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Abstract: Due to the increasing integration of renewable energy sources (RES) and a corresponding
reduction of conventional generating units, there is nowadays a demand from the power-electronic
converters to provide grid-forming properties through proper control of the converter systems. This
paper aims to evaluate the impact of various control loops in a grid-forming control strategy equipped
with a fault-ride through capability on the passivity properties of the converter system. Through the
analysis of the frequency-dependent input admittance of the converter, the main factors affecting
the passivity properties are identified. A simplified analytical model is derived in order to propose
possible control modifications to enhance the system’s passivity at various frequencies of interest
and the findings are validated through detailed time-domain simulations and experimental tests.

Keywords: control interaction; frequency analysis; grid-forming converter; input admittance; modeling;
passivity; stability analysis

1. Introduction

In line with the level of renewable energy sources (RES) replacing conventional
generation in the power system, the number of power electronic converters employed
for energy conversion is continuously increasing. As a result, selected converter systems
interfacing the RES to the power system are required to provide some functionalities to
account for the reduction of the conventional generation system. In this regard, grid-
forming converter control strategies with a focus on implementing functionalities such
as inertia and frequency support, black-start, and synchronization capabilities have been
attracting attention in the literature in recent years [1–4]. In order to provide fault-ride
through capability, some of the control strategies are also equipped with a current control
structure [3,5]. Nevertheless, non-passive behavior for the grid-forming converter systems
that could lead to resonance interactions exists at both low- and high-frequency intervals [6–9].

Examples of resonance interactions due to the existence of non-passive behavior in the
converter systems have been discussed in the literature [10–16]. In these works, valuable
control solutions are investigated in order to guarantee that the energy associated with
the resonance condition is dissipated in the converter at the specific frequency of interest.
While these findings consider a conventional grid-following control structure that consists
of an inner vector current controller together with outer-loop power/voltage controllers
and a phase-locked loop (PLL), similarly detailed characterization for grid-forming control
structures and a corresponding control parameter tuning to improve passivity is missing
and this is addressed in this work.

In this paper, the impact of operating points and different control loops on the pas-
sivity properties of a generic converter system with a grid-forming control strategy with
fault-ride through capability are investigated. For this purpose, the input admittance
of the converter system is derived first. The main contributing factors on the passivity
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property are identified and recommendations to enhance the system stability through
control parameter tuning are proposed. Finally, the analytical findings are verified through
detailed time-domain simulations and experimental tests.

2. System Representation

The investigated system represents a generic converter connected to an ac grid. The
converters can resemble, for example, the grid-side of a wind-turbine system, an HVDC,
or a STATCOM. The main idea of this work is the investigation of the impact of various
control loops on the passivity behavior of power electronic converters interfacing a grid,
a simplified generic representation as in Figure 1 is used, where the block scheme of the
control approach as well as the equivalent model of the connecting grid is shown. In the
figure, vT,eq and Zgrid denote the voltage source and impedance (including the shunt filter
and transformer from the converter) of the Thevenin’s equivalent representation of the
rest of the system, respectively. Note that the model in Figure 1 can be used to represent
a generic converter system interfaced with the grid by implementing the corresponding
control for the converter and the equivalent impedance for the connecting grid.

Connecting grid
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Figure 1. Schematic of the equivalent circuit of a generic converter system connected to a grid
through a phase reactor and possible control blocks.

3. System Modeling and Input-Admittance Derivation

Considering the generic grid-connected converter system in Figure 1 where the detail
of the control structure of the converter as described in Figure 2, the input-admittance
model is derived in this section. In this setup, the grid voltage is denoted by eg and the
phase reactor is represented with an inductance Lf and resistance Rf. The voltage at the
converter’s terminals is denoted by econv, while if is the current exchanged between the
converter and the grid. Using the estimated grid-voltage angle, θ̃g obtained by integrating
the estimated grid-frequency (the nominal grid-frequency, ω1 is used for this work as the
estimated frequency for simplicity), for coordinate transformation, the current dynamics in
the rotating dq-frame (with a power invariant transformation) are given by (s is a Laplace
transform variable)

edq
conv = edq

g + jω1Lfi
dq
f + Rfi

dq
f + sLfi

dq
f (1)
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Figure 2. Block diagram of the implemented grid-forming control.

