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Abstract—As distributed generation increases, it is
essential to study its impact on the grid dynamics. This
paper focuses on understanding the influence of the
emergent technology of Grid-Forming converters on
the electromechanical oscillations of the power system.
Interactions among synchronous generators and grid-
forming converters are analyzed thanks to simplified
models. These highlight the similarities of both sources,
and thus, explain the participation of the converter in
the oscillation. They also revealed the differences that
justify the damping effect of Grid-Forming converter.
This conclusion, obtained with simplified models, is
validated with a small-signal stability analysis of a
detailed model in the dqO0-frame.

Index Terms—Power System, Electromechanical Os-
cillations, Grid-Forming Converters

I. INTRODUCTION

As naturally as a pendulum, the inertia of the syn-
chronous generators (SG) in a power system leads to os-
cillations among them [1]. However, this analogy must be
taken lightly as synchronous machines are much more com-
plicated devices than pendulums. The oscillation depends
on various parameters such as grid topology, synchronous
generator parameters, control, and operating point, and
line loading, among others. So, the instability of such
oscillations originates from a coincidence and combination
of adverse circumstances as explained in the ENTSO-E
incident reports of inter-area oscillations of February 2017
[2] , December 2016 [3], and February 2011 [4].

In the latter, it is concluded that dispersed generation
does not influence negatively the power system oscil-
lations. Indeed, per-definition, Grid-following converters
track the frequency of the grid, hence they cannot partici-
pate in low-frequency modes. However, the penetration of
such generation has an indirect impact because it modifies
the grid operating point and it replaces synchronous gener-
ators. This causes a loss of inertia that lead to an increase
of oscillation frequency [5]. However the modification of
the operating conditions [6] or the redefinition of the areas
[7] challenge this tendency.

Although the previous analysis is true for Grid-
Following converters, it is inaccurate for other types of

converters, such as Grid-Forming (GFM), also called Vir-
tual Synchronous Machine. Indeed, they are designed to
behave like the synchronous generator swing equation, so
they inherently participate in the electromechanical modes
of the power system. Nevertheless, their impact on the low-
frequency oscillations is still unclear in the literature. Only
a few studies actually investigate the influence of grid-
forming converter on those modes. In these studies, neither
a consensus nor a theoretical explanation on the impact of
grid-forming converter can be found. While [8] showed that
it improves the damping of the electromechanical modes,
according to [9] this effect is not observed for inter-area
oscillations. In [10], it depends on the quasi-static model
that feed the current loop. Finally, [11] claims that an
analysis of the participation factors is needed to determine
whether the impact will be beneficial or detrimental.

This paper aims to analyze theoretically the electrome-
chanical interactions between GFM and SG thanks to sim-
plified models. This paper aims to analyze theoretically the
electromechanical interactions between GFM and SG. A
simplified second order model of the synchronous machine
is used in this paper. Even if it is well known that this
model is not extremely accurate, it is very usefull to have
a physical insight of the interaction phenomena. Com-
parisons with more detailed models of the synchronous
machine will be given in order to validate the accuracy of
the proposed methodology.

Section II presents the model used for the study. Then,
section IIT investigates the oscillation on a two-generator
system in order to understand the impact of Grid-Forming
converters. Conclusions drawn are verified on a multi-
machine system in section IV. Finally, part V gives the
final remarks.

II. METHODOLOGY AND MODELING
A. Small-signal stability analysis

To study electromechanical modes of power system, a
small-signal analysis is usually performed. A quick re-
minder of this method is provided in this part.

The first step is to determine the set of differential-
algebraic equations associated with all elements. The sys-



tem can be expressed as (1)-(3) where z is the vector of
state variable, z the vector of algebraic variables, v and y
respectively correspond to inputs and outputs.

dx

E :f(I,Z,U) (1)
Ozg(.l',Z,U) (2)
y=h(z,zu) (3)

Then, these equations are linearized around the op-
erating point to establish the state-space model (4),(5).
It is obtained by, first applying the jacobian operator,
and then, by isolating Ax and Ay. This methodology
is recommended in [12] for small-signal rotor stability
studies.

At = AAz + BAu (4)
Ay = CAz + DAu (5)
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Finally, the stability is analyzed through the eigenval-
ues of the state-matrix A. Each eigenvalue represents a
dynamic of the system and it is stable if its real part is
negative. Moreover, the more negative the real part is, the
faster the dynamic.

The main principles of the small-signal analysis have
been presented, chapter 12 of [13] provides more details
on the subject.

