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Abstract. Interoperability of grid-forming (GFM) converters is crucial for the stability and efficiency of modern power systems,
particularly when two independently designed GFM converters with different control architectures are connected to a common
weak AC network. In this context, the interoperability of such GFM-based generation sources is examined in this paper in
terms of power and frequency oscillations during both steady-state and transient cases. Based on this analysis, a novel method
of oscillation mitigation via frequency-power reference (w — P*) droop-based feedback control in the power control loops
is proposed. This method significantly improves the interoperability of grid-connected GFM converters during both steady-
state and fault conditions. Furthermore, due to the generality of the control structures, the proposed method benefits different
applications irrespective of the generation sources, such as offshore wind power plants (OF WPPs), GFM-HVDC converters,
and battery energy storage systems (BESS). Additionally, the proposed method could reinforce standard power controller

designs, such as virtual synchronous machines (VSM) or PI-controller-based power control loops.

1 Introduction

Upcoming deployment of grid-forming (GFM) converter integrated generation sources in the power grid leads to a situation
where multiple inverter-based resources (IBRs) have to operate in close electrical proximity. Such IBRs developed by different
original equipment manufacturers (OEMs) and developers can have different control structures. IBRs with different control
structures, different control tunings, and operating in close electrical proximity can lead to control interactions resulting in
power and frequency oscillation between the generation sources (Ghimire et al., 2024). Careful control tuning is necessary to
avoid such interactions; however, in a multi-converter system with independently designed GFM converters — as suggested by
(Ghimire et al., 2024) — the voltage-source nature of GFM converters can additionally demand control structure redesign to
improve interoperability. Further, in a multi-converter system with GFM converters supplied by different vendors, one device’s
control structure and tuning parameters are unavailable to the other parties due to intellectual property concerns. This means
that for interoperability enhancement, two general paths can be followed. The first option is to develop and build elaborate

multi-party cooperation such as (InterOPERA Consortium, 2023) to perform studies and update converter control parameter
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tuning. The second option is to propose a solution of a general nature — such as the one proposed in this paper — to improve the
system interoperability irrespective of the individual converters’ control structure and tuning.

Only a minimal number of research works have been conducted on this subject as the topic itself falls under a growing
research area with numerous changes. Further, the research works available in the academic literature rarely focus on multi-
converter systems but instead on intra-generation system oscillations and interaction studies. For example, a small-signal
stability study of oscillations and control interactions of GFM converters in a multi-machine setup (IEEE 39 bus system)
was presented in (Benedetti et al., 2022), where the authors attributed the multi-unit interactions to the inner voltage control
damping factor and the electromechanical interactions to the inner current control loop. Similarly, another study focused on
the interaction between GFM converters and synchronous machines (Tayyebi et al., 2019); however, the interacting devices
in the presented study were not connected in high electrical proximity. Previous works have addressed the issues of power
oscillations in an inverter-based system during contingencies and provide a solution to such problems via a power oscillation
damping (POD) method, which achieves the same result as a power system stabilizer (PSS) in a conventional power system
(Maleki et al., 2022) - although a critical study, it does not address the oscillation issues of a multi-converter system. Academic
literature also includes research on POD via GFM converters; for example, a washout filter and lead-lag compensator of
appropriate control parameter design is used in the active and reactive power loops (Piepka et al., 2024). Although the washout
filter helps with POD, it does not allow the slow frequency-active power droop needed for interoperability.

Recent work on the interoperability of independently designed GFM converters showed that GFM converters connected to
the same PCC and operating near their operational limits exhibit 2-20 Hz oscillations around their voltage controller dead-bands
(Denninger et al., 2024). The analysis highlights the risk of operating GFM converters in electrically proximal locations. The
authors showed that such GFM converters undergo significant reactive power exchange, leading to irrecoverable system states.
The issue of control oscillation between electrically proximal GFM converters was also studied and elaborated by the authors
in their previous work (Ghimire et al., 2024). To mitigate the oscillation issues, the previous work suggested power system
network design approaches and control architecture changes; however, no exact control architecture changes were suggested.
This paper provides an oscillation mitigation strategy via the GFM control architecture change. To that regard, this paper is an
extension or a continuation of the author’s previous work (Ghimire et al., 2024).