For a typical grid-forming control strategy, the converter reference voltage magnitude
(E∗c ) and load angle (θ∗c ) are in general generated from the reactive-power (or alternatively
ac-voltage) and the active-power controllers (see Figures 1 and 2), respectively, as

E∗c = GQc(Q∗g − HfmQg) + Eg , θ∗c = GPc(P∗g − HfmPg) (2)

where the superscript “*” denotes a reference signal in the notations and GQc, GPc, and
Hfm represent the reactive-power controller, the active-power controller, and the power-
measurement filter, respectively. The nominal grid-voltage, Eg, is feed-forwarded in the
case of the reactive-power controller to alleviate the problem of not having an ac-voltage
controller. Note that a dc-link voltage controller can be included on top of the active-power
controller in order to calculate the reference active-power, P∗g . However, this control loop is
not considered in this work for simplicity. Correspondingly, the converter reference voltage
is equivalently expressed in αβ-frame as

eαβ∗′
conv = E∗c ej(θ∗c +θ̃g) (3)

In order to provide a fault ride-through capability to the control structure in (2) and
(3), a closed-loop current control is necessary. The most common approach in the literature
and the one adopted in this work is the use of a virtual impedance/admittance of the form,
Zv = 1/Yv = Rv + sLv + jω1Lv in the dq-reference frame [3,5]. Using the angle θ̃g for

coordinate transformation, the reference current (idq∗
f ) is then calculated as

idq∗
f =

(
E∗c ejθ∗c − edq

g

)/
(Rv + sLv + jω1Lv) (4)

The current references can therefore be limited to operate the converter within its
current-rating limit and safely ride-through faults. Hence, the converter reference voltage
(edq∗

conv) is obtained as

edq∗
conv = Hffe

dq
g + jω1Lfi

dq
f + Gcc(i

dq∗
f − idq

f ) (5)

where Hff and Gcc represent the transfer functions of a low-pass filter for the feed-forward
grid voltage and a proportional-integral regulator, respectively. As the controller is imple-
mented in discrete time, the system will be affected by unavoidable delays due to discretiza-
tion (modeled by a zero-orde-hold filter) and switching instant delay due to the control com-
putation. This can be represented by the transfer function, Hd = [(1− e−sTsamp)/sTsamp]e−sTcont

where Tsamp and Tcont represent the sampling period and the control delay to update
switching instants, respectively. The corresponding converter output voltage is given by

edq
conv = Hdedq∗

conv (6)

Using (1)–(6), the small-signal model of the current dynamics in scalar dq-components
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is expressed as [
∆id

f
∆iq

f

]
= Gconv∆u∗ − Yconv

[
∆ed

g
∆eq

g

]
(7)

where Gconv is the transfer matrix from reference inputs, ∆u∗ =
[

∆P∗g ∆Q∗g
]T

to the
currents. Correspondingly, the input-admittance matrix of the converter is given by

Yconv = [HdGmat
cc − GccZ−1

v GDGPQc + Zf]
−1[HdGccZ−1

v + . . .

(1− HdHff)I− GccZ−1
v GDGPQv]

(8)

where I is an identity matrix of appropriate dimension and the various transfer matrices
are given by

Zf =

[
sLf + Rf −ω1Lf

ω1Lf sLf + Rf

]
, GD = Hd

 −eq0
conv

ed0
conv

cos(θc0)

sin(θc0)



GPQc =

 −HfmGPcEg 0

0 HfmGQcEg

, GPQv =

 −HfmGPcid
f0 −HfmGPciq

f0

HfmGQciq
f0 −HfmGQcid

f0



Zv =

 Rv + sLv −ω1Lv

ω1Lv Rv + sLv

, Gmat
cc =

 Gcc ω1Lf

−ω1Lf Gcc


(9)

Note that the subscript “0” in the notations represent steady-state values. The selection
of the basic control structure for the converter system in Figure 2 is described briefly in
Table 1 based on a generic base values of power (Sbase), angular frequency ω1, voltage
(Vbase) and with the base impedance given by Zbase = V2

base/Sbase. For this, the closed-loop
bandwidth in rad/s for active power, reactive power, current, measurement filter, and
feed-forward filter as αPc, αQc, αcc, αfm, and αff, respectively, are used as design parameters.

