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Abstract—Grid-forming converters (GFM) are a key enabling
solution for the large-scale integration of renewable energy
sources in a power-electronics-based grid. However, the complex
dynamics introduced by their closed-loop nested controls requires
the application of adequate modeling for reliable small-signal
stability assessment. In this paper, the stability properties of
the Type-Z and Type-Y representations of a virtual-admittance
(VA) GFM control scheme are evaluated. The Bode plots of
the terminal impedance and admittance of the system are
evaluated and compared for different configurations of controller
parameters. Preliminary numerical results suggest that the VA
GFM control scheme may call for a natural type-Y representation
instead of the commonly used Type-Z representation.

Keywords—grid-connected converters, grid-forming control,
small-signal model, stability analysis

I. INTRODUCTION

Inverter-based resources (IBRs) such as wind turbines, solar
panels, and stationary storage require power electronic con-
verters to provide interface to the grid at various voltage levels
[1]-[4]. As traditional synchronous generators are phased out
and replaced by IBRs, the power system is gradually shift-
ing toward a power-electronics-based grid [5]. Grid-following
(GFL) converters use a phased-locked loop (PLL) to align
with grid voltage and frequency, making them ideal for the
integration of energy sources and electronic loads in strong
power grids [6], [7]. Nevertheless, they lack the capability to
operate in island mode and reportedly suffer from stability is-
sues under weak grid conditions [8]. Conversely, grid-forming
converters (GFM) can flexibly o p eratein gr id-connected or
islanded mode as they generate their own local voltage and
frequency references [9]. Therefore, they are a key enabling
solution for the creation of stable microgrids and the assurance
of an uninterrupted power supply, even in the absence of
a conventional grid [10]. Furthermore, they can naturally
achieve ancillary services including inertia provision and fre-
quency regulation [11]. For these reasons, GFM converters are
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becoming attractive for large-scale integration of renewable
energy, ensuring that the future power-electronics-dominated
grid remains stable as a greater number of traditional power
plants are phased out.

Closed-loop converter controls introduce complex dynamics
over a wide range of frequencies, which can lead to instability
issues when the converter interacts with the grid [12]. Two ma-
jor approaches to small-signal stability analysis have emerged:
state-space analysis and transfer-function-based analysis [13].
State-space analysis requires the derivation of the system
differential equations, based on which modal analysis and
eigenvalues placement in the complex plane can be evalu-
ated. This approach allows for thorough sensitiviy analysis
based on the study of participation factors [14]. However,
it lacks scalability since the nested control loops and power
circuit results in a high-order dynamic system. On the other
hand, transfer-function-based analysis requires the character-
ization of the system as reference-to-output and disturbance-
to-output transfer functions. In particular, the disturbance-to-
output transfer function defines the impedance or admittance
model of the grid-tied converter as seen from its point of
interconnection (POI) to the grid [15]. Then, the dynamics
of the converter-grid interaction at the POI is characterized as
a feedback loop comprising the converter and grid terminal
impedances or admittances, to which the Generalized Nyquist
Criterion (GNC) is then applied for stability evaluation [16].
Impedance-based interaction modeling is easily scalable to
larger systems and can also be applied to black-box systems
using data collected from frequency-scan methods.

For the analysis of larger interconnected systems with a
generic number N, of GFL and GFM converters, impedance-
based modeling can be integrated with the frequency-domain
component-connection method (CCM) [17]. Based on this
approach, the connecting network is modeled as a passive N.-
port circuit, while each of N, converter-based RES is mod-
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eled with a Thevenin or Norton equivalent model. Thevenin
and Norton modeling are referred to as Z-type and Y-type
representations, because they explicitely include the system
terminal impedance and admittance, respectively.

Unlike Thevenin and Norton sources found in linear circuit
theory, the Type Z and Type Y representations of grid-tied
converters are not interchangeable [18]. On one hand, the
terminal impedance of a grid-tied converter represents the
transfer function between the terminal voltage and current,
which are specifically seen by the controller as response and
disturbance variables, respectively. Even if stable, this function
may comprise right-half plane zeros (RHZ). Hence, its inverse
may be unstable. Conversely, the terminal admittance of the
converter represents the dynamic current response under a
voltage disturbance. Even if this admittance is stable, it may
be non-minimum phase and have an unstable inverse [19].

It is commonly accepted that GFL converters behave as
Type-Y systems, i.e., they can be represented by a Norton
equivalent in which the short-circuit current source and output
admittance are guaranteed to be stable if the system operates
stably under a stiff grid [20]. On the other hand, GFM convert-
ers are generally recognized to behave as Type-Z systems due
to their inherent voltage-source behavior. While this belief is
generally proven for single-loop GFM schemes, it deems for
deeper investigation in case of double-loop GFM schemes.

