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Abstract. The integration of grid-forming (GFM) controlled wind turbines into AC grids introduces complex dynamic interac-
tions that significantly influence its behavior on the AC side. This study explores the nonlinear coupling between wind turbines
and AC grids and propose strategies for the enhancement of the inertial effect and the mitigation of oscillations which can arise
in case of an AC event. A simplified synthetic model is developed to elucidate the physical insights of these interactions. The
findings reveal that wind turbine dynamics has an impact on the inertial contribution and introduce oscillatory behavior under
certain conditions. Advanced control strategies are then proposed. They include the integration of input shaping filters and
lead-lag compensation to optimize inertial response and dampen mechanical oscillations. The theoretical analysis, validated
through simulation, demonstrates the effectiveness and limitations of these methods in enhancing the AC side behavior without

compromising the performance of the mechanical system.

1 Introduction

In the twentieth century, the electrical power system has a significant global development and most of the operational principles
ensuring the system’s stability were established based on the behavior of synchronous machines. The phenomenon of the
inertial effect plays a crucial role in stabilizing the grid. A key consequence is the limitation of the Rate of Change of Frequency
when a significant unbalance between the equilibrium between production and consumption occurs. Moreover, since all the
rotating speeds of the machine are linked with the grid frequency, the imbalance between production and consumption is
naturally propagated all over the grid through the frequency. Then, the frequency droop control allows the primary power of
multiple power plants, distributed across a wide geographic area, to be adjusted in order to recover the balance. In summary,
the synchronization process of these devices is creating couplings between the grid dynamics and the power sources dynamics
which are beneficial to the grid frequency stability.

The emergence of inverter-based resources (IBRs) has brought significant changes in the power system analysis. Indeed,
the grid following control which was the fundamental principle used to drive the control of these converters is based on a
completely different principle. The Phase Locked Loop (PLL) allows to estimate the grid angle in real time such as it is possible

to exchange an active and reactive power nearly independently from the grid frequency. The PLL breaks the beneficial coupling
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for the grid that exists in the synchronous machine. In case of a wind turbine, it is possible to recreate a kind of “artificial”
inertial effect. Indeed, the inertial response comes from changing the active power with respect to frequency deviation that
utilizes the kinetic energy stored in mechanical part of wind turbine. Various inertial control methods for wind power generation
have been discussed for several years [(Morren et al., 2006), (Wu et al., 2018)]. In addition to standard natural, step-wise and
virtual inertial controls for wind turbine optimized design of MPPT control (Wu et al., 2016) or optimized operation of phase
lock loop (Hu et al., 2016) provides improved inertial response with temporarily enhanced frequency support. However, this
operation needs to derivate the grid frequency, which can introduce delays due to the necessary filtering applied to mitigate
measurement noise.

(Cardozo et al., 2024) highlights the limits of grid following solutions to fulfill the fundamental systems needs to guarantee
a stable behaviour for the grid. It is the reason why the TSOs proposed to switch from grid following to grid forming control
for the control of the IBRs. Indeed, some of the beneficial properties of the synchronous machine can be recovered and even
sometime surpassed with such control. In Europe, ENTSOE has published a report which specifies the different requirements
for the grid forming control (ENTSOE, 2017). In UK, a best practice guide has been proposed (ESO, 2023) and in the US,
EPRI has also published a paper which defines the performance required for the grid forming control (Ramasubramanian et al.,
2023). This non exhaustive list highlights the critical role of grid-forming control in various power grids worldwide.