Table 1. Control parameters for the converter.

active-power controller: GPc = αPcLfω1/(Ec0Eg cos(θc0)s)
reactive-power controller: GQc = αQcLfω1/(Eg cos(θc0)s)
power-measurement filter: Hfm = αfm/(s + αfm)
current controller: Gcc = αccLf + αccRf/s
voltage feed-forward filter: Hff = αff/(s + αff)

4. Passivity Characterization of the Converter System

In order to evaluate the risk of converter systems in contributing to resonance in-
teractions, passivity theory is used in this paper. If the converter system with its input
admittance matrix, Yconv is passive, i.e., it is stable and [Yconv(jω) + YH

conv(jω)] ≥ 0, ∀ω
(i.e., the matrix is positive semidefinite and YH

conv(jω) is the Hermitian transpose, which
is obtained as the transpose and complex conjugate of the matrix Yconv(jω)), it does not
contribute negatively to any resonance interaction in the system. The passivity requirement
implies that Yconv(s) is stable (which is always the case in this work) and that the minimum
eigenvalue, λmin of 0.5[Yconv(jω) + YH

conv(jω)] is non-negative ∀ω [13].
To evaluate the impact of control parameters, the control settings as in Table 1 are

selected. The control parameters are tuned to obtain a closed-loop bandwidth of 6 Hz
for the power controllers and 300 Hz for the current controller. In addition, the virtual
impedance is chosen the same as the impedance of the phase reactor as Lv = Lf and
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Rv = Rf, where Lf = 0.15 pu and Rf = 0.015 pu. Finally, a sampling time and control delay
of Tsamp = 0.4 ms and Tcont = 0.2 ms, respectively, are considered.

4.1. Impact of Operating Point

The first test is to investigate the impact of operating point on the passivity properties
of the converter. Figure 3 shows the passivity index, λmin for a variation of both active and
reactive power. As the results indicate, the impact of operating points is not significant
and is only visible for a small frequency interval in the low-frequency range for the case of
active power. For this reason, the impact of operating point can be assumed negligible (i.e.,
id
f0 = iq

f0 = 0⇒ GD = Hd[0 1; Eg 0], and GPQv = 0) for the majority of the frequency
intervals and a simplified expression for (8) can be obtained as

Yconv = [HdGmat
cc − HdGccZ−1

v G
′
PQ + Zf]

−1
[

HdGccZ−1
v + (1− HdHff)I

]
(10)

where G
′
PQ is given by

G
′
PQ =

 0 HfmGQcEg

−HfmGPcE2
g 0

 (11)

It is important to observe that all the matrices in (10) are symmetric except for G
′
PQ.

This means that with a proper choice for the active- and reactive-power controllers, GPc

and GQc, it is possible to symmetrize the matrix, G
′
PQ and hence a SISO representation for

(10) is possible as it will be shown later.

Figure 3. (a) Frequency response of the index λmin for Qg0 = 0, and Pg0 = 1 pu (blue), Pg0 = 0 pu
(green), Pg0 = −1 pu (red); (b) frequency response of the index λmin for Pg0 = 0, and Qg0 = 0.5 pu
(blue), Qg0 = 0 pu (green), Qg0 = −0.5 pu (red).