This paper presents a preliminary evaluation of the Type-
Z and Type-Y representation of a dual-loop GFM control
scheme. The Bode plots of the terminal impedance and admit-
tance of the system are evaluated and compared for different
configurations of the controller parameters. The preliminary
results suggest the need for futher research on the relationship
between GFM controller structures and Type-Z or Type-Y
equivalent representations.

II. CLASSIFICATION OF GFM SCHEMES

The typical configuration of a grid-connected converter is
depicted in Fig. 1. The converter is connected to the grid at
the POI through an LCL filter, where L is the converter-side
inductance, C/ the filter capacitance, L is the sum of the grid-
side filter inductance and grid inductance, and R, is the grid
resistance. For simplicity, a stiff voltage source on the DC link
is considered and can represent any renewable source that is
interfaced to the DC link through another switching converter.
The converter- and grid-side currents and the capacitor voltage
are typically measured for control and monitoring purposes.
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Fig. 1. Grid-connected converter system.

Broadly speaking, GFM control schemes can be classified
into two categories: single-loop (SL-GFM) control and dual-
loop (DL-GFM) control. A typical single-loop control is
shown in Fig. 2. The Power Synchronization Control (PSC)
regulator is responsible for the generation of the grid synchro-
nization angle Jpgc as:

Ypsc = Rpsc(s)(P* — Py) (D

where P* and P; are the reference and filtered active power
signals, and Rpgc(s) is typically chosen as a droop controller,
a PI regulator, a Virtual-Synchronous-Generator equivalent
controller, or a lead-lag transfer function. The Reactive Power
Contorl (RPC) is responsible for the generation of the internal
voltage magnitude £

E = Rppc(s)(Q" = Qr) @)

where Q" and )¢ are the reference and filtered active power
signals, and Rrpc(s) is typically chosen as a droop controller
or PI regulator. As their name suggests, single-loop controls
are characterized by the presence of only outer control loops,
i.e., they lack an inner closed-loop current control. Therefore,
the internal voltage vector E is directly used for voltage
modulation at the converter AC side. As a slight modification,
a virtual impedance block Z,(s) can be included in the
derivation of the modulating voltage waveform. Despite a
number of benefits, such as ease of implementation, inherent
voltage-source behavior, and good stability properties with
strong grid, SL-GFM controls suffer from voltage harmonic
issues and lack of inverter current limitation.

In DL-GFM controls, the internal voltage vector E is
further processed by higher-bandwidth inner control loops,
which typically comprise grid-side current vector control. The
conventional DL-GFM control, shown in Fig. 3(a), has POI
voltage control (VC) loop:

i = Gye(s)(E —vg) 3)

which is followed by an inner converter current control (CC)
loop with grid voltage decoupling:

v = Gcc(s)(ic*

—ic) + Vg “)

PSC
+
RPC

S

Fig. 2. Typical single-loop GFM control.
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Fig. 3. Dual-loop GFM controls: (a) conventional voltage control scheme;
(b) virtual impedance scheme; (c) virtual-admittance scheme.

Both controllers are typically implemented by PI regulators.
As an alternative, the virtual-impedance (VI) and virtual-
admittance (VA) dual-loop controls are shown in Fig. 3(b)-(c),
respectively. In the VI DL-GFM scheme, the grid-side current
is fed back to the VI block to obtain the grid-side voltage
reference:

vg" =

E — (Ry + sLu)ig 5)

where R, and L, are virtual resistance and inductance. In the
VA DL-GFM scheme, the POI voltage is fed back to the VA

block to obtain the converter-side current reference:
*= (R, +5sL,) " (E —vy) (6)

Despite a more complex structure and need for multiple
parameter tuning, DL-GFM controls are widely employed due
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Fig. 4. Equivalent model of the converter-grid interaction at the POI: (a) Z+Z
system, (b) Y+Z system.

to their capability to limit harmful overcurrents and damp
potential resonances of the grid filter.

III. TYPE-Z AND TYPE-Y REPRESENTATIONS

In impedance-based stability analysis, the converter-grid
coupling dynamics are studied considering the interaction
of the two subsystems at the POIL In principle, a Type-Z
(Thevenin-equivalent) or Type-Y (Norton-equivalent) repre-
sentation is possible for both the grid and converter subsys-
tems. If the upstream grid at the POI behaves as a passive
system described by a stiff voltage source in series with
R-L impedance, the interchangeable nature of Type-Z and
Type-Y representations is valid [18]. Generally, a Type-Z
representation is used for the grid as it is more intuitive.
Conversely, the converter is not a passive system in all fre-
quency ranges and may show a non-minimum phase behavior.
A specific representation should be selected based on the
actual stability properties of converter terminal admittance or
impedance, which in turn depends on the closed-loop converter
control. Two possibilities therefore arise in the study of the
simple converter-grid interconnected system, which are shown
in Fig. 4 and typically referred to as Y + 7 system and Z + Z
system.