The paper structure is as follows: Section 2 presents the test system description and an overview of the mathematical models
of the GFM controls used in this paper. Section 3 presents the proposed solution method of additional frequency-active power
damping to minimize the oscillations in a multi-converter system, and Section 4 presents the system response to grid events
after the solution method has been applied. Considering the studies and test results presented in Section 4, Section 5 updates

the solution method for a robust operation over a broader range of grid events. Finally, Section 6 concludes the paper.

2 System Description and Modeling

A network with two generation sources with different GFM control architectures is connected to the grid with a nominal SCR

value of 1.6 and X,/R, =5 as shown in Fig. 1 is considered for this paper. This SCR value qualifies our test system as a



60

65

https://doi.org/10.5194/wes-2025-18 WIND

Preprint. Discussion started: 10 March 2025 e WE\ ENERGY
Auth 2025. BY 4.0 Li .
© " Or(S) O 5 CC 0 reense european academy of wind energy SCI E N C E

weakly connected low-SCR system per the recent definitions and standards (IEEE Std 1204-1997, 1997; Working Group on
Wind Farm Connection, 2016).

%

TRREAR

Omeas

(abe) |abc, d abc, e (abe)|abc, d
VC 12 w |, Vo( ) W | Vo( q) I 2 — 7 L~ 1/( q)
0, 0> 0

Figure 1. Network layout for GFM interoperability studies. The green box shows the GFM-1 control structure (VAdm control), and the blue
box shows the GFM-2 (VSM control). The test network is adapted from (Ghimire et al., 2024) and the GFM control architectures are adapted
from (Ghimire et al., 2023).

Here, the simplified representations of two OF-WPPs are connected to the same PCC via individual interconnectors of
impedance Z; and Zs, respectively. These respective impedances include the turbine transformer impedance, the array cable
impedance, and the park transformer impedance altogether. Further, the power grid is modeled as an ideal voltage source
behind a Thevenin equivalent impedance given as Z, = R, + j.X,.

To study the interoperability of independently designed GFM converters, the generation sources in this test system are
equipped with different GFM control methods. GFM-1 is controlled via a virtual admittance (VAdm)-based control method,
while GFM-2 is controlled via a virtual synchronous machine (VSM) based control method. The control methods are adapted
from (Ghimire et al., 2023), and for a detailed explanation of their control structure and modeling, readers are referred to
the same. Notably, these two control methods have identical outer-loop power controller structures and tuning, emulating the

synchronous machine’s swing equation (Kundur et al., 2017).
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The mathematical model of the outer power control loop of both VSM and VAdm can be written as:
1
0 = n+ ———(P" — Preas) | dt 1
/ [w MNTEN ) (1)
o*d = Vn* - Kq(Q* - Qmeas)v VOZ =0 (2)

Here, 6 is the phase defined by the converter control, w,, := 27 f,, is the base angular frequency of the power system with the
nominal frequency f,, =50 Hz. J and D,, are the virtual inertia constant and damping constant, and P* and P, are the
active power references and measurements, respectively. Similarly, @* and Q)¢5 denote the reactive power references and
measurements respectively, V- denotes the voltage reference, and V,,, denote the direct and quadrature axes voltage references
generated by the reactive power control loop.

The inner current and voltage control loops of VSM are PI-controller with dg-axis decoupling and are written as:

Giils) = Kyt G)
Iyg = lodg +Gpr(8)(Voug — Vodq) + jwnCrVodq 4)
Girls) = Kpet =2 )
g = Vodg +Gpr(s)(Igag — Todg) + jwnLfliq (6)

Here, K, Kj, and K., K;. are the respective PI-gains of the inner loop voltage and current controllers, and V5,44, odq

denote the measured voltage and currents while V' *

odgs Loaq denote the reference voltage and currents respectively.