4.2. Impact of Control Parameters

It can be observed from Figure 3 that non-passive behavior for the converter system
exists at low-, medium- and high-frequency intervals and the various factors attributing to
this are explained in this section. Medium-frequency refers to intervals close to and around
the current controller bandwidth. Low- and high-frequency refers to intervals lower and
higher than the medium-frequency interval, respectively. For this purpose, the impact
of the control bandwidth for the power and current controllers as well as parameters of
the virtual impedance on the passivity properties of the converter are demonstrated in
Figures 4 and 5. Note that these figures are plotted for two frequency intervals to highlight
the impact of the control parameters in the low- and high-frequency ranges.
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Figure 4. Frequency characteristics of the index λmin from 0–500 Hz with variation in control parameters; (a) closed-loop
bandwidth for the power controllers as 6 Hz (blue) and 3 Hz (red); (b) closed-loop bandwidth for the current controller as
300 Hz (blue) and 450 Hz (red); and (c) parameters of the virtual impedance as Rv = Rf, Lv = Lf (blue) and Rv = 1.5Rf,
Lv = 1.5Lf (red).

Figure 5. Frequency characteristics of the index λmin from 400–1400 Hz with variation in control parameters; (a) closed-loop
bandwidth for the power controllers as 6 Hz (blue) and 3 Hz (red); (b) closed-loop bandwidth for the current controller as
300 Hz (blue) and 450 Hz (red); and (c) parameters of the virtual impedance as Rv = Rf, Lv = Lf (blue) and Rv = 1.5Rf,
Lv = 1.5Lf (red).

From the results, it can be understood that the power controllers have an impact in
the low-frequency range only, where a higher bandwidth results in a more non-passive
behavior. This implies that passivity improvement comes at a cost of reduced speed
of response. The impact of the current controller bandwidth in the low- and medium-
frequency interval is inconclusive and is not an effective way to improve passivity in that
frequency range. On the other hand, an increase in the current controller bandwidth results
in a more non-passive behavior at high frequency, which again implies that passivity
improvement comes at a cost of reduced speed of response. Finally, it can be observed
from the results that the parameters of the virtual impedance have a significant impact on
the passivity property at all frequency intervals, where higher values improve the passivity
in the low- and medium-frequency range and reduce the passivity at high-frequency range.
This indicates that a proper tuning of the parameters of the virtual impedance can provide
the flexibility to improve passivity without deteriorating the speed of response for the
power or the current controllers. This will be addressed in a later section, following after a
demonstration of the impact of the passivity property of the converter system on resonance
instability through simulation and experimental tests.

4.3. Simulation Study

The impact of passivity on the stability of a converter-grid system as in Figure 1
using time-domain simulations is demonstrated here. For this, the impact of varying the
parameters of the virtual impedance is considered with a connecting grid as shown in
Figure 6, which represents the network to the right of the measured grid-voltage, eg in
Figure 1. The parameters are chosen as Lg = 0.25, Rg = 0.025, Cg1 = 0.25, Lg1 = 0.025,
Rg1 = 0.0025, Lt = 0.1 and Cf = 0.15 pu to obtain a grid resonance as shown in Figure 7
(plot a). As the result in Figure 7 (plot b) shows, the converter-grid system is stable with a
converter control employing higher virtual impedance value resulting in a more passive
converter system around the grid-resonance frequency as shown in Figure 4 (plot c). For
lower values of the virtual-admittance parameters, the input admittance presents a non-
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passive region around the grid resonance, which results in the instability as shown in the
growing oscillations in the output power.

Figure 6. Schematics of the connecting grid showing the input-impedance, Zgrid together with its
comprising passive components for investigating resonance instability.

Figure 7. Impact of virtual impedance on converter-grid stability; (a) magnitude of grid impedance (b) active-power output
of the converter when Rv = Rf, Lv = Lf for the time interval 1 s to 1.05 s and Rv = 1.5Rf, Lv = 1.5Lf for other times.

