with virtual stator impedance.

The following derivations are based on a converter with an
inductive output filter for simplicity reasons. Furthermore, the
resistive parts of the considered impedances are neglected, i.e.,
(Z = R+ jωL = R+ jX ≈ jX).

The proposed control concept can be applied to converters
with LCL filter if the current control is configured to dampen the
filter resonances as shown in Section V. However, multistage
filters in LC or LCL configuration change the behavior at the
PCC as they introduce additional dynamics. The exact behavior
with such filters has not been studied yet.

The swing equation couples the change of frequency of the
back electromotive force (EMF) with the output power of the
machine. In the case of a VSM without virtual stator impedance,
the converter voltage Vc is set to be equal to the back EMF of
the virtual machine. The converter filter impedance Zc is equal
to the stator impedance of the virtual machine and the PCC
voltage Vp is equal to the stator voltage of the virtual machine.
The converter voltage Vc has the rotational frequency ωr to
highlight its equivalency with the virtual rotor frequency. The
PCC voltage (virtual stator voltage) has the rotational frequency
ωp. The swing equation can be formulated as

M
dωr

dt
=

output power︷ ︸︸ ︷
−Pout −

damping︷ ︸︸ ︷
Kf (ωr − ωp)

+

governor power︷ ︸︸ ︷
Pset −Kg(ωr − ωset) (1)

dθr
dt

= ωr. (2)

M denotes the virtual inertia, Kf the damper winding constant,
Kg the droop constant, Pset and ωset the power and angular
frequency setpoints of the speed governor. In the quasi-steady
state, the output power is given by the angle difference between
the virtual back EMF Vc and the PCC voltage Vp across the
converter filter reactance

Pout = cp
VcVp

Xc
sin(θr − θp). (3)

The constant cp is related to the power calculation and is given
with cp = 3 for three-phase systems and rms phase voltages. (If
the peak phase voltages are used instead, cp = 3/2). Equation
(1) can be rewritten as

dωr

dt
= −cp

VcVp

MXc
sin(θr − θp)− Kf

M
(ωr − ωp)

+
1

M
Pset − Kg

M
(ωr − ωset). (4)

Modern power electronic converters are designed with mini-
mized filtering components. The filter inductance is much lower
compared to a stator inductance of a generator in a p.u. sense.
This leads to uneven short-term power sharing and oscillatory
control if the voltage reference-based VSM control method is
applied without a virtual output impedance. Therefore, state-of-
the-art VSM implementations have introduced a virtual stator
impedance according to Fig. 2(c).

The virtual stator reactance changes the equations slightly.
The converter voltage Vc in phasor notation is calculated ac-
cording to

Vc = Vv − jXvsIc. (5)

Now, the virtual back EMF of the machine is designated as
Vv (with rotational frequency ωr and angle θr). Regarding the
behavior at the PCC, the virtual machine has now a total virtual
stator reactance of Xv = Xc +Xvs and the power equation
changes to

Pout = cp
VvVp

Xvs +Xc
sin(θr − θp) = cp

VvVp

Xv
sin(θr − θp).

(6)

Equation (4) becomes

dωr

dt
= −cp

VvVp

MXv
sin(θr − θp)− Kf

M
(ωr − ωp)

+
1

M
Pset − Kg

M
(ωr − ωset). (7)

It should be noted that the virtual inductance Lvs is connected in
series to the converter filter inductance Lc, and therefore, adds
to the total virtual stator inductance of the virtual machine seen
from the PCC.

III. ANALYTICAL DERIVATION OF GFVCC

A. Basic Concept

The proposed control concept can be separated into two func-
tional parts: a virtual synchronous condenser that is connected in
parallel with a virtual current source [cf., Fig. 3(b)]. Both parts
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Fig. 3. Equivalent models of (a) VSI and (b) grid-forming vector current
control.

are emulated by the control scheme and create individual current
references which are superimposed and impressed by standard
current control.

A synchronous condenser is a synchronous generator without
mechanical input power, i.e., it behaves as a spinning wheel. In
the steady state, it injects only reactive power and supports the
bus voltage magnitude. During grid transients, it injects active
power for a short period of time that is known as inertial power
injection. The behavior of the virtual condenser is emulated with
the PLL and a virtual admittance block that creates the respective
current references.

The purpose of the virtual current source is twofold. It is used
as a power setpoint tracker and it replaces the governor of a
traditional synchronous generator. It ensures steady-state power
balance between the grid and the spinning wheel. In the steady
state, the complete active power to the grid is injected by the
virtual current source.