The inner loops for VAdm include a current correction/voltage control via a virtual admittance and a proportional current

controller. The control equations are written mathematically as:

1
Yoir = 7
¢ = LR, 2
Il*dq = Iodq + (Vo*dq - Vodq)Yvirt(S) (8)
g = Vadg+ Kpe(Lyy — iag) + jwn L liag ©)]

Here, L, R, are the virtual inductance and resistance that define the virtual admittance Y,;,+(s). Also, K, is the proportional
gain for the inner-loop current control.

The current limiting is implemented for the current reference I, as follows:

T 12, ] > 1.2.
Ifjy = { Maa (10)

Iy, otherwise.

Here,

Iiygl =/ (L[)? + (I};)? is the current magnitude.
A simplified electrical representation of the system under study from Fig. 1 is presented in Fig. 2. Here, Z. 2 represent the
converter internal impedance with Z,; including the VAdm virtual impedance defined as Z,;, = 1/Yyir, Z1 2 represent the

connection impedance, V. » represent the converter terminal voltage phasors, f1 2 = w1 2 /27 represent the converter-defined
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Figure 2. Simplified electrical model of the system under study.

frequency based on their power controller outputs, and AP and Af are the power and frequency oscillations between the
converters.

The power and frequency oscillations are given as:

AP = y (11)
base
Af = fHi—f (12)

Where Sy, se 1s the base power for the system. It is recommended that Sy, be selected to be either as the sum of the converter
base powers, i.e., Spase = Shase1 + Sbase2, Or as the higher of the two base powers, i.e., Spase = MaZ(Spase1s Svase2)- In this

paper, since Spase1 = Spase2, We have selected Spgse = Spasel-

3 Proposed Solution - I: Additional Damping

Since our test case of two GFM converters in nearby WPPs are two voltage sources connected to the same PCC, they attempt
to control the voltage at electrically proximal nodes. In this attempt, due to their voltage-source nature, each of the converters
opposes the action of the other, thus leading to an oscillatory behavior, as shown in Figure 3. The oscillations here are low
frequencies of around 5 — 6 Hz. In a GFM converter, the power control loop sets the converter frequency based on the power
error (difference between power reference and power demand.) Observing GFM-1 first, the power control loop of the GFM
converters adjusts its frequency in an attempt to synchronize with the rest of the system. It changes its power output due to
the active power-frequency dependency, which in turn changes the frequency. GFM-2 opposes the frequency change from
GFM-1 and adjusts its active power output accordingly. GFM-1 and GFM-2 act in opposition to each other, thus leading to
an oscillatory behavior of the active power and frequency. This problem was also identified in the authors’ previous paper
(Ghimire et al., 2024) and will be solved in this paper.

One way to reduce the oscillations is to regulate the converter-defined frequency so that it attempts to stay at or near a nominal

value during the steady state. Here, we propose a frequency regulation via a frequency-active power droop control to create an
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Figure 3. Power and frequency oscillation between GFM-1 and GFM-2 triggered by a phase jump.

active power reference correction AF,,,. This changes the active power reference proportional to the frequency change from
the nominal value of w,,. A low-pass filter (LPF) is added before the droop gain to eliminate any fast transient changes in the
frequency since outer control loops, such as the power control loop, should operate slower, and the faster inner control loops
will eventually reduce any existing faster transients. The power reference offset defined by the oscillation mitigation strategy
is given as follows,

AP, = Kop—2" (w — w) (13)

S+ wn

where K, is the feedback gain.

Adding the feedback unit opposes the change in system frequency from the nominal of w,, via a frequency-power droop
control. This frequency regulation returns the converter frequency to the nominal stable operating point after a transient, thus
stabilizing the system. The LPF ensures the prevention of faster frequency excursions during transient phases. The power
reference offset defined by the oscillation mitigation strategy is given as follows,

Wn

APy = Kup =

(wp, —w) (14)

Where wy, is the filter cut-off frequency and K, is the feedback gain.