B. Model of synchronous generator

As a referenced model, the detailed eighth order model
of a 900 MW round rotor synchronous machine is used.
It is equipped with transformer, static excitation system
ST1C, PSS1A [14], and governor IEESGO [15] as showed
in Fig.1. Equations, models and parameters for these
systems are available in [16] or [13]. However, in this work,
the nominal frequency is 50 Hz.

As the nature of SG and converters are quite different,
analyzing the interactions between them is not straight
forward. This is why, simplified models of are employed
in this work. For generators, the classical model is em-
ployed as in [17]. It is a constant voltage source behind
impedance (Fig.2) whose angle is driven by the swing
equation (Fig.3).

This model is interesting because it highlights the sec-
ond order dynamics of the generator and thus it enables
simple theoretical analysis. Moreover, with the right set of
parameters, the results obtained for low-frequency dynam-
ics are satisfactory as showed by [18] where parameters are
estimated from phasor measurements.
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Fig. 1. Detailed model of synchronous generator

Fig. 2. Quasi-static model of synchronous generator
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Fig. 3. Simplified model of synchronous generator

C. Model of grid-forming converter

The referenced model of the converter is depicted in
Fig.4. For the equations, the VSC with constant DC bus
is represented by an average model. The power control
is realized through the angle as represented in Fig.6.
Reference voltage amplitudes v}, vy are respectively 1, 0
and are adapted by the transient virtual resistance [19].
The parameters of the converter are given in table I.

The classical model of the generator is established under
strong hypothesis that includes the quasi-static model of
the grid and the disregard of fast dynamics. By applying
these to the grid-forming, the same type of simplified
model can be determined : a constant voltage source
behind an impedance (Fig.2) whose angle is driven by the
power control (Fig.3).

Note that the hypotheses used to established the sim-
plified model of the converter is but an extract of all ap-
proximations necessary for the generator classical model.
Indeed, all controllers and the machine are aggregated
into the second order representation, whereas, for the
converter, only fast dynamics, such as internal control and
electromagnetic flux variations, are neglected. Moreover,
the damping coefficient is a control parameter, so it is
known. Hence, the accuracy of the simplified model of
converter is better than that of the generator.

D. Model of the grid

The reference model of the grid correspond to Kirchhof’s
laws in the dg-frame. The simplified model need to comply
with the input/output of the sources which are the power
and the angle. Therefore, the convenient representation of
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Fig. 6. Power control of grid-forming converter

TABLE 1

GFM PARAMETERS
Parameter Value
Nominal frequency (f,,) 50 Hz
Nominal power (P,) 900 MW
Connection voltage (U,,) 230 kV
Converter voltage (U,.) 20 kV
Transformer resistance (R;) 0.005 p.u
Transformer reactance (X;) 0.15 p.au
Inertia (H) 5 s
Damping coefficient (K) 333 p.au
Transient virtual resistance (R,) 0.09 p.u
Transient virtual resistance bandwidth (w,,) 60 rad/s
PLL integral constant (K;) 0.61
PLL proportional constant (¥,) 29.34

the grid corresponds to the synchronizing torque matrix. A
brief summary on its calculation is provided in this section,
for detailed explanation, please refer to appendix D of [16]
or chapter two of [20].

In the grid, where a power sources is connected, the
power (AP, = [AP; .. APk]T) depends on the angle

(Ad; = [AY, ...A(Sk]T). On other nodes, the power is

independent (AP, = [AP,, ... APn]T). For the connection
of the simplified models, AP, should be expressed as a
linear function of Ad,; and AP; as in (6).

?

Fig. 7. Two-generator test bed

APd = KSA(;d + KPSAP)i = [KS Kps] [2%] (6)

K, (7) and K, (8) are retrieved from the derivation of
power expressions (9) for both dependent and independent
power nodes. The hypothesis to have these expressions is

the standard P-9, Q-V decoupling.

opP, P, (0P,\ ' oP,
_2d_Y'd ( ) (7)

95, 36, \95,) 09
oP, (0P,
= - L I
ps aéd (85d> (8)
P, =V, Z V.Y, .cos(0;, + 6, — 0;) (9)
k=1

V,, 9, are the voltage magnitude and phase of node ¢ and
Y., 0, are the magnitude and phase of the admittance
between node i and node k.

As an example, consider the converter of Fig.2 con-
nected to a thevenin equivalent with an impedance X,,.
The power transmitted can be expressed as in (10) and the
corresponding synchronizing torque is given in (11). Re-
mark that the impedance of the power source is included
in the coupling matrix.