B. Equivalency of PLL and Swing Equation

In the proposed control scheme, the swing equation is not
directly implemented as in traditional approaches. Moreover,
the effect of the PLL together with the virtual admittance is
compared to the swing equation. The angle θr is no longer
computed by the swing equation, but it is the output of the PLL.
With s = d/dt, the PLL equations are given as

ωr =

(
Kpll,p +

Kpll,i

s

)
Vp,q

= −
(
Kpll,p +

Kpll,i

s

)
Vp sin(θr − θp) (8)

θr =

∫
ωrdt. (9)

Taking the derivative of the first equation, we get

dωr

dt
= −(sKpll,p +Kpll,i)Vp sin(θr − θp). (10)

For small angle differences, which is the case for reasonable
loading conditions, the sine function can be approximated
as sin(θr − θp) ≈ θr − θp and the derivative thereof becomes
s · sin(θr − θp) ≈ ωr − ωp. We can therefore rewrite the equa-
tion set as

dωr

dt
= −Kpll,iVp sin(θr − θp)−Kpll,pVp(ωr − ωp) (11)

dθr
dt

= ωr. (12)

By comparing this equation set with the swing equation with
virtual stator impedance [cf., (7)], we can find the PLL gains for
formal equivalence as follows:

Kpll,p =
Kf

MVp
(13)

Kpll,i = cp
Vv

MXv
. (14)

The governor power is still missing but will be replaced in a later
step with the virtual current source. The proportional gain of the
PLL, therefore, emulates the damper winding effect and the inte-
gral gain couples the angle difference with an increase/decrease
of frequency, emulating the self-synchronization principle of
synchronous machines.

As opposed to the swing equation, the PLL does not implicitly
couple the output power with the angle difference, because
it describes only the evolution of the internal PLL angle ωr.
Coupling of output power and angle difference has to be en-
sured explicitly with an additional current reference given to
the current controller. Similar as in the virtual synchronous
machine, the missing piece that couples the output power with
the evolution of the PLL angle is the virtual stator impedance.
The stator impedance is assumed to be of RL-type and is given
as a dq-frame impedance matrix

Zv(s) =

[
Rv + sLv −ωNLv

ωNLv Rv + sLv

]
. (15)

ωN is the nominal angular frequency of the grid. The current
reference is created with a virtual admittance being equivalent
to the inverse of the virtual stator impedance

Yv(s) = Zv(s)
−1. (16)

The current references iv,dq are calculated with the matrix mul-
tiplication of the virtual admittance with the voltage difference
between a virtual back EMF voltage Vv and the PCC voltage Vp.
The virtual back EMF is always aligned to the d-direction of the
PLL reference frame [cf., Fig. 4].

The individual components of the current reference in d- and
q-directions are calculated with

iv,d = Yv,dd(s)(Vv − Vp,d) + Yv,dq(s)(−Vp,q) (17)

iv,q = Yv,qd(s)(Vv − Vp,d) + Yv,qq(s)(−Vp,q). (18)

We have established current references, which are equivalent
to the currents that are injected automatically if the converter
output voltage is controlled by the swing equation with a virtual
stator impedance.
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Fig. 4. Vector diagram for the virtual synchronous condenser part of the control
concept in (a) the steady state and (b) during a transient situation.

In order to show equivalency with the active power injected
by the swing equation, we assume again quasi-steady-state
conditions (s = 0, ωNLv = Xv) and negligible virtual stator
resistance (Rv � Xv). In that case, the virtual admittance ma-
trix simplifies to

Yv ≈
[

0 1
Xv

− 1
Xv

0

]
(19)

and the current references become

iv,d = − 1

Xv
Vp,q (20)

iv,q =
1

Xv
(Vp,d − Vv). (21)

Assuming sufficiently fast tracking of the current references by
the controller, the injected power is given by

Pout = cp(Vp,div,d + Vp,qiv,q)

= cp

(
−Vp,dVp,q

Xv
+

Vp,qVp,d

Xv
− VvVp,q

Xv

)

= cp
VvVp

Xv
sin(θr − θp). (22)

We have therefore ensured equivalence between the quasi-
steady-state output power governed by the swing equation and
the output power created by the PLL + virtual admittance com-
bination.