Different types of grid forming control methodologies were proposed. Droop control, synchronous machine-based control
and other controls are summarized in [(Rathnayake et al., 2021), (Rosso et al., 2021)]. In the case of a virtual synchronous
machine (VSM) control, the virtual inertia and damping coefficient are design parameters unlike the inherent parameters
of synchronous machine. Thanks to a stronger damping coefficient, the Grid Forming control (GFM) can damp inter-area
oscillation [(Baruwa and Fazeli, 2021), (Xue et al., 2024)]. However, in all these studies, the DC bus voltage is considered as
constant. When a wind turbine is connected to the DC bus, new types of dynamic couplings can be created. On the AC side, the
electromechanical coupling between the grid and the mechanical part of the wind turbine modifies the inertial effect brought to
the grid in case of a frequency variation (Xi et al., 2018). On the wind turbine side, the disturbance induced by the inertial effect
is propagated to the mechanical structure of wind turbine through variations in the electromechanical torque. Two solutions
can be proposed to mitigate this effect either by adding a damping effect on the electromechanical torque [(Avazov, 2022),
(Chen et al., 2022)] but this may lead to a weaker DC bus voltage control or, by increasing the damping coefficient on the grid
forming (Tessaro and de Oliveira, 2019) but this decreases the effectiveness of inertial response. In (Heidary Yazdi et al., 2019),
a model highlighting the coupling between the grid and the wind turbine has been proposed for operation in MPPT region and
one-mass wind turbine. Insights on electromechanical couplings are thus restricted.

This paper aims to provide a theoretical analysis of the new type of coupling dynamics arising from the interaction between
wind turbine grid-forming controls and the power grid. A simplified synthetic model is proposed in section 3 which highlights
the main couplings and allow for the development of some physical insights on this system. In section 4 it is shown that it is

possible to act on the control to mitigate the unwanted dynamic behavior.
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2 Non-linear model of the system

This section introduces the non-linear model of the test case used for EMT simulation to study system dynamics. It consists
of 900MVA synchronous generator and a 900M VA aggregated wind farm (Shafiu et al., 2006) under grid forming control both
supplying a load. The wind farm consists of 180 type IV wind turbines of SMW. Figure 1 shows the model including the control

loops of both machines. The detailed models of each component are presented in the following sections.
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Figure 1. Overall system under study

2.1 Model of the wind turbine

The wind turbine model comprises several elements that describe either the power part or the control. The detailed presentation

of these elements can be found in the next subsections.



65

70

75

80

85

https://doi.org/10.5194/wes-2025-10 - WIND

Preprint. Discussion started: 31 January 2025 ENERGY
(© Author(s) 2025. CC BY 4.0 License. e we \ scl ENGCE

® european academy of wind energy
m

2.1.1 Mechanical model

The aerodynamic power is converted to mechanical power Pr given by Eq. (1) where R represents the wind turbine blades
having radius and p the air density.

1
Pr= §P7TR2Cp(>\>5)U§U (1

The power coefficient ¢, (A, 3) is derived from the tip speed ratio A and pitch angle 3 using Eq.(2).

151 _1s.
¢y = 0.73(5—~ — 0.585 — 0.0026> 1 — 13.2)0 e ?)
where, \, = ﬁ 23042‘;’ and A = Z2T with Q7 as the wind turbine rotational speed and v,, the wind speed. To illustrate,

Fig.3a depicts the variation of power coefficient as a function of A with 5 = 0.
Therefore, from Py it is possible to derive the mechanical torque on wind turbine 77:

Pr
Tr= o 3)

Considering 2 as the rotational speed of the generator and T as the torque of the generator, 21 and (¢ are derived from
the two-mass mechanical model Eq.(4-6) where Jr is the turbine inertia constant, Jg the generator inertia constant, Ty, the

torque on the shaft, K for shaft stiffness and D, damping coefficient.

dQr 1
ST (Tr—Ta 4
at JT< T h) “4)
dQga 1
26 (T - T
dt JG( sh G) (5)
dTyy, _ dAw
7 _Dsidt + K, Aw (6)

Considering the nominal power P, as the base power P}, and the nominal speed (2,,,,, as the base speed €2, the per unit

value of the inertia is introduced as Hy = M and Hg M for the wind turbine and the generator respectively. A

KQ D.Q?

per unit coefficient is also introduced for the shaft stifness KP* = —£-" and the damping coefficient DE* = 5 . Therefore,

Eq.(5) and Eq.(6) can be converted into their per-unit forms:

dTsp o dAw .
Slpu Y bu pU
Sen _ prefEUt KT Ay, (7)
dQr 1
v = —(Tr,, — T 8
dt 2HT( Ty = Tony) ®)
dQc, 1
b= (Tup,, — T,
dt 2Hq (Tony Gpu) ©)