5. Experimental Validation

The findings in the previous section on the analytical model of the converter system
input admittance as well as a demonstration of resonance instability are validated in a
small-scale laboratory setup similar to the one in Figure 1. For this, a 30 kVA Regatron
4-quadrant controllable power supply is used to emulate the Thévenin equivalent of the
connecting grid. A two-level converter system rated 1 kVA, 100 V is then connected to the
emulated grid through a phase reactor with Lf = 0.16 pu and Rf = 0.05 pu to make the
various tests. A dc source with voltage 300 V is connected on the dc-side of the converter
and a switching frequency of 5 kHz is used. The converter is controlled by a dSPACE
DS1103 processor board, where a sampling frequency of 5 kHz is applied.

5.1. Input-Admittance Verification

An approximated single-input single-output system (SISO) representation of the
input-admittance matrix relating the dq-current and voltage components is used here for
the purpose of verifying the analytical models with experimental models in this section.
This SISO-approximated admittance model (Yconv) is obtained from the input admittance
matrix, Yconv in (8) as [13]

Yconv = 0.5([Yconv(1, 1) + Yconv(2, 2)] + j[Yconv(2, 1)− Yconv(1, 2)]) (12)

To obtain the input admittance from the experimental setup, a voltage perturbation
is made from the Regatron Grid Simulator at various frequencies. For each perturbation,
the resulting perturbation dq-component currents from the converter system are measured,
and the input admittance matrix is extracted using DFT calculations. From the admittance
matrix, the SISO-approximated admittance model as in (12) is extracted for comparison
with the corresponding analytical model. As the results in Figure 8 indicate, the analytical
and experimental models show a good match confirming the validity of the analytical
model in (8). It is important to note that this SISO-approximated admittance model is used
only for the purpose of this verification for simplicity and is not applied in the analysis
that came before this section or the ones that follow.
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Figure 8. Input admittance for the analytical model (blue) and experiment (red); parameters: Tsamp =
Tcont = 0.2 ms, bandwidth of the power controllers 3 Hz, power-measurement filter 30 Hz, current
controller 300 Hz, voltage feedforward filter 30 Hz, and Rv = Rf, Lv = Lf.

5.2. Resonance Instability Study

The impact of control parameters on the passivity of a converter system and as a result
on the stability of an interconnected converter-grid system will be verified experimentally
in this section. For this purpose, a simplified connecting grid consisting of only passive
components as in Figure 6 is considered so that any resonance-interaction phenomena can
be attributed to the non-passive characteristics of the converter system. With a demon-
stration of low-frequency resonance instability included in the simulation section, the
phenomenon of resonance instability at a higher frequency is shown here. Hence, the
parameters for the connecting grid are tuned to obtain instead a grid resonance close to
250 Hz as shown in Figure 9a.

The risk for instability can be predicted from observation of the passivity index, λmin
as described in the previous section, see Figures 4 and 5. It has been shown that the
presence of a current controller presents a significant non-passive region at high frequency,
presenting a higher risk for resonance instability. To verify this, the impact of increasing
the current controller bandwidth in the grid-forming control strategy is investigated and
the results are shown in Figure 9b.

As can be observed from the active power plot, a change in the current controller
bandwidth results in resonance instability. This is attributed to the non-passive behavior
presented by the converter system as well as the closeness of this non-passive behavior to
the grid resonance. To investigate this, the oscillation in the active-power output is plotted
in detail in Figure 10 (top plot) and it can be estimated that the unstable oscillation is close
to 400 Hz. For this resonance instability to happen, a non-passive property must exist
around this oscillation frequency as the current-controller bandwidth changes. Hence, the
passivity index is plotted for two values of the current-controller bandwidth in Figure 10
(bottom plot).

As can be seen clearly, the increase in the bandwidth of the current controller results
in a non-passive region for frequency intervals 330–620 Hz and above 750 Hz. With a non-
passive property in the converter system in a given frequency interval, the overall stability
of the connected system is dependent on the availability of enough positive damping from
the grid subsystem. To demonstrate the risk of instability that comes with the existence of
a non-passive property of the converter system, a grid with resonance around 250 Hz is
considered as shown in Figure 9a. This means that the grid system will have the smallest
damping contribution to the interconnected system at the resonance pick even though
the converter system is passive at this particular frequency. As the resonance peak is not
sharp and, as a result, the minimal damping contribution from the grid is extended well
above 250 Hz into the active region of the converter system in the interval 330–620 Hz. This
causes the instability to fall in the region of 400 Hz as indicated in Figure 10.