Different to the traditional VSM implementation, the com-
bination of PLL and virtual admittance just emulates a spin-
ning wheel without a governor for the mechanical input power.
Therefore, the injected active power from the spinning wheel
will be zero in the steady state and the angle θr aligns with θp

as shown in Fig. 4(a). The behavior can be explained by consid-
ering the PLL integrator. In the steady state, it always enforces
Vp,q = 0, and therefore, the active power current component
will be iv,d = −Vp,q/Xv = 0 as well. If there is a difference in
the voltage magnitudes, reactive power will be injected with a
reactive power current component of iv,q = (Vp,d − Vv)/Xv .

The situation is different during severe grid transients, e.g., a
tripping of a large power plant. Such events typically result in
bus voltage angle step changes with a subsequent grid frequency
change. Due to the low bandwidth of the PLL, the PLL angle θr
will not be aligned with the PCC voltage angle θp temporarily as
shown in Fig. 4(b). As a result,Vp,q is not equal to zero and active
power will be injected temporarily, until the transient situation
has settled again.

The virtual admittance ideally is implemented with the full
dynamic model to ensure passivity and damping of high fre-
quency resonances.

It has been shown that the combination of special settings
for the PLL gains and a virtual admittance allows to emulate
the effect of inertia, damper winding, and stator impedance of
a virtual synchronous machine with the conventional control
structure used for vector current control.

C. Speed Governor Control

The speed governor effect (droop control loop) is emulated
with the virtual current source, i.e., with an additional current
reference component. It ensures that a power component equiv-
alent to the effect of the speed governor is injected, maintaining
the power balance in steady state. The complete control block
diagram is shown in Fig. 7.

The additional current reference is calculated with

ir,d =
Pset −Kg(ωr − ωset)

cpVp,d
(23)

which leads to an injected power of

Pg = cpVp,dir,d = Pset −Kg(ωr − ωset). (24)

In the steady state, the angle difference θr − θp is always zero
and Vp,d ≈ VN . Therefore, the division by Vp,d can be replaced
with a division by constant VN

ir,d =
Pset −Kg(ωr − ωset)

cpVN
. (25)

If very accurate tracking of the power set-point is required in
situations where the magnitude of the PCC voltage can deviate
from the nominal voltage VN , it is recommended to replace the
division by VN with a division by |Vp| processed with a low-pass
filter having a low cutoff frequency (fc < 5 Hz).

The d-component of the current reference given to the current
controller is given as

id
∗ = ir,d + iv,d. (26)

D. Optional Control Blocks

1) Automatic Voltage Regulator (AVR): The emulated VSM
naturally injects a certain amount of reactive power in response
to a change in the bus voltage magnitude, basically limited by
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the virtual reactance. However, often an additional bus voltage
regulation is required. There are basically two different ways
how a typical AVR could be implemented in the presented
control structure. With the first method, the virtual back EMF
Vv is directly manipulated in order to increase or decrease the
injected reactive power of the virtual synchronous condenser.
With the second method, an additional q-current component can
be injected to change the reactive power, e.g., with a voltage
droop curve.

In this work, the second approach is followed. The current
reference is given as

ir,q = −Qset −Gavr(s)(|Vp| − Vset)

cpVN
. (27)

Qset and Vset denote the reactive power and voltage setpoints of
the AVR. Typically, Vset = Vv is chosen. Because the current
source-based AVR will complement the reactive power injected
by the virtual synchronous condenser, it is suggested to design
the AVR control loop with rather low bandwidth. A voltage
droop curve with droop constant KVd and a first order low-pass
filter with ω0 = 0.05 · ωN have been implemented

Gavr(s) = KVd ·Glp(s). (28)

The q-component of the current reference given to the current
controller is modified to

iq
∗ = ir,q + iv,q. (29)

2) Low-Pass Filter for Virtual Rotor Frequency Feedback:
An additional low-pass filter can be introduced to process the
PLL frequency ωr (virtual rotor frequency) before it is used
in the governor feedback loop. The low-pass filter is required
to maintain stability in case of unusual tuning of the control
scheme with very high damper winding constant, resulting in
a high proportional gain Kpll,p of the PLL block. Accordingly,
(25) is changed to

ig,d =
Pset −Kg(Glp(s)ωr − ωset)

cpVN
. (30)

A second-order low-pass filter with ω0 = 0.5 · ωN and a damp-
ing of d = 0.7 works well in most cases.

3) Active Damping With Virtual Resistor: If it is required to
operate the converter also in stand-alone (islanded) conditions or
for black-start, the control scheme needs a virtual termination
resistor for stabilization in case there is no load connected to
the system. An active damping scheme based on virtual resistor
damping is implemented in d- and q-directions

iad,d = Ghp(s)
1

Rad
Vp,d (31)

iad,q = Ghp(s)
1

Rad
Vp,q. (32)

A second-order high-pass filter with ω0 = 0.2 · ωN and d = 0.7
is used to restrict the impact of the virtual resistor to high
frequency harmonics exclusively.