In the Y + Z system representation, the converter behaves
as a stable current source #.¢ when connected to a stiff
grid. In addition, it has a stable terminal admittance, i.e., Y,



has no RHP. The grid voltage dynamics at the POI can be
conveniently expressed as:

vg = (I+ Zch)_lzgiﬁc + I+ Zch)_l'UgO (M

With the reasonable assumption that the no-load grid voltage
vy and converter short-circuit current ¢5¢ are stable, the
stability of the interconnected system can be assessed by
direct application of the GNC to the minor-loop-gain (MLG)
I'=2,Y.:

N¢_1,0{T'} = RHZ{I 4+ T'} ~RHP{T'} = RHZ{I + T’} (8)

where the last equality holds since no RHP are found in
Y.. Therefore, for a Y 4 Z system, any encirclement around
the critical point (—1,0) of the MLG Nyquist plot directly
indicates the presence of RHP in the interconnected system.

In the Z+ 7 system, the converter behaves as voltage source
V.0 When unloaded and has a stable terminal impedance, i.e.,
Z . has no RHP. The stability of the interconnected system can
still be assessed by application of the GNC to the minor-loop
gain Z,Y,:

N(_1.0{T'} = RHZ{I 4 T'} — RHP{T'} 9)

However, careful counting of critical-point encirclements
needs preliminary evaluation of RHP in the MLG by inspec-
tion of Bode plots of T', since Z, may be non-minimum phase
with RHZ. Alternatively, the POI voltage dynamics can be
conveniently reformulated as:

Vg =2Zg(Zg+Ze) o+ Ze(Zg+ Ze) L vgo  (10)
With the reasonable assumption that the no-load converter
voltage v, is stable, potential closed-loop RHP are given by
RHZ in the impedance sum Ziot = Z4 + Z., which can
be evaluated by direct application of the Cauchy’s Argument
Principle (CAP) to the eigenvalues of the impedance sum:

N0,0){Ztot} = RHZ{Zo1} — RHP{Ziot} = RHZ{Z 01 }
(1D
This approach is more attractive because no preliminary Bode
analysis is needed.

It is therefore clear that the equivalent representation of the
converter critically affects the applicability and outcomes of
impedance-based stability methods. As mentioned above, one
should choose the Type-Y or Type-Z representation depending
on whether the converter behaves as a stable current source
under stiff-grid condition or as a stable voltage source under
no-load condition. The Type-Y representation has been proven
in the literature to be the right choice for the stability analysis
of grid-tied GFL converters. On the other hand, SL-GFM
schemes are generally accepted to behave as Type-Z systems
because of their inherent voltage-behind-impedance behavior.
In the next section, the stability properties of Type-Z and
Type-Y representations of a VA DL-GFM control scheme are
evaluated.

TABLE I
SYSTEM PARAMETERS

Description Value

Rated power 1.5 MW

Rated frequency 50 Hz
Grid voltage 690 Vrms

DC voltage 1200 V

Filter inductance 0.5 mH

DC capacitance 20 mF

PSC droop 2.5 %

RPC droop 2.5 %
Nominal virtual inductance 0.44 p.u.
Nominal virtual resistance 0.22 p.u.
Current control bandwidth 200 Hz

Sampling frequency 2 kHz

IV. CASE STUDY

In order to build a case study, a Type-3 wind generation
system with VA DL-GFM control is considered. The system
parameters are reported in Tab. I, while further details about
the controller structure can be found in [21]. The control
parameters are tuned to give stable operation when the system
is connected to a rigid grid, i.e., with no perturbation of the
POI voltage.

A. Time-domain simulation results

A simulation model of the VA DL-GFM Type-3 wind
system is developed in MATLAB/Simulink to evaluate the
system performance with a strong and weak grid. The results
are shown in Fig. 5.

At the beginning of the simulation the grid connection
is very strong with an SCR of 100, and the active power
generation is increased to 1 p.u. The dynamic response of
the system is stable and properly damped, and the rated active
power generation is reached in about 0.5 seconds. Then, the
SCR at the POI is decreased to 2, i.e., a weak-grid condition
is simulated. As clear from the time-domain waveforms, an
unstable interaction with the weak grid is triggered. The
frequency of unstable oscillations is found to be around 260
Hz in the synchronous reference frame, which corresponds to
frequencies of 310 Hz and 210 Hz in the stationary phase
domain.