The small-signal control diagram of the oscillation mitigation strategy is presented in Fig. 4.
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Oscillation mitigation via Aw-AP* droop

Figure 4. Oscillation mitigation via Aw — AP* droop feedback in the power control loop.

Here, the dynamic equation for the power control loop of the GFM converters from eq. (1) changes as follows:

1 *
9 = / |:Wn + m(P - Pmeas - prp) dt (15)
The overall transfer function from the active power error to the frequency error before the oscillation mitigation strategy is
as follows:
Aw w
Gpe(s) = = L 16
p(S) P**Pmeas J'S+DP ( )
The transfer function for the oscillation mitigation strategy is written as:
AP, w
Gup(s) = A:p = Kwpﬁ a7

Considering the oscillation mitigation strategy, we write for the overall closed-loop transfer function for the power control
loop in Fig. 2 as:
Aw Gpe(s

Gpe = = 18
A T R SN S TN ) (%)
We can simplify this as:
wn (s +wp
Gpcd(s) ( ) (19)

T T2+ (Jwn, +Dp)s +wn(Dp +wnKyp)
The solution method proposed above is analyzed in the frequency domain in this section to understand the effect of the
additional damping on open-loop and closed-loop characteristics of the power controller of the GFM converters.

We use the simple power flow calculation formula to obtain the active power measurement as follows:

V2
Pricas = X—b sin (6 —6,) (20)

g

Here, V}, is the base voltage. The underlying assumption behind this formula is that the grid and converter voltage magnitudes
are both at one pu, thus V; = V. =1 pu. Since both the GFM converters and the power grid are ideal voltage sources in the

small-signal domain, this assumption is valid for our studies with the small-signal models.
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In the small-signal domain, we can linearize the sine function as: sin (6 — 6,) ~ cos(fy — 040) (8 — 6,). Also, the grid phase
64 stays constant for small time frames and can be omitted for small-signal studies. Thus, we can write the power measurement
for our simplified closed-loop studies as:

V2
APPC = X—bcos 0o A0 1)

g
Similarly, for VAdm, due to the effect of the virtual reactor X,, = w,, L,,, the power calculation changes as follows:

APvadm _ vaz

=—"—A0 22
meas Xg + XU ( )

A simplified representation of the small-signal open-loop and closed-loop power controller representation from the power

reference P* input to frequency Aw is presented in Fig. 5.

Wn R A ‘/172 APmeas‘
Js+Dp| Aw | I fg "

@)

wo
Kop s + wol
- APv)p
+ AB 2 AP
AP wn | ‘/b meai
Z Js+Dp Ao 'j > X, + X, >

A P meas

(b)

Figure 5. Power controller small-signal model for: (a) VSM, (b) VAdm.

3.1 Open-Loop Analyses

Using the power calculation from equation (21) with the power controller transfer functions in (16) and (19), the open-loop

power control transfer functions for VSM can be written as:

1 V2
ol _ - 7’b
Gvsm(s) - GPC(S)S Xg (23)
1V2
ol _ - 'b
Gvsmd(s) - G;DCd(s) S Xg (24)
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Similarly, for VAdm, we use (22) to write the open-loop transfer function for the power control loop as:

Glhanls) = Gl
Glhanals) = Grealo) o
From this, the open-loop poles of these transfer functions are calculated analytically.
oL =0, —%
ML= 0, —‘]“"27#)" + %\/(an + D)2 —4J(D, +wnK.p)

WIND
ENERGY
SCIENCE

(25)

(26)

27)

(28)

Here, for our parameter selection, the open-loop poles of both the power controller transfer functions lie on the left half of

the s-plane, and thus both the power controller realizations are open-loop stable. Further, it is notable that these open-loop

eigenvalues are independent of the grid SCR, and no SCR sweep is necessary to understand their loci further.

Open-loop Bode diagram comparison
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Figure 6. Open loop bode diagram of the power controller with and without the K,,, damping.

The respective bode diagrams of the open-loop controls are given in Fig. 6. The bode diagrams here show that the open-

loop phase margin of the power controller is improved with the addition of the damping term. Table 1 summarizes the system

stability metrics.