Energies 2021, 14, 6036 9 of 14

(a) (b)

Figure 9. (a) Frequency response of the connection-grid impedance, Zgrid; (b) active-power output of the converter with a
resonance grid connection and Rv = Rf, Lv = Lf during a change in the current-controller bandwidth, αcc.
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Figure 10. Top: oscillation in active-power output of the converter with a resonance grid connection
during a change in the current-controller bandwidth; bottom: frequency response of the passiv-
ity index λmin; the bandwidth of the current controller is chosen at 6 pu (blue curve) and 15 pu
(red curve).

6. Passivity Improvement through Tuning of Virtual-Impedance Parameters

It has been shown that the presence of a non-passive region in the converter system
impacts the overall stability of the system analytically and through simulation and ex-
perimental tests in previous sections. As a result, increasing the passivity of one of the
subsystems is paramount in ensuring the stability of the interconnected system. Hence, this
section focuses on achieving this purpose through tuning of virtual-impedance parameters.
It has been shown that non-passive properties of the converter system are mainly attributed
to the current controller with the converter delays in the high-frequency range and to the
power controllers in the low-frequency range. On the other hand, the impact of the virtual
impedance is visible both in the low- and high-frequency intervals. In this section, the
choice of the virtual impedance parameters to improve passivity is discussed, where sim-
plification of the input admittance is made as required. For this purpose, without loss of
generality, the active- and reactive-power controllers are chosen such that the matrix, G

′
PQ

in (11) is symmetric, i.e., GQc = GPcEg ⇒ αPc = αQc based on the basic structure in Table 1.
This results in the input-admittance matrix in (10) to be symmetric and an equivalent
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complex SISO input admittance, Yconv to be derived as

Yconv = [Hd(Gcc − jω1Lf) + sLf + Rf + jω1Lf + . . .

jHdGccHfmGQcEg/Zv]
−1[HdGcc/Zv + 1− HdHff]

(13)

where Zv is the complex virtual impedance and for a restive-inductive impedance is given
by Zv = Rv + sLv + jω1Lv. Hence, the passivity index (λmin) can be obtained from the real
value of the input admittance as λmin = Re(Yconv(jω)).

6.1. Low-Frequency Passivity Enhancement

Neglecting the impact of the converter delays in the low-frequency range (i.e., Hd = 1),
further simplification of the input-admittance model in (13) can be obtained as

Yconv,LF = [Zv
(
1 + (sLf + Rf)

/
Gcc
)
+ jHfmGQcEg]−1[1 + Zv(1− Hff)

/
Gcc
]

= [Z
′
conv,LF]

−1 + [Z
′′
conv,LF]

−1
(14)

where the input admittance is expressed as a parallel connection of two input impedances,
Z
′
conv,LF and Z

′′
conv,LF, given by

Z
′
conv,LF = Zv

(
1 + (sLf + Rf)

/
Gcc
)
+ jHfmGQcEg

Z
′′
conv,LF = (Gcc + sLf + Rf)

/
(1− Hff) + jGccHfmGQcEg

/
[Zv(1− Hff)]

(15)

Hence, passivity enhancement can be achieved by increasing the real part of the two
input impedances. Using the control setting in Table 1, the passivity indexes for the two
input impedances, λ

′
Zmin,LF and λ

′′
Zmin,LF are expressed as

λ
′
Zmin,LF = Re

(
Z
′
conv,LF

)
s=jω

=

[
Rv −

Lv

αcc
ω(ω + ω1)

]
︸ ︷︷ ︸

exp−1

+

[
α2

fm
αQcω1Lf

ω
(
ω2 + α2

fm

) ]︸ ︷︷ ︸
exp−2

(16)

λ
′′
min,LF = Re

(
Z
′′
conv,LF

)
s=jω
αff≈αfm

=

[
−αccαfmαQcω1L2

f
Rvω3

(
Rf
/

Lf + ω(ω + ω1)(Lv/Rv)
)

1 + (ω + ω1)2(Lv/Rv)
2

]
︸ ︷︷ ︸

exp−1

+. . .