The final current references are given with

id
∗ = ir,d + iv,d + iad,d (33)

iq
∗ = ir,q + iv,q + iad,q. (34)

Fig. 5. Generic PLL-based grid-forming control structure consisting of a hy-
brid synchronization controller (SC) and a generalized ac-bus-voltage controller
(AVC) [38].

TABLE I
MAPPING OF TRANSFER FUNCTIONS TO GENERIC GRID-FORMING

CONTROL STRUCTURE

IV. GENERIC PLL-BASED GRID-FORMING CONTROL

STRUCTURE

In [38], the structure of a generic PLL-based grid-forming
controller has been presented. GFVCC is a further variant of
such control schemes and it fits into the generic framework.
The generalized control framework is based on a hybrid syn-
chronization controller (SC) and a generalized ac-bus-voltage
controller (AVC) according to Fig. 5. The variables are defined as
E = Ed + jEq and correspond to the variables used in GFVCC
with Ed = Vp,d, Eq = Vp,q and Eref = Vv . GFVCC can be
mapped to the generalized structure by selecting the transfer
functions according to Table I.

The main difference compared to the controllers proposed
in [38] is that with GFVCC, the generalized AVC becomes
symmetric and is related to a physical model of the virtual stator
impedance. Furthermore, the hybrid SC parameters fall back to a
standard PLL implementation without any further modifications.

V. IMPLEMENTATION

A. Simulation Setup

The control scheme has been implemented and tested in
MATLAB/Simulink simulation environment.
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Fig. 6. Schematic diagram of the simulated setup.

TABLE II
DIESEL GENERATOR PARAMETERS

The electrical part of the simulation is built with SimPow-
erSystems Library blocks. The converter is connected with an
LCL-filter and a transformer to the grid. The transformer model
is linear and it is configured as Dyn11, i.e., the windings are
connected in delta at the converter side and in star with grounded
star-point at the PCC side. The PLL is fed with the PCC voltage
after the transformer instead of using the capacitor voltage, what
has only a minor impact on the overall control performance. The
simulation environment is capable of emulating load steps as
well as faults and islanding events. Besides operating with a stiff
grid (a voltage source behind a configurable grid impedance),
the system can also be connected to a model of a diesel generator
with speed governor control [cf., Fig. 6].

The nominal power of the converter is 100 kW and the
nominal power of the diesel generator is 250 kW. The LCL
filter parameters, the transformer data and the tuning parameters
of the control scheme are given in Table III. Parameters of
the diesel generator and engine are summarized in Table II.
A PI-type speed controller and an IEEE type 1 synchronous
machine voltage regulator combined to an exciter are used.

B. Control Implementation and Tuning Approach

A classical current control scheme in synchronous reference
frame (dq-coordinates) has been used as a starting point (cf.,
Fig. 7). The control algorithm was implemented as a sampled
subsystem with a sampling frequency of 14 kHz, emulating
double update mode of a converter with a switching frequency
of 7 kHz. Sample delays have been introduced to account for
the typical delays occurring in a discrete implementation on
a control platform. The virtual admittance was transformed to

TABLE III
CONTROL SCHEME PARAMETERS

discrete form using Tustin’s method (cf., [39]). In order to speed
up the simulation, implementation of the modulator and power
electronic switching stage have been avoided. Only the typical
delay of the modulation stage was included and the output of the
sampled subsystem directly drives controlled voltage sources.

Two PI-type control blocks with antiwindup scheme and
feedforward of the measured capacitor voltage are used for
the current control. The current references are saturated with
an angle preserving scheme, i.e., the magnitude of the current
vector is limited to the maximum value. The output of the current
control blocks, i.e., the converter reference voltage vector, is
again saturated with an angle preserving scheme. This method
limits the maximum output voltage effectively. Furthermore,
the PCC voltage is supported with the AVR according to the
voltage droop curve as long as the current limit of the converter
is not reached. Although closed-loop voltage magnitude control
probably would surpass the voltage control performance, it is
not foreseen in the proposed current control-based concept.

The gains of the current control blocks are tuned with a stan-
dard approach considering the LCL filter resonance (cf., [40]).
The transformer leakage inductance and the grid inductance are
accounted to the grid side inductance Lfg of the LCL filter. If a
wide range of different grid strengths needs to be covered in a
grid connected application, the current control gains are tuned
for the highest expected grid impedance.