For simplicity, the subscript *pu’ for per unit is disregarded throughout the paper. Hence, Fig.2 represents the per-unit mechan-

ical model of wind turbine based on Eq.(7)-Eq. (9).
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Figure 2. 2-mass per unit mechanical model of wind turbine

Additionally, a simplified model can be introduced by neglecting the oscillatory behavior of the turbine. This approach uses
a per-unit one-mass mechanical model, where €2, represents the common rotational speed of both the wind turbine and the

generator. Considering their equivalent inertia H1,,4ss = Hr + H¢, the shaft is then modeled as:

dleass _ 1
dt B 2H1mass

(Tr —Tc) (10
2.1.2 Wind power conversion strategy and optimization

The power curve of wind turbine has various operating regions (Wu et al., 2016)-(Krpan and Kuzle, 2018) represented in Fig.3b

in per-unit.

0.5

1 ‘ A Zone3

047

3 5 . 9 0 0.5 Qine 1 1.5
A Q,pu
(a) cp curve (b) Maximum power point tracking (MPPT) control

Figure 3. Wind turbine characteristic curves
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In the Maximum Power Point Tracking (MPPT) region referred as Zone 1, it is possible to define an optimal speed for each
wind speed v,, to optimize the power generation. This optimal speed is reached by adjusting the generator torque 7. In this

operation mode, the power coefficient and tip-speed ratio have a constant value: copt, Aopt . The maximum power P, yc1 iS

given by Eq.(11).
1 QcWR\*
Pone1 = TB}pﬂR2cpopt ( )\opt > (1

After a given wind speed, the MPPT cannot be applied anymore because the nominal rotation speed is reached. Then, the
reference power applied aims to stay around the nominal speed, this operation mode is referred as speed limitation: zone 2
1—Pint

between two points (P,¢,$2n¢) and (1,1) with slope o = W.Then the power P, ,,c2 With the slope « is derived as:

onneQ - a(QG - Qint) + Pint (12)

Finally, when the nominal power is reached, the speed cannot be limited by the reference power anymore, the pitch control is
actuated to decrease ¢, and limit the power generated by the blades to its nominal value. Hence, named as power limitation:

zone 3 with power P, pes :
onneS =1 (13)

In summary, the operating point of the wind turbine determines the power output Py, ppp of the MPPT control given by
Eq.(11) or Eq.(12) or Eq.(13) represented in Fig.4.

MPPT control

P*
Yw —— Mechanical model Q6 | |Puper { |~ MPPT
(1-mass or 2-mass)

B — Q¢

B

Figure 4. Wind turbine MPPT control

2.1.3 Model of the machine, machine side VSC and their controls

The generator and machine side VSC are considered lossless; therefore the generator power Pz and power delivered by
machine side VSC Pyss,, o to DC bus are expressed by Eq.(14) with DC bus voltage uq4. and DC current ¢4.,, injected into
the DC bus.

Tafdg = Pg = Prsyse = Udcldens (14)

The electrical power is controlled to a reference value Pg thanks to a current loop. Due to the fast dynamics of the control,

it can be written that:

Pe = P}, (15)
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Hence the DC current 44.,,, generated by the machine side VSC is calculated by Eq.(16).
e
i =_G 16
dc MS Udc ( )
And equivalent power Pg,_ generated by N,,; number of wind turbine is:
Pa., = PgNuwt a7

2.1.4 Grid side VSC model and control

The system is connected to the grid thanks to a VSC. An average model of VSC is considered and the control is a Grid
Forming. The converter modulates the DC bus voltage in order to generate the three-phase voltage v.,q,Vmb, Ume. The Grid
Forming Virtual synchronous machine (VSM) scheme Fig.5 is controlling the active power P4¢ to match the reference P} by

acting on the modulated voltage reference angle 6,,,. The magnitude of the modulated voltage is set to V'*. In order to damp the

current oscillations (Lamrani et al., 2023) a Transient Virtual Resistor (TVR) R, modifies the voltage reference v;*ndqo. Then
the reference modulated v}, ,, v}, , v, are calculated by inverse of Park transformation P(6,,)~'. Similar to the machine side

converter, the grid side converter is assumed lossless with Pggs,, . the power exchanged between DC bus and grid side VSC

given by:

Pesyse = Pac (18)

2.1.5 DC bus model and control

The DC bus is modeled using a simple capacitor Cy,. as:

dudc . .
Cdc? - ZdC]us - ZdCGS (19)
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As for the inertia, it is possible to define an H value: Hy. = d2 P: L where V., is the base DC voltage equal to the nominal
voltage of the DC bus. Hence, the DC bus model in per unit with inertia H . is expressed as:
duz i 1
—*£=—(Pg—-P 20
it Ha (Pg — Pac) (20)

The DC bus control is needed to achieve the stability of the DC bus which depends on the power delivered by the generator
side VSC (Pg) and the grid side VSC (P4¢). As shown in (Avazov, 2022) - (Huang et al., 2023), it is better to control the DC
bus voltage by a direct action on the generator power. The DC bus voltage control is based on PI controller.

Hence the output of the DC bus controller is the reference for the generator P75 and the reference power of the GFM

controller P}, for N,,; number of wind turbines is derived from Eq.(15) and Eq.(17) as following :
Pic= PGeq = PyrpprNuwt 21
2.2 Synchronous machine model

A round rotor type 900MW synchronous machine is modeled using a detailed eighth-order model (P.Kundur, 1994) with Hg s
as the inertia of synchronous machine and K, as the damping coefficient. As illustrated in Fig.1 it is equipped with the

following:

a transformer with a resistance R, and a leakage impedance L.

— an excitation system of type ST1C (exc, 2016) that consist of main voltage regulator with gain K, a low-pass filter with

time constant 7, and input voltage vs;qp, from power system stabilizer

— a governor modeled as IEESGO (Pourbeik et al., 2013) with power frequency droop gain K, s and low-pass filters with
71 and T3 representing the governor dynamics. A three-stage steam turbine is considered with output power P, P;p, Py

and a low pass filter with 74 to include the dynamics of steam valve demonstrated in Fig.6.

— a powers system stabilizer model PSS1A(exc, 2016) that consist of two lead-lag filters, one wash-out filter 7,5 = 10s,

one low pass filter 7,6 = 0.01s and PSS gain Kpgg =0

3 Linear models of the system

In order to use the classical tool for dynamic analysis, such as eigenvalues, a linear model is needed. This involves developing
a linearized representation of the wind turbine and its control system. Merging this linearized model with the linearized model
of the synchronous machine leads to a linearized model of the system described in Fig.1. By introducing a few additional
assumptions, a simplified linearized model can be derived. This simplified model, represented as a block diagram, provides

valuable physical insight into the dynamics of the system
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3.1 Reference Linear model

The first linear model consists of:

1. Linearized model of wind turbine: It is obtained by linearizing Pr Eq.(1) in two components % positive value for
all operating points and jﬂ% negative value for all operating points. Even with this simplification, some non-linearities

remain in the model. The gain K/ p pr represents the power characteristics to generate APy, ppyp:

(a) In zonel by linearizing Bq.(11),AP}; ppp = AP.oner and Kyrppr = (U;TG

(b) In zone2 by linearizing Eq.(12),AP}; ppr = AP, one2 and Ky ppr =

(c) In zone3 by linearizing Eq.(13),AP}; ppr = AP.ones3 and Kpyrppr =0

2. The grid forming VSC and DC link dynamics model is already linear except the 8th-order model of the synchronous
machine which is linearized according to small signal stability analysis (P.Kundur, 1994). The grid is modeled using

Kirchoff’s law in the d-q frame for line parameters I, L, and constant impedance load Pr,

Hereafter for simplicity, the reference linear model is termed as linear model.
3.2 Simplified linear model

Using the same linearized model of the wind turbine, the simplified linearized model is developed based on following assump-

tions:

1. Considering that the energy stored in the capacitor is negligible compared with the energy stored in the inertia’s, the
dynamics of the DC voltage is neglected. Hence, the power P is considered as equal to P4 using Eq.(15), it can be

written as:

Pac = P (22)

2. All the AC system is considered in phasor with active power flow between voltage source P4¢ and synchronous machine
Pg) that depends on angle §,,, and dg s corresponding to voltage at grid forming converter v,,, and synchronous machine
vg s respectively. The quasi-static representation of grid (Santos Pereira, 2020) with load P, assuming voltage angles
are small is :

Ady —Adsm Xsu AP

APjyc =
A7 Xac+ Xsu Xac+ Xsm

(23)

Abdsar — Ad,, XacAPy,
APac = + 24
49T Xac+Xsu | Xac+ Xsu e
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with X gyc = L.+ Ly and X s = L. , neglecting the resistance. These equations are used to obtain the network matrix

Knetwork as:

AP 1 -1 -X Bom
1 . .
ac| 1 SM Adsns 25)
APs)yy Xac+Xsmw |1 1 Xac AP
L

Knetwork

3. Simplified model of synchronous machine and governor: A second-order equivalent mechanical model is considered. All
other internal dynamics are neglected. The damping coefficient K,,, represents the combination of various damping

effects of the system. Due to the non-linearity of the synchronous machine, its value is sensitive to the operating point.

The simplified linearized model of the system is illustrated in Fig.6. This model is only used to explain the different couplings

in the system.

APy —

|
i

|

AQG;,K%\ AP ppr 2 £ ‘ @ A(Sm
T | mppt N

Mechanical
model

. AP,
[[X rzctwork'} ﬂiL

Kpp(1+72s)
(14715+1)(T35+1)

Figure 6. Simplified linearized model of the system

The dynamics of linear and simplified linear models are compared with the non-linear model for two operating points
P, =0.67 p.u. and P, = 0.87 p.u. corresponding to the MPPT zonel and speed limitation zone2 showed in Fig.3b. Since the
operating point of the synchronous machine is modified, the K,, value has to be adjusted: 30 p.u. for operating point P,
10 p.u. for operating point P». These values are obtained by the hit and trial method by comparing the dynamics with the
non-linear model of the synchronous machine. The mechanical model of the wind turbine used is the one-mass model based
on Eq.(10). The load step A P, = 0.03 p.u. is applied at 10 seconds, the variation in system dynamics is presented in Fig.7 and
Fig.8 for operating point P; and P, respectively. Due to assumption Eq.(22) for the simplified linear model the variation in
reference power Fig.7b and DC bus voltage Fig.7d contains results with linear model only.

Figure. 7b and 7e shows that after the load step, the unbalance between power delivered by GFM and generated by the wind

10
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turbine slows down the turbine. From Fig.7a and Fig.7b, it is observed that the dynamics of the active power aligns with its
reference, thereby confirming the validity of Eq.(22). Whereas Fig.7d illustrates the small variation in DC bus voltage, also
true for operating point P». Thus, only the variation in AC side power and wind turbine power is demonstrated in Fig.8 for
P,.Comparing wind turbine dynamics for two operating points Fig.7c and Fig.8b shows that due to the non-linearity in Eq.(11)
and Eq.(12) there is a slight variation in A Py in both linearized models. Further, comparing Fig.7a and Fig.8a it is observed
that the inertial response provided by the GFM converter is more for operating point P; .

The table 1 shows the dominant mode for different wind turbine models. It shows that the dominant frequency modes are
reproduced by the simplified model even though K, ,, is different. Therefore, the linear models are validated and further

sections provide more insight into the effect of variation in the operating region.