[
Rf + Lf(αcc + αfm)− αccαfmRf

ω2

]
︸ ︷︷ ︸

exp−2

(17)

To obtain a methodology for providing a positive contribution from the selection of
the virtual-impedance parameters, the frequency characteristic of λ

′
Zmin,LF and λ

′′
Zmin,LF are

studied in Figures 11 and 12. The frequency characteristics are also plotted considering the
first terms only in (16) and (17) where the impact of virtual-impedance parameters exists in
the expressions.
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Figure 11. Frequency characteristic of λ
′
Zmin,LF (left) and λ

′′
Zmin,LF (right) with Lv = 0.2 pu and

Rv = 0.02 pu (blue), Rv = 0.06 pu (green), and Rv = 0.10 pu (red); solid curves represent the case of
considering only the virtual-impedance dependent term (exp-1) from Z

′
conv,LF and Z

′′
conv,LF.

Figure 12. Frequency characteristic of λ
′
Zmin,LF (left) and λ

′′
Zmin,LF (right) with Rv = 0.02 pu and

Lv = 0.2 pu (blue), Lv = 0.4 pu (green), and Lv = 0.6 pu (red); solid curves represent the case of
considering only the virtual-impedance dependent term (exp-1) from Z

′
conv,LF and Z

′′
conv,LF.

As the results indicate, the virtual-impedance dependent term, exp-1 in (16), has an
impact on the frequency intervals above 25 Hz whereas the second term, exp-2 in (16), has
an impact below 25 Hz in the case of λ

′
Zmin,LF. On the other hand, the virtual-impedance

dependent term, exp-1 in (17), has an impact on frequency intervals below 25 Hz and
the second term, exp-2 in (17), has an impact above 25 Hz in the case of λ

′′
Zmin,LF. This

indicates that for a majority of the frequency interval above 25 Hz, the term containing
the virtual-impedance parameters in the expression of λ

′
Zmin,LF in (16) can be an effective

term for passivity enhancement. Hence, the corresponding admittance for this purpose
containing only the virtual-impedance dependent term, exp-1 in (16) is given by

Y
′
conv,LF =

[
Zv
(
1 + (sLf + Rf)

/
Gcc
)
+ jHfmGQcEg

]−1

≈
[
Zv
(
1 + (sLf + Rf)

/
Gcc
)]−1

(18)

where the corresponding passivity index, λ
′
min,LF is given by

λ
′
min,LF = Re

(
Y
′
conv,LF

)
s=jω

≈ Rv − Lv(ω + ω1)ω/αcc

(Rv − Lv(ω + ω1)ω/αcc)
2 + (Lv(ω + ω1))

2 (19)

Passivity enhancement can be achieved by making the passivity index, λ
′
min,LF as

high as possible with the choice of the virtual-impedance parameters. This is obtained
through an increase in the value of the virtual resistance and inductance as indicated in
Figures 13 and 14. It can be observed that an increase in Rv increases the passivity index
and decrease the non-passive frequency interval. The impact of Lv on the other hand is
to increase the magnitude of the passivity index without affecting the non-passive region
significantly. Thus, the virtual resistance is the most significant parameter to enhance
passivity in the low-frequency range. Note that the virtual-impedance parameters should
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fulfill that the bandwidth of the reference-current estimation in (4) is significantly lower
than the current-controller bandwidth. i.e.,

Rv/Lv � αcc (20)

Figure 13. Frequency characteristic of λ
′
min,LF (left) and λmin (right) with Lv = 0.2 pu and

Rv = 0.02 pu (blue), Rv = 0.06 pu (green), and Rv = 0.10 pu (red).