The tuning of the remaining control parameters is based on
the idea to reproduce the output characteristics of a synchronous
generator. The PLL gains are tuned according to the VSM
equivalency rules defined in (13) and (14). The virtual inertia M
is related to the inertia constant H , the nominal apparent power
SN and the nominal angular frequency ωN of a synchronous
generator with

M = 2H
SN

ωN
. (35)

The inertia constant of a real generator typically is in the range
of H = 1. . .10 s and it is suggested to tune M accordingly. The
damper winding constant is related to the damping factor D of
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Fig. 7. Control block diagram of GFVCC.

the PLL with

Kf = 2DVp

√
cp

M

Xv
. (36)

A real generator typically achieves only weak damping with
the damper winding and is prone to low frequency rotor speed
oscillations. These oscillations can be reduced by selecting the
damping factor in a higher range of D = 0.5. . .1.

The proposed tuning approach of VSM equivalency results in
a PLL with low bandwidth f0,pll < 5 Hz which is suitable for
compatibility with weak grids (cf., [41]). The usage of further
filtering stages for the PLL is not encouraged as they would
change the emulated inertia and are not necessarily required
with a low bandwidth PLL.

The stator reactance of a typical synchronous generator is in
the range of Xs = 0.1. . .1 p.u. and it is suggested to select the
virtual reactance Xv in a similar range. The virtual resistance
is selected in the range of Rv = 0.05. . .0.25 ·Xv for improved
damping of high frequency resonances.

Tuning of the frequency and voltage droop curves is typically
related to the application and needs to be coordinated among
the units in the grid. Typically, values in the range of Kg =
20. . .50 p.u. and KVu = 20. . .50 p.u. are chosen.

VI. SIMULATION RESULTS

In the following, simulation results will show the basic perfor-
mance of GFVCC. Typical scenarios are tested and the results
are being discussed.

A. Response to Load Step for Grid-Connected Operation

The response of the converter to a load step while it is
connected to a strong grid with a short circuit ratio (SCR) of 20
is shown in Fig. 8. After t = 0.8 s, a load of 1 p.u. is connected at
the PCC. The converter reacts with a transient injection of active
power. The remaining converter current after t = 0.9 s is due to
increased injection of reactive power by the AVR to support
the voltage at the PCC. The low frequency power oscillation is

Fig. 8. Output power, PCC voltage, and current waveforms during a load step
while connected to a stiff grid.

well damped due to the damper winding emulation. The current
response is immediate with almost no delay. There is a short
current spike coming from the ac capacitors in the LCL filter
stage when the load is connected to the system. The current
spike does not propagate to the converter side currents ic and is
not critical for the inverter power electronics.

B. Power Reference Tracking in Weak and Strong Grid

The active power setpoints are impressed with the virtual
current source, i.e., the additional current set-points ir given
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Fig. 9. Tracking of the power setpoint Pset in a strong grid (SCR=100).

to the controller. As the emulated spinning wheel always aligns
with the grid angle in the steady state, there is zero active power
injected by the spinning wheel in the steady state and the power
is uniquely controlled by the virtual current source.

The strength of the grid has been adapted by changing
the grid impedance Zg = Rg + jXg . The reactance of the
grid impedance was set to Xg = 0.01 p.u. for the very strong
grid (SCR=100) and to Xg = 0.95 p.u. for the weak grid
(SCR=1.05). The grid impedance includes a small series re-
sistance of Rg = 0.01 ·Xg .

The simulation results for active power setpoint tracking in a
very strong grid (SCR=100) are shown in Fig. 9. The actual
power reference Pref for plotting is calculated with the final
current references given to the controller and the PCC voltage.
The actual output power Pout follows the reference accurately.
The controller injects negligible reactive power because the bus
voltage is very stable. The impact of the emulated spinning wheel
is not pronounced and the power setpoint tracking performance
is similar as with VCC only. The overshoot of the response can
be adjusted with the damping coefficient Kf .