Although the control changes have led to an increase in open loop bandwidth and a reduction in DC gain, the phase margin

has only changed slightly, keeping the overall stability intact.
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Table 1. Open loop stability metrics for the power controller.

Metric Without Damping With Damping

Phase Margin ~ 99.16° at 310.15 rad/s  104.40° at 334.22 rad/s

Gain Margin 00 o0
Bandwidth 49.88 rad/s 141.49 rad/s
DC Gain 15.95dB 9.09 dB

Open-loop Nyquist diagram comparison
10 T T T l\
VSM w/o damping
8r VSM w/ damping ||
VAdm w/o damping
VAdm w/ damping ||+

Imaginary Axis
o
T

_10 L 1 1 L
-1 -0.8 -0.6 -0.4 -0.2 0

Real Axis

Figure 7. Open-loop Nyquist plot of the power control with and without the additional K, damping term.

Further, in Fig. 7, the Nyquist plots of the open-loop system show that system stability is not compromised by the addition
of the feed-back damping term in the power controller as a solution method for interoperability issues.

Further information on system stability is extracted from closed-loop analysis.
3.2 Closed-Loop Analyses

Although open-loop analysis provided us with some crucial information on system small-signal stability, a closed-loop analysis

is necessary for the complete picture of system stability. The respective closed-loop transfer functions for both the cases with

10
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Gol ()
Gcl — vsSm
) = T, )
Gol (
G — vsmd
'usmd( ) 1+Gglsmd S)

)
(
__Glham(s)
G'uadm( ) - 1+Gjadm(8)

cl _ vadmd( )
Gvadmd(s) - 1+G (S)

vadmd
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(29)
(30)
€1y

(32)

(33)

Here, the equations respectively denote the closed-loop transfer function of VSM without the K, damping, VSM with the

K, damping, VAdm without the K, damping, and VAdm with the K, damping.

An SCR sweep from 1 to 10 with an increment of 0.1 is performed to understand the eigenvalue characteristics of the

closed-loop power controller transfer function. It is presented in Fig. 8.

60

jw (rad/s)

T

VSM w/o damping
VSM w/ damping
VAdm w/o damping
VAdm w/ damping

-60

-250 -200

Figure 8. Close loop eigenvalue plots of the power controller with an SCR sweep from 1 to 10. The arrowheads represent higher SCR values.

The closed-loop system eigenvalues show that some eigenvalues’ damping ratios decrease with the increase in grid strength.

However, their overall stability is improved by adding the K,,, damping term in the power control loop. Even for such a wide

range of system SCR values, the system maintains small-signal stability, and the dominant poles move toward the left side of

the s-plane.

11
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Fig. 9 shows the respective bode diagrams of the closed-loop controls. The bode diagrams show that the control change does

not severely affect the control performance. Although some differences could be observed around the corner frequency.

Closed-loop Bode diagram comparison
0 T L T T T

Magnitude (dB)
&
o
T
L

-120 1 1 1 I
0 T T T

VSM w/o damping

VSM w/ damping

-451- VAdm w/o damping |

VAdm w/ damping

Phase (deg)
o
o
T
1

L I

-180 1 1
102 107" 10° 10" 102 10°
Frequency (Hz)

Figure 9. Close loop bode diagram of the power controller with and without the K, damping.

Figure 10 shows the step response of the closed-loop power controllers. This indicates that the K, damping term slows the
power controller response and increases the overall damping.

Further, impulse responses in Figure 11 show that the K, damping term reduces the peak of the impulse response and
improves the overshoot in the system.

A summary of the power controller open loop and closed loop responses are presented in Table 2.

Table 2. Open-loop and closed-loop performance of power control loops.