Figure 14. Frequency characteristic of λ
′
min,LF (left) and λmin (right) with Rv = 0.02 pu and

Lv = 0.2 pu (blue), Lv = 0.4 pu (green), and Lv = 0.6 pu (red).

It is shown that the findings above are in agreement with the analysis made in the
previous section in Figure 4c, where the passivity has improved when increasing Rv and
Lv by 50%. The improvement in passivity with this choice is also verified through the
simulation demonstration in Figure 7b. The results so far and the conclusion on passivity
enhancement through selection of the virtual-impedance parameters have been shown
for an active- and reactive-power controller. To show that the results still hold for an
active-power and an ac-voltage controller, the impact of virtual-impedance parameters on
passivity is shown in Figure 15. As indicated, a similar trend in the passivity is observed.

Figure 15. Left: Frequency characteristic of λmin with active-power and ac-voltage controller for
Lv = 0.2 pu and Rv = 0.02 pu (blue), Rv = 0.06 pu (green), and Rv = 0.10 pu (red); Right: Frequency
characteristic of λmin with active-power and ac-voltage controller for Rv = 0.02 pu and Lv = 0.2 pu
(blue), Lv = 0.4 pu (green), and Lv = 0.6 pu (red).
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6.2. Medium- and High-Frequency Passivity Enhancement
For the case of the medium- and high-frequency intervals, neglecting the impact of

the power or voltage controllers (i.e., GPc = GQc = 0), the input admittance matrix in (13)
can be simplified to

Yconv,HF =
[HdGcc + Zv(1− HdHff)]

Zv(HdGcc + sLf + Rf + jω1Lf(1− Hd))
= [Z

′
conv,HF]

−1 + [Z
′′
conv,HF]

−1 (21)

where the input admittance is expressed as a parallel connection of two input impdances,
Z
′
conv,HF and Z

′′
conv,HF, given by

Z
′
conv,HF = Zv

[
1 + (sLf + Rf + jω1Lf(1− Hd))

/
(HdGcc)

]
Z
′′
conv,HF = (HdGcc + sLf + Rf + jω1Lf(1− Hd))

/
(1− HdHff)

(22)

Hence, passivity enhancement can be achieved by increasing the real part of the first
input impedance, Z

′
conv,HF which is dependent on Zv. Using the fact that Rf � ωLf for

medium and high frequency, this passivity index (λ
′
Zmin,HF) is expressed as

λ
′
min,HF = Re

(
Z
′
conv,HF(jω)

)
=

Rv

αcc

[
αcc − (ω + ω1) sin(ωTdelay)

]
+ . . .

Lv(ω + ω1)

αcc

[
ω1 − (ω + ω1) cos(ωTdelay)

]
(23)

where Tdelay represents the total equivalent converter delay. Using (23), the parameters
of the virtual impedance can be tuned to maximize the term λ

′
min,HF in the medium- and

high-frequency range. However, due to the continuous change of the magnitude and
sign of sin(ωTdelay) and cos(ωTdelay) depending on the frequency, the parameters Rv
and Lv should be selected carefully to shape the passivity of the input admittance. In
addition, it is important to note that the selection of parameters to enhance passivity at
these frequency intervals can have a worsening impact at low-frequency and that should
always be considered.

7. Conclusions

The impact of operating point and control loops of a grid-forming control strategy on
the passivity behavior of converter systems in the low- and high-frequency range has been
investigated in this paper. It has been shown that the impact of steady-state active and
reactive power is negligible on the passivity of the input admittance. It has been revealed
that a higher bandwidth of the power control loops decreases the passivity property by
increasing the non-passive region of the input admittance in the low-frequency range. In
the high-frequency range, the current controller and the converter delays have a significant
impact on passivity. on the other hand, it has been shown that the virtual impedance has an
impact on the passivity of the converter system both at low- and high-frequency intervals.
By obtaining simplified input-admittance expressions at various frequency intervals, it has
been shown how passivity can be improved through tuning of virtual impedance without
compromising control bandwidth. Finally, the findings are verified both through detailed
time-domain simulations and experimental tests.
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