The simulation results for setpoint tracking in a weak grid
(SCR=1.05) are shown in Fig. 10. The transient behavior of
the spinning wheel leads to a smoothing effect which is more
pronounced for weak grids than for strong grids. It slows down
the power reference (dashed grey line) because it transiently
absorbs the injected power of the virtual current source, i.e., the
total active power reference rise-time is adapted to the absorption
capability of the weak grid. Furthermore, the control scheme
injects a significant amount of reactive power. One of the main
issues regarding the performance of VCC in weak grids is the
missing injection of appropriate amount of reactive power to

Fig. 10. Tracking of the power setpoint Pset in a weak grid (SCR=1.05).

stabilize the PCC voltage amplitude. Consequently, the PCC
voltage can collapse when injecting high power. With GFVCC,
this problem is solved because the emulated synchronous con-
denser together with the AVR provide enough reactive power to
stabilize the PCC voltage. This important feature improves the
performance of GFVCC in weak grids significantly, similar as
with VSM control.

It is important to note that the control parameters have not been
changed for the two cases despite the very different SCR of the
grid. The rise time of the response is not directly determined
by the current controller gains but by the total current reference
itself which is adapted by the internal model, i.e., the emulated
spinning wheel, and its interaction with the grid. Consequently,
the rise-time and overshoot can be changed by adapting the vir-
tual admittance Yv , the emulated inertia M and damper winding
constant Kf . Emulating a synchronous condenser with a lower
nominal power, which is achieved by reducing the gain of the
virtual admittance Yv , will reduce the impact of the spinning
wheel and the control performance will converge toward the
performance of standard VCC.

C. Inertial Response

The injection of an appropriate amount of inertial power has
been tested by simulating a frequency ramp with the grid. The
speed governor has been deactivated in order to isolate the
inertial response of the spinning wheel. According to the swing
equation, the injected power is given as Pout = −M · dωr/dt.
Two frequency ramps with different steepness have been simu-
lated and the inverter output is compared to the expected output
power. For both cases, the actual power output is equal to the
expected inertial response (cf., Fig. 11).
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Fig. 11. Injection of inertial power in reaction to two grid frequency ramps
with df/dt = 3 Hz/s and df/dt = 15 Hz/s.

Fig. 12. Output power and rotor frequency evolution during a load step while
connected to a diesel generator.

D. Converter Connected to Diesel Generator

If the converter is connected to a diesel generator instead of
to a stiff grid, the frequency will also change during load steps.
The simulation results for a load step of 1 p.u. are depicted in
Fig. 12. In this case, the grid is disconnected. The load is shared
immediately between the converter and the diesel generator
after load connection. Subsequently, the converter increases the
output power slightly for a short time interval to support the load,
because the diesel generator governor control reacts with a time
delay. After a while, the output power of both units converge to
the values given by the droop curves

Again, the inertial response of GFVCC can be tested if its
droop control loop is deactivated. In this case, the grid frequency
is stabilized by the diesel generator only and the converter
injects transient power as long as the frequency is changing.
According to the swing equation, the injected power is given as

Fig. 13. Inertial response of GFVCC when connected to a diesel generator.

Fig. 14. Converter behavior during an unplanned islanding event and a sub-
sequent load shedding event.

Pout = −M · dωr/dt. The simulation result is shown in Fig. 13.
The power output of the converter matches the expected response
accurately.

E. Islanding and Stand-Alone Operation

The control scheme is able to operate without any grid con-
nection at all. An unplanned loss of grid connection at t = 0.8 s
is simulated and shown in Fig. 14. The converter immediately
supplies the load of 1 p.u. connected at the PCC. The voltage
waveforms are disturbed only slightly. After another 100 ms,
the load is disconnected. The converter continues to generate
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Fig. 15. Detailed view of individual components of the current reference, the
internal frequency and the q-component of the PCC voltage during a load step
in stand-alone operation.

the three-phase ac voltages, no instability is observed. The bus
voltage after the load shedding event shows a slight overshoot
which could be reduced with a smaller virtual reactance Xv or
faster AVR.

To explain the control behavior in islanded operation, the
individual components of the current reference have to be
analyzed. The system is only stable with the droop control
(speed governor) activated. Otherwise, the frequency ωr will
decay to zero according to dωr/dt = −Pout/M . At the very
first moment when a load is connected to the stand-alone system
or if an unplanned islanding event occurs, the voltage angle at
the PCC with respect to the internal angle of the spinning wheel
(PLL) will shift until the balance ofPload = Pout = cpVp,div,d =
−cpVp,dVp,q/Xv is established.Vp,q is not zero at the beginning,
however, the integrator action of the PLL will try to nullify Vp,q

by reducing the frequency ωr. Consequently, the droop control
loop (governor) will start to increase ir,d until it has completely
replaced iv,d and the frequency balances at a new steady-state
given by the droop curve. At this point Vp,q and iv,d become
zero again, the complete output power is injected by the virtual
current source. The individual current components iv,d and ir,d,
and the total current reference id∗ are shown in Fig. 15 during a
load step in stand-alone (islanded) operation.