Control Mode Trise  Tsettiing Bandwidth ~ Phase Margin

VSM w/o K.,  0.1716  0.3077 2.01 Hz 78.6°
VSM w Kop 0.6108 1.0924 0.57 Hz 89°
VAdm w/o K., 0.2408  0.4376 1.44 Hz 81.9°
VAdmw K.,  0.8137 1.4536 0.43 Hz 89.3°

Closed-loop analysis showed that the K, damping term increases the power controller’s rise time and settling time. Further,

it reduces the power controller bandwidth, while the open-loop phase margin is improved with the damping term.

12
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Figure 10. Step responses of the closed-loop power controller.

Impulse Response
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Figure 11. Impulse responses of the closed-loop power controller.

13

WIND
ENERGY
SCIENCE



https://doi.org/10.5194/wes-2025-18 - WIND

Preprint. Discussion started: 10 March 2025 ENERGY
(© Author(s) 2025. CC BY 4.0 License. e we \ scl ENGCE

® european academy of wind energy
m

4 Response to System and Grid Events

Although the small-signal studies presented in section 3 provide a good insight into small-signal frequency-domain behavior
and stability, time-domain simulation and studies are crucial for understanding the dynamic operation and stability of our
multi-converter system. A study of the GFM converters’ responses to different grid events is crucial and was performed in
210 the previous paper as well (Ghimire et al., 2024). Here, we continue the studies with various simulated grid events to study

potential system oscillations. The results are presented herewith.
4.1 Load Addition

Firstly, in response to a load addition of 0.05 pu at the PCC, the converters react to it by providing an active power response that
lasts for a transient period before settling to the pre-event steady-state value. The power and frequency of each GFM converter

215 and their interactions are shown in Fig. 12.

—— Without K., damping| |
—— With K, damping 1

\ [\ ]\

ATATA

Time [s]

A f [Hz]

Time [s]

Figure 12. Converters responses to load addition of 0.05 pu.

Here, it is clearly seen that the converters exhibit a low-amplitude oscillation of around 5 Hz in power and frequency,
which damps out within 400 ms, showing that the oscillation mitigation strategy proposed in Section 3 improves the dynamic

performance during load-addition event by providing improved damping to the power controller.

14
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4.2 Phase Shift

220 Further, a grid phase shift of 4.5° is applied to the system, and the converter responses are recorded. Here, both converters react
to the system event with a synchronizing active power response, which leads to a damped oscillation of around 5 Hz with a
settling time of 400 ms, as shown in Fig. 13. This is a well-damped oscillation in a system of multiple voltage source converters
connected to an electrically proximal point. This illustrates the applicability of our proposed method for oscillation mitigation

in another grid event.

02 T T T T T
= Without K, damping
01r —— With K, damping

\_J\ 7/ \ /1

AP [pu]

0
04 w
_0‘2 1 1 1 1 1
2 22 2.4 2.6 2.8 3
Time [s]

AN
VAVAVAY

2 22 2.4 2.6 2.8 3
Time [s]

Figure 13. Converters responses to a phase shift of 4.5°.

225 4.3 Grid Voltage Sag

Similarly, in response to a grid voltage drop of 5% from nominal, Fig. 14 shows that the GFM converters exhibit similar
responses as in the previous two cases — a well-damped transient active power and frequency oscillation of around 5 Hz with a

settling time of 500 ms — demonstrating the applicability of the oscillation mitigation method proposed in Section 3.
4.4 Grid RoCoF

230 Finally, we test our mitigation method against another important grid event—RoCoF. A grid RoCoF of -0.5 Hz/s is applied to
the ideal voltage source behind the grid Thevenin impedance for 400 ms. After 200 ms, the RoCoF event ends, and the grid

frequency attains a new state of 49.9 Hz.
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Figure 14. Converters responses to a voltage drop of 5% from nominal.

The converters’ response to the RoCoF event is presented in Fig. 15. When the converters respond to the RoCoF event, their
responses are normal and within the bounds of the acceptable system power and frequency limits. However, as soon as the
grid frequency attains a newer state than the nominal frequency, the converters’ responses start to diverge: frequencies start to
swell, and the active power starts to drop, leading to complete instability.