Model Constant DC bus-grid forming | 1-mass wind turbine-grid forming | 2-mass wind turbine-grid forming
zonel zone2 zonel zone2
Linear -0.22+ 0.36j -0.1610.44j -0.31+0.54j -0.16£0.44;j -0.310.54j
Simplified linear -0.23+ 0.36j -0.1740.44j -0.28+0.56j -0.17£0.44;j -0.310.55j

Table 1. Comparative analysis of eigenvalues for different systems

4 Analysis of the influence of wind turbine on the system dynamics and improvements
4.1 Highlighting the main couplings in the system

The simplified linearized model shown in Fig.6 is considered to explain different couplings in the system. In case of a constant
DC bus for the Grid Side VSC (Switch SW in position 1 with constant active power reference A Fp), this figure reveals a well-
known interarea oscillations scheme similar to what can be found with 2 synchronous machines connected via a transmission
grid (rose area in the Fig.6 ). The main difference is that the Hgrps and Dg s are controlled variables which can be chosen
by the control. Hence, the characteristics of the interarea oscillation modes in terms of frequency and damping can be strongly
modified by the choice of these parameters [(Baruwa and Fazeli, 2021), (Xue et al., 2024)].

When SW is in position 2, the simplified linearized model shows that the wind turbine dynamics are modifying these
oscillation modes. Indeed, an additional loop (in red in the system) is added in the system. This loop interacts with the previous
modes and modifies the poles and damping as shown in Table 1. As can be shown in this table, the eigenvalue frequency
increases and the damping is decreasing. With a physical insight, it can be understood that the wind turbine control tends to
counteract the inertial effect brought to the grid by the GFM converter. Indeed, the signal Py, pp is decreased by the control
to recover the optimal rotational speed (2. The effect of this additional loop is to decrease the energy that is exchanged with

the grid and decrease the inertial effect. A possible solution to recover the expected inertial effect will be presented in the next

11
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section. Due to the non-linearity of the loop, the dynamics is not the same depending on the operating point. The gain K;ppr
increased strongly between zone 1 and zone 2, consequently the dynamics increases also, see Table 1.

All these findings are confirmed by the simulation results shown in Fig.9 and obtained for a load step of 0.2 p.u.

It is also interesting to compare the dynamics of the system by using a one-mass or two-mass model for the drivetrain. The
two-mass model offers a more comprehensive understanding of turbine dynamics, particularly in the low-frequency range.
In Fig. 10a, a clear decoupling is observed between these eigenvalues and the oscillation modes of the wind turbine itself as
the overall grid-side dynamics remain unaffected when employing either a one-mass model or a two-mass model in zone 1.
However, in zone 2, where faster dynamics dominate as the equivalent gain K s p pr is higher, the introduction of the two-mass
model induces oscillatory behavior shown in Fig.10b.

This section highlights that connecting a wind turbine to a GFM converter introduces a new type of coupling. The undesirable
phenomena identified can be mitigated by incorporating dedicated filters into the control loop. Two possible solutions are

presented in the next sections.
4.2 Damping the mechanical oscillations using input shaping filter

In (Avazov, 2022), it was proposed to add an input shaping filter in the DC bus voltage control as shown in Fig.11. The principle
of the input shaping is to modify a controlled reference signal by a convolution with a sequence of impulses to get a system
response without oscillations as shown in Figl1. One type of these filters is known as a zero-vibration (ZV) filter allowing to
achieve the zero level of residual vibrations (Huey et al., 2008). The design of the filter depends on the number of pulses, their

amplitude (Ag), and the time of occurrence (tx). A 2-pulse ZV filter can be expressed with amplitude A1, A5 and time ¢1,%5 in

13
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Figure 9. Inertial effect and frequency response of system with 1-mass wind turbine

Laplace domain:

IS(S) = Alfe_tls + Agfe_tzs

with the necessary requirements as 0 <ty <tg and A;y + Agy = 1.