F. Black-Start

The control scheme can be configured to energize a dead bus.
The bus voltage can be ramped up by increasing the value of
Vv slowly and the control scheme will impress the voltage over

Fig. 16. Bus voltages and currents during a black-start process with resistive
load.

Fig. 17. Bus voltages and currents during a black-start process with an
induction machine connected to the bus.

the virtual admittance and the AVR. For the following tests, the
circuit breaker has been closed from the beginning. The inrush
current of the transformer is minimized due to the slow increase
of the bus voltage magnitude.

The waveforms for a black-start process with a resistive load
bank with a nominal power of 1 p.u. connected to the bus are
depicted in Fig. 16. The waveforms are clean and the bus voltage
is ramped up smoothly.

A more difficult case is a black-start with a high share of
induction machines (IM) connected to the bus, because they have
a high starting current. An IM with a nominal power of 0.37 p.u.
and quadratic torque-speed load has been connected to the bus.
The simulated waveforms for this case are shown in Fig. 17,
where ωm denotes the angular frequency of the rotor. The peak
starting current should be below the current limitation of the
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Fig. 18. Voltage and current waveforms for a three-phase fault at the PCC.

converter. Ramping up the voltage magnitude with a reduced
slope will lower the starting current because the effect is similar
to a soft-starter for the machine.

G. Fault Behavior

Fault handling is the most difficult task with respect to con-
verter control, especially if the converter is operated with a
voltage-based VSG control scheme. Typically, additional con-
trol loops are required for current limitation and after clearing
of the fault, resynchronization issues are common [31]. With
GFVCC, the fault handling capability is improved. Due to the
inherent current control, the fault current can be limited to a
given value to avoid damaging of semiconductors.

The reaction of the converter to a bolted three-phase fault
while connected to the grid (SCR=20) has been simulated and
is shown in Fig. 18. During the fault, the currents are limited to
2 p.u. and reactive power is injected. A simple fault detection
logic has been implemented. The PLL frequency is frozen as
soon as the bus voltage magnitude falls below 0.3 p.u. and
released again when it rises above the threshold. The converter
resynchronizes immediately after the fault is cleared and no
severe power oscillations can be observed.

The waveforms for a single phase to ground fault are depicted
in Fig. 19. The converter currents Ia−c are highly distorted
due to the asymmetric condition of the fault and the active
current limitation. The controller manages to cap the currents
at 2 p.u. approximately. The currents after the transformer at
the PCC Ip,a−c have significant negative and zero sequence
components. The zero sequence component is not controlled
with the converter as it is blocked by the transformer.

VII. EXPERIMENTAL RESULTS

The control scheme has been implemented on a 25-kW in-
verter unit. The inverter implements a two-level topology us-
ing SiC-MOSFETs to support an increased switching frequency
of 30 kHz and a high control bandwidth. The digital control

Fig. 19. Waveforms for a single-phase to ground fault at the PCC.

Fig. 20. Schematic diagram of the experimental setup.

platform is based on a 32 bit Arm Cortex-M4F from Infineon
(XMC4800E196K2048).

A second, identical inverter unit has been used as a grid
emulator. The two inverter units are coupled on the ac side over
their individual LCL output filter stages and a resistive load can
be attached at the PCC (cf., Fig. 20). The two inverter units
are fed with two isolated four quadrant power supplies which
are connected to their dc-links. Load steps, islanding events and
frequency sweeps can be performed with the experimental setup.

The key converter properties and the tuning of the control
scheme parameters are summarized in Table IV.

A. Grid-Connected Operation

In a first test, injection of inertial power in response to a load
step at the PCC is evaluated. The second converter is operated
as a grid emulator with a fixed frequency and a virtual output
impedance of 0.15 p.u. to emulate a rather weak grid. A resistive
load of 25 kW is connected at t = 0 s (cf., Fig. 21). As expected,
the converter operating with GFVCC injects active power for a
short amount of time to support the weak grid with transient
power. The distribution of power at the moment of connection
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TABLE IV
CONVERTER PROPERTIES AND CONTROL SCHEME PARAMETERS

Fig. 21. Output power, PCC voltage, and current waveforms during a load
step while connected to the grid emulator.

of the resistive load is one to one because the emulated output
impedances of the two converters are equal. After a few cycles,
the injected active power decays to zero and a low amount of
reactive power is injected to support the PCC voltage amplitude.