P — vapcc

Xy + X,

K = dP _ VmOVpCCOC
3 d6m Xt + Xth

sin(d,, — d,cc) (10)

(11)

The present section have reminded the methodology of
the small-signal stability analysis that is used in this work.
Both reference and simplified model of the elements have
been explained. Next section will analyze the impact of
grid-forming converter on the electromechanical oscillation
of a simple grid.

03(67n0 - 51)000)

III. STUDY OF THE TWO-GENERATOR SYSTEM

To investigate the electromechanical interactions be-
tween GFM and SG, the simple two-generator test-bed
of Fig.7 is used. The generators presented in section II are
connected with a line of 125 km and a load is added at the
connection point of GEN2. It is reminded that generators
are considered with their transformer. Parameters of the

line and operating point are given respectively in table II
and III.
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Fig. 8. Simplified model of the two-generator test-bed. (In black, synchronous machines parameters in both cases. In brown, parameter
values changed when GENT is replaced. In magenta, input changed when GENT1 is replaced.)
TABLE II TABLE IV
LINE PARAMETERS EIGENVALUES OF THE OSCILLATION MODE OF THE TWO-GENERATOR
TEST BED WITH TWO SGS
Parameter Value
Nominal frequency (f,,) 50 Hz _ _
Base power (P,) 100 MW Model Eigenvalues Natural Frequency = Damping
Nominal Voltage (U,,) 230 kV Detailed ~ —0.27352 4 j4.3322 0.69086 0.063012
Resistance(ry) 0.0001  p.u/fm Simplified  —0.33892 4 j4.5486 0.72595 0.074305
Inductance (z4) 0.001  p.u/km
Susceptance (b;) 0.00175 p.u/km

TABLE III
OPERATING POINT (Syqs. = 100 MW, Uy, = 230 KV)
Device Type P (pu) Q (pu) V (pu) 6(°)
LOAD PQ 12.6 0.5 1 0
GEN1 PV 6.32 246.7 1 54.0
GEN2  Swing 6.88 444.16 1 0

A. Base case: two synchronous generators

First, as a reference and validation scenario, GEN1
and GEN2 are synchronous machines with the same pa-
rameters as in section II. Fig.8 presents (in black line)
the simplified model of the whole system. The damping
coefficients have been estimated by trial and error and
fixed to K; = K, = 8 to match the response of the
reference detailed model. The coupling matrix is given in
(12).

3.965
—3.134

—3.965
3.134

—0.166

K —0.869

eplg =

(12)
S,=100MVA
The representation of Fig.8 is interesting to understand
the oscillation between the machines. The inertias swing
against each other through the grid. Furthermore, it is
possible to identify analytically the oscillation according to
the load step applied. This theoretical expression is given
in (13).
H Ky —Hy Ky
2H, H,

H Ky +Hy K, Wy (
i e, St

Awyq _
AP,

H Ky +HyKy) (13)

2
87+ °H, H,

wy(Hy Koo+ Hy K5)
2H,H,
H Ko+ Hy K,

w. =
{ 5 (14)
5 42w, H  Hy(H Ky +Hy Ky y)

For the case study, the simplified model gives sat-
isfactory results for the dominant poles of the system
including the electromechanical oscillation. It is confirmed
by the results of the small-signal stability analysis for both
detailed and simplified models that are displayed in Table
Iv.

B. Replacement with a grid-forming converter

To analyze the impact of GFM on the oscillation, GEN1
is replaced with a GFM. Parameters are the same as in
table I. The synchronous machine damping coefficient,
which needs to be evaluated case by case, has been kept
at 8 because the operating conditions have barely changed
between both scenarios.

Results displayed in Fig.9 show a loss in the accuracy of
the simplified model. It probably comes from the previous
choice not to adapt the damping coefficient of the machine.
Moreover, the solution provided by the simplified model
is still satisfactory. Indeed, the impact of the grid-forming
is the same for both models: a higher natural frequency
and a better damping. Thanks to the simplified model
established in section II, a comparison between GFM and
SG is simple and helpful to understand this observation.

First, highlighted by Fig.2 and 5, the impedance of
connection is smaller for GFM. Indeed, the latter only has
the inductance of the transformer while the machine adds
its internal transient inductance. This decrease of electrical
distance induces a higher synchronizing torque (15) that
lead to a higher natural frequency as proved by (14).