This shows that the proposed oscillation mitigation strategy does not apply to a grid RoCoF event. However, to solve this
issue of the inability of the GFM converters to ride through a grid-RoCoF event, understanding the responses and the underlying
reason is crucial.

A zoomed-in view of the converter responses during and immediately after the RoCoF event is presented in Fig. 16. The
converters respond inherently to the RoCoF without any signs of instability; however, as the RoCoF event finishes and the
grid frequency settles at the new frequency level of 49.9 Hz, the converter response starts to diverge from its steady state, and
instability is observed.

From these results, it could be inferred that although this method successfully eliminates the inter-converter operation and
boosts interoperability, since it tries to regulate the frequency at the nominal w,,, the system stability is compromised for a grid
RoCoF, especially if the grid frequency settles at a different level than w,,. During a grid RoCoF, the GFM converter attempts to
supply an inertial active power response and change its frequency to do so. However, the Aw — A P* droop feedback attempts

to control the system frequency at the rated w,,, thus leading to oscillatory instability.
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Figure 15. Converters responses to a RoCoF of -0.5 Hz/s from nominal.

An adaptation to the solution method proposed in Section 3 is required to adapt the GFM power controllers’ frequency output
based on steady-state grid frequencies while still staying inert to fast grid frequency excursions. Thus, an adapted method to
enable the operation of the GFM converters with an enhanced Aw — A P damping with the possibility of the GFM converters

staying stable at steady grid frequencies away from the nominal value is presented in the following section.

5 Proposed Solution - II: PLL-Reinforced Damping

The oscillation mitigation method proposed in Fig. 4 provides an additional damping via Aw — A P* droop. However, as seen
in Section 4, any steady-state change in grid frequency leads to instability. As explained earlier in the paper, the reason for the
instability is the converter’s inability to maintain the frequency at/around the set-point defined by w,, in the solution method
proposed in Fig. 4. In this section, we propose an improvement in the method to enable operation during steady-state changes
in grid frequency.

Instead of providing a droop-response to the power reference based on the converter-defined frequency and a frequency
set-point w,, as shown in Fig 4, we can reinforce the damping provided by the Aw — A P* droop feedback loop via a PLL. A
schematic diagram illustrating this method is presented in Fig. 17 below.

This PLL-based damping with a filter ensures that the converters track the long-term steady-state grid frequency changes

while staying inert to transient and fast grid frequency excursions. In cases where the power grid settles at a new frequency

17



https://doi.org/10.5194/wes-2025-

18

Preprint. Discussion started: 10 March 2025
(© Author(s) 2025. CC BY 4.0 License.

Active Power

eawe)

european academy of wind energy

T T T o —— T
B
1 1
2 08} 4
A 06 |[=——GFMI1-VAdm ]
04 GFM2-VSM |
. L L L L L L I L L
2 2.05 21 215 2.2 2.25 2.3 2.35 24 245 25
Time [s]
Frequency
50.3 T T T T
50.2 b
N
= 501+
—
50 o
\
499 1 1 1 1 1 1 1 T 1
2 2.05 21 215 22 225 23 235 24 245 25

Time [s]

Power and Frequency Oscillations
T T T

T
——AP

T

T
—AF )
1 I I I I I I I |\—\
2.05 21 2.15 22 225 23 2.35 24 2.45 25

Time [s]

WIND
ENERGY
SCIENCE

Figure 16. RoCoF response (zoomed in) of the system with the K, damping based oscillation mitigation strategy. Nominal case without

the K, damping is not presented.
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Figure 17. Oscillation mitigation via Aw — A P* droop feedback in the power control loop with frequency setpoint provided by a PLL.
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w # wy, the GFM converters will not attempt to stay at the nominal frequency (w,,), leading to system instability; however,
they will attempt to track the grid frequency and ensure system stability.