The tracking of a change of the power setpoint while con-
nected to the grid emulator is shown in Fig. 22. The total power
injected to the grid is changed rather slowly although there is
a step change in the setpoint, what can be explained with the
effect of the emulated spinning wheel transiently absorbing part
of the power set-point change. The setpoint is tracked accurately
in steady state. The experimental results are similar to the results
obtained with the simulation for a weak grid but with a reduced
overshoot.

Fig. 22. Tracking of active power setpoint Pset while connected to the grid
emulator.

Fig. 23. Injection of inertial power in reaction to grid frequency ramps with
df/dt = 1 Hz/s, df/dt = 2 Hz/s, and df/dt = 4 Hz/s.

B. Inertial Response

The accurate emulation of virtual inertia is tested with the
response to frequency ramps created with the grid emulator.
Positive and negative grid frequency ramps with different slopes
are emulated and the injected active power of the converter
operated with GFVCC is recorded (cf., Fig. 23). For this test,
the frequency droop feedback loop has been disabled to evaluate
the injected power related to virtual inertia only. The solid lines
represent the measured injected power, whereas the dashed lines
show the power calculated with Pout = −M · dωg/dt and the
grid angular frequency derivative. The injected power follows
the theoretical inertial power accurately without significant ring-
ing or overshoot.

C. Islanding and Stand-Alone Operation

A grid-forming control scheme should be capable to operate
in stand-alone conditions and to survive unintended islanding
events.

At the beginning of this test, the converter is connected to the
grid emulator and a resistive load is connected at the PCC. In
steady state, the load is supplied by the grid emulator only as
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Fig. 24. Converter behavior during an unplanned islanding event.

the grid frequency is fixed at the nominal frequency and conse-
quently, there is no active current reference from the frequency
droop feedback loop. At t = 0 s, the grid emulator is suddenly
disconnected from the setup (cf., Fig. 24). A voltage dip can
be observed at the PCC, but within only 1 ms, the bus voltage
is reestablished and the load is fed from the GFVCC converter.
The voltage amplitude has dropped slightly, but the system is
stable and continues to operate without grid connection. The grid
frequency will be reduced slightly according to the frequency
droop curve.

In a second test, the response of the converter in case of a
load shedding event is evaluated. From a stability point of view,
this condition is difficult to handle because there is very little
passive damping in the system without any load and there is the
risk of PCC voltage overshoot when the load is disconnected.
At the beginning of the test, the converter is operated in is-
landed conditions without any grid connection and it supplies
a resistive load (cf., Fig. 25). Subsequently, the resistive load
is disconnected. The increase of the voltage magnitude at the
PCC right after the load shedding event is 10%. The voltage
amplitude is reduced to its nominal value after a few line cycles.
The control system is stable in stand-alone operation without
any resistive load connected to the PCC. The performance of
the voltage amplitude control could be improved with a higher
gain of the AVR and a smaller virtual reactance Xv .

D. Black-Start

Finally, a black-start process is performed with the converter.
For this test, the grid emulator is disconnected from the system
and a 1 p.u. resistive load is connected to the PCC. The bus

Fig. 25. Converter behavior during a load shedding event.

Fig. 26. Bus voltages during a black-start process with the converter.

voltage is ramped up by increasing slowly the value of Vv. The
PCC voltage increases smoothly and the converter energizes the
bus without any stability issues (cf., Fig. 26).

VIII. CONCLUSION

Grid-forming control becomes more and more important in
various applications, such as microgrids, grid-connected BESS,
railway interties, PV, and HVDC. TSOs and DSOs are discussing
if standards for converter-connected energy resources should be
changed in such a way that grid support becomes mandatory.
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With this background, it is important that existing grid-forming
control methods are simplified and improved.

A control scheme designated as grid-forming vector current
control has been proposed in this article. It has been shown
that standard vector current control can be adapted with minor
modifications to emulate the behavior of a virtual synchronous
condenser that is connected in parallel with a virtual current
source. The control scheme offers reduced complexity and can
easily be implemented on existing converter control platforms.
It has inherent current limitation and it is capable to operate
without any grid connection, i.e., it is stable also in stand-alone
operation.

Simulation results and experimental results are provided and
discussed to demonstrate the control performance under various
scenarios such as load steps, parallel operation with a diesel
generator, islanding, and grid faults. Basic control performance
has been proven for all scenarios.

Open points such as a detailed comparison with traditional
VSG implementations and a comparison with voltage reference-
based methods should be investigated in the future.
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