4.509
—3.540

—4.509
3.540

—0.189

K —0.852

eplg —

(15)

S,=100MVA
The second distinction is the parameters of the systems.
For GFMs, they are control parameters and can be tuned
to response as wanted. The inertia is fixed to comply
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Fig. 9. Pole maps of the two-generator system

TABLE V
DROOP DISTRIBUTION BETWEEN THE GENERATORS

Droop coef. (R)

Case | GEN1 | GEN2
1 - 2%
2 4% 4%

with system needs, it is often chosen similar as the one
of synchronous machines (H ~ 5/6 s). The damping, on
the other end, can be chosen much higher than the natural
physical damping of SGs. Hence, power system oscillations
are better damped with GFMs than with SGs.

C. Impact of droop control in the GFm

There is one more difference between SM and GFM that
can modify power system oscillation when a substitution
is done. The fast power response of converter compared to
mechanical power response of a turbine. So, when a droop
is applied with a converter, another loop of damping is
created as showed in magenta in Fig.8. For a synchronous
machine, that loop does exist but it is too slow to affect
significantly the oscillation.

To illustrate the impact of the droop, a case with and
without droop control by the converter were simulated.
Table V display the droop parameter of the generators
and Fig.10 show the oscillating behavior of the detailed
model. As expected, the droop control by a grid-forming
converter adds a supplementary damping effect.

IV. STUDY OF A MULTI-MACHINE SYSTEM

In order to confirm the conclusions drawn in the pre-
vious section, a mutli-machine system is analyzed in this
section. It is the traditional Klein-Rogers-Kundur system
exhibited in Fig.11. Its parameter are available in chapter
12 of [13]. The operating point used is presented in table
VI

First, all generators are synchronous machines. Then
GENT1 is replaced with a GFM, so area one becomes a
mixed area. Finally, GEN2 is replaced and area one is a
full power electronic area. Small-signal stability analysis

—case |
——case 2

Time (s)

Fig. 10. Frequency oscillation between the generator

@ LOAD1 LOAD2 @

Fig. 11. Two-area four-generator system

TABLE VI
OPERATING POINT OF THE TWO-AREAS SYSTEM (Sp,5. = 100 MVA,
Upgse = 230 KV)

Device Type P (pu) Q (pu) V (p.u) 0 (°)
LOAD1 PQ 9.67 0.5 0.98 -1.65
LOAD2 PQ 13.67 1 0.97 -24.0
GEN1 13 6 -0.23 1 13.9
GEN2 1Y% 6 2.96 1 8.24
GEN3 swing 6.02 0.35 1 0
GEN4 PV 6 3.76 1 -8.4345

is carried out for each case. The results are presented in
Fig.12.

On one hand, as SGs are replaced by GFMs, both
natural frequency and damping of the local mode of area
one increase. This phenomenon is expected according to
the study of the previous section. On the other hand, the
intra-area mode of area two is left completely unchanged.
It seems reasonable because generators in area one do not
participate in this mode whether they are SGs or GFMs.

Ultimately, the inter-area mode also behave as explained
with the two-generator model. Its natural frequency in-
creases and its damping increases. This can be explained
if areas are considered as one aggregated generator. With
this representation, the system is similar as the two-
generator test bed, hence conclusions from the latter also
apply to the inter-area mode.

It is remarked that the increase of natural frequency of
the inter-area oscillations is less pronounced than the one
of the intra-area mode. Indeed, as the line length enlarges,
the influence of the withdrawal of SGs internal impedance
decreases.
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Fig. 12. Impact of replacing SGs with GFMs in area 1 of the two-

area four-generator system

V. CONCLUSION

In this paper, simplified models of the synchronous
machine and the grid forming converter have been used.
Combined with a simplified model of the grid, it is possible
to develop some block diagrams which show clearly the
electromechanical interaction between the synchronous
machine and the grid forming converter. From this model,
it is possible to derive some key conclusions:

1) The substitution from a synchronous machine to a
grid forming converter is always damping the system.

2) It is possible to derive some analytical formula which
gives a good approximation of the electromechanical
interaction between a synchronous machine and a
grid forming converter.

3) Due to the highest speed of the grid forming con-
verter, the frequency droop control is providing a
significant damping to the system to which the
converter is connected.

The methodology presented requires to be tested on
others power system in order to totally validate the find-
ings. The results should also be checked if the DC bus is
replaced by a more realistic primary source. Finally, to go
further, the models presented here can be exploited for the
determination of aggregated model of power systems.
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