A similar approach is proposed in the patent (Schweizer et al., 2021); however, the patent is not focused on oscillation
mitigation. The patent relates to fault ride-through and switching between PLL-based and VSM P-loop-based synchronizations
during different operation phases. Further, an impedance-based analysis of a similar control realization could be seen in (Shah
et al., 2024); thus, this paper does not present impedance-based analysis/studies of the proposed oscillation mitigation method.
This method is also similar to the mechanical governor action in a synchronous machine given by a large time constant of the
governor. However, our approach is neither employed for switched operations between PLL and VSM P-loop during different
operating conditions nor for general steady-state stability. Our approach reinforces the power controller during its operation
with the aid of a PLL and enhances the interoperability of a multi-converter system.

Now, applying this solution method to the power control loops and applying the same grid RoCoF event to our test system,
Fig. 18 shows that the converters’ responses to the event are now stable both during the event and after the grid attains a new

steady state in its frequency.
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Figure 18. RoCoF response of the GFM converters before and after the inclusion of PLL-reinforcement method for oscillation mitigation

via Aw — A P* droop feedback in the power control loop.

Here, the converters now — contrary to the instability seen in Fig. 15 and in Fig. 16 —react to the RoCoF event with an active
power response during the event duration and following the event attain a new active power operating point corresponding to

the new frequency state of the grid.
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6 Conclusions

The studies presented in this paper showed that the interoperability of independently designed GFM converters connected with
high electrical proximity in a multi-converter system can lead to control oscillations that can adversely affect the system’s
stability. The solution methods proposed in this paper reinforced the power control loop with a fixed frequency setpoint or a
PLL-derived frequency setpoint. This successfully improved the dynamic performance of the independently designed GFM
converters in the multi-converter system. They improved interoperability with a small cost of closed-loop small-signal perfor-
mance. The power controller damping was improved without severely slowing its overall response. The power and frequency
oscillations were successfully reduced during several crucial grid events.

Since the control changes suggested in this paper are on the power control/synchronization loop, which is present in all
GFM converters, one can apply the oscillation mitigation strategy suggested by our paper on other power synchronization
loops, such as PI-based or droop-based controls. In an extension, with suggestions from TSOs and developers, OEMs can
independently make such control updates in their GFM converters’ outer power control loop when their GFM converters are
expected to connect to other GFM converters in close electrical proximity where understanding the full control model of the
other device is impossible for control re-tuning to improve interoperability. Thus, the method presented in our paper can be
crucial in improving the stability and interoperability of multi-vendor systems or power systems with multiple GFM converters
from different vendors connected to electrically proximal points.

The solution method provided in this paper is helpful for power systems where multiple independently designed GFM con-
verters are connected in close electrical proximity. The proposed method does not require knowledge of the control architecture
and tuning of the individual converters connected to the system. It can generally be applied to all power controller setups used
in GFM converters for synchronization and outer-loop control.

Future works could consider the impact of PLL dynamics on the closed-loop performance of the solution method proposed.

Furthermore, the study of individual converter impedance and its effect on oscillation could be a potential research topic.

Appendix A: Simulation Parameters

The control and electrical parameters used in this paper are summarized in Table A1 below.
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Table A1. System parameters used in the simulation studies. All parameters are in pu unless otherwise stated.

Parameter Notation Value
Filter inductance Xy 0.0265
Filter resistance Ry 0.0063
Filter capacitance Cy 5x107°
Virtual inertia J ls
Damping constant D, 50

Filter cut-off frequency Wn 2750 rad/s
Reactive power droop K, 0.2
Voltage controller P-gain K" 0.05
Voltage controller I-gain K 0.039
Current controller P-gain K ° 10.5
Current controller I-gain K (°°) 16

Virtual impedance Ry +jwnL, 0.01+j0.2
Aw — AP feedback gain Koy 1.8D,
Wind turbine base power Shase 8 MVA
Wind turbine base voltage  Vigse 690 V
PLL PI gains KB KP'0.025,1.5
PLL Bandwidth AwprLr 7.5Hz

Disclaimer. Figures and values presented in this paper should not be used to judge the performance of Siemens Gamesa (SGRE) technology
as they are solely presented for demonstration purposes. Any opinions or analyses contained in this paper are the opinions of the authors and

are not necessarily the same as those of SGRE.
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