B. Generalized Nyquist Criterion with Y + Z model

In the Y + Z representation of the interconnected system,
the GFM Type-3 generator is modeled as a Type-Y subsystem.
The Bode diagrams of the d-q components of the Norton’s
short-circuit current 7S¢ are shown in Fig. 6. It can be seen
from the frequency plots that the current source has three pairs
of conjugate poles at frequencies of around 3 Hz, 50 Hz, and
250 Hz. All poles are located in the left-half plane, i.e., they
are stable, as clear from the minimum-phase behavior of the
phase diagrams. This agrees with the fact that the converter
has a stable operation under stiff grid.
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Fig. 5. Simulation results

The Bode diagrams of the system MLG I' are shown in Fig.
7. The MLG does not show any RHP, since all the positive
peaks in the Bode diagrams are associated to negative phase
jumps, which manifest positive damping of the associated
poles. However, RHZ are visible in the frequency response,
specifically at very low frequency (around 1 Hz) and at 250
Hz. This means that Y, is stable but non-minimum phase.

The Y + Z system stability is evaluated through the GNC
for the two grid conditions considered in the time-domain
simulations: strong grid with SCR of 100 and weak grid with
SCR of 2. The GNC for the two cases is shown in Fig. 8 As
clear from the figure, the MLG Nyquist contour is far from the
critical point (—1, 0) with SCR of 100. Since no encirclements
are present and the Type-Y converter representation is stable,
no RHP are expected in the interconnected system. With a very
weak grid and SCR of 2, two encirclements appear which are
directly related to a pair of RHP for the interconnected system.
Unstable oscillations are therefore predicted to manifest if
the grid SCR at the POI drops to 2, as indeed observed
in the time-domain simulation results. The GNC applied to
the Y + Z system representation allows for a straightforward
interpretation of encirclements in the Nyquist contours as
indicating RHP, which is a clear advantage and a desirable
feature.

C. Impedance-sum criterion with Z + Z model

In the Z + Z representation of the interconnected system,
the GFM Type-3 generator is modeled as a Type-Z subsystem.
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Fig. 8. Nyquist plot of the Y + Z system minor loop gain.

The Bode diagrams of the d-q components of the Thevenin
no-load voltage v.o are shown in Fig. 9. A pair of RHP at a
frequency of around 250 Hz is visible in the no-load voltage.
Therefore, the Type-Z representation of the VA DL-GFM
system fails to meet the primary condition of the impedance-
based stability assessment, specifically that the equivalent
sources of the converter and grid must be stable. The frequency
response of the impedance sum obtained from the Z + Z
representation is shown in Fig. 10. It is clear from the Bode
plots of the impedance sum that there is a real RHP at very
low frequency (around 1 Hz) and a pair of conjugate RHP
at 260 Hz. This is due to the presence of RHP in Z. that
originate from the RHZ observed in Y.

The application of the CAP to the impedance sum as
stability assessment method is shown in Fig. 11 for the strong
and weak grid condition. For the case SCR of 100, the
presence of encirclements around the origin may be wrongly
interpreted as closed-loop RHP in the interconnected system.
However, careful inspection reveals three counter-clockwise
encirclements, which compensate for the three RHP of Z;..
revealed by the Bode plots, thereby ensuring stability of the
system under strong grid conditions. For SCR of 2, only
one counter-clockwise encirclement is seen in the Nyquist
diagram, hence two RHP are still present in the interconnected
system. These outcomes agree with the GNC of the Y + Z
representation and time-domain simulation results. However,
two main issues must be pointed out. Firstly, the application of
the CAP lacks full justification because the no-load Thevenin
voltage source is unstable. Secondly, a preliminary analysis
of Bode plots is essential for correctly interpreting Nyquist
contours due to the presence of RHP in Z.. This indicates
that Type-Z modeling might not be the ideal representation
for the VA DL-GFM system. Instead, Type-Y representation
seems to simplify the application of the GNC to the system
MLG in that it has full justification and also allows for an
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Fig. 11. Nyquist plot of the Z 4+ Z impedance sum.

easier evaluation of the Nyquist contours.

V. CONCLUSIONS

This paper has presented a preliminary evaluation of the
properties of the Type-Z and Type-Y representations of a
virtual-admittance GFM control scheme for the application
of small-signal stability analysis methods. The Bode plots of
the terminal impedance and admittance of the system have
been evaluated and compared for different conditions of the
grid at the point of interface. The initial findings indicate
that the VA DL-GFM control scheme may favor a natural
type-Y representation, differing from the usual and commonly
accepted type-Z representation of GFM converters.
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