(26)

The resulting finite impulse response filter formed can reduce vibrations in the mechanical system with the drivetrain oscil-

latory frequency wqam,p corresponding to drivetrain oscillatory mode s = o + jwqamyp as follows:

t1=0; ta =1t +

Wdamp

27)

Thus, the pulse amplitudes are determined from drivetrain mode are:

(28)
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The limitation of this method is to introduce quite a large delay in the control since t» is quite large and depends on a low

frequency mechanical mode. As it has been shown that the energy stored in the capacitor is negligible, the power Py is nearly

15
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equal to P4, another solution is then to place this input shaping filter to generate the reference of the active power shown in
Fig.12.
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Figure 12. Proposed solution: Integration of filter in the system

Fig.13 shows the performance of this method since the mechanical oscillations are well damped by the input shaping filter

and the system with the 2-mass model and the input shaping control behaves nearly as a 1-mass model.
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Figure 13. Effect of input shaping filter in zone2

4.3 Use of a lead lag filter to increase the inertial effect

As described before, the inertial response of a GFM controlled wind turbine is different from GFM controlled VSC with a
constant DC bus. To enhance the inertial response of the GFM wind turbine, the MPPT control operation can be deliberately
delayed through the implementation of a low-pass filter. This approach serves to smooth the power reference signal, effectively
decoupling the GFM inertial effect from the mechanical dynamics of the wind turbine. By introducing this delay, the system
mitigates rapid fluctuations in power demand that could otherwise interfere with the turbine’s mechanical stability. Additionally,

this strategy ensures a more predictable inertial contribution, thereby improving the overall behavior of the wind turbine in

16



270

275

280

285

290

295

300

https://doi.org/10.5194/wes-2025-10 WIND

~
Preprint. Discussion started: 31 January 2025 ENERGY
(© Author(s) 2025. CC BY 4.0 License. e We \

@ ® european academy of wind energy S C I E N C E
response to grid disturbances. This additional low-pass filter is expressed in Eq. (29).
PA*f PPT 1 (29)

Pyppr  14tas
To tune correctly this filter, the system reponse has been tested for various lag coefficients (¢4) at P; for load step of 0.2 p.u.
at 10 sec. The analysis in Fig.14a shows that using a t; =20 sec low-pass first-order filter provides an improved inertial effect
and the frequency response of the AC tends to be the same as with a constant DC bus voltage. It may be possible to increase the
filter time constant to 30 seconds, but this would result in slower mechanical modes. In any case, the mechanical counterpart
is a larger speed variation of the wind turbine which can be explained since the wind turbine provide more inertial effect to the
grid.

As it can be shown on Fig.14a, adding a filter tends to decrease the damping of the dominant mode. A possible solution is to
add a lead effect Eq.(30) to improve the transient response.

Pyrppr _ L4tns
Pyppr 1+tgs

(30)

The system is tested for various lead coefficients (¢,,) in zone 1 while keeping the delay ¢; = 20 sec. The choice is a trade
off between the improvement of the damping of the mode and the decrease of the inertial effect. The resulting Fig.14b shows
that ¢,, = 4.5 sec is an optimal choice.

When the tuning is achieved in zone 1, the effectiveness of the lead-lag filter in zone 2 has to be checked. As previously the
large increase of the gain K s ppr leads to a more oscillating behaviour, as seen on Fig.15, with no possibility to improve this
damping. On this figure, it can be noticed that the drive train oscillations are well damped by the filter so there is no need to

add the input shaping filter in series with the lead-lag filter.

5 Conclusions

The requirement for grid-forming behavior in wind turbines introduces a new type of coupling, as highlighted by the linearized
system proposed in this paper. This model provides a clear understanding of how the dominant frequency mode is influenced by
wind turbine dynamics and identifies the key parameters that affect this mode. Among these, the gain of the MPPT (Maximum
Power Point Tracking) strategy emerges as a critical factor, as its value varies significantly depending on the operational zone.

Additionally, The analysis also underscores the importance of accounting for the internal mechanical dynamics of the wind
turbine. Depending on the operating point, unwanted oscillations can appear in the rotational speed of the turbine. To address
this, an active damping effect can be introduced to suppress oscillatory mechanical modes by incorporating an input-shaping
filter to generate the active power reference. This approach is advantageous compared to previously proposed methods, as it
avoids interference with the DC bus control dynamics and has a negligible impact on the active power dynamics of the wind
turbine.

It has also been further revealed that the internal dynamics of the wind turbine influence the dominant frequency mode.

This is due to the interaction between the MPPT control and active power management, as rapid modifications of the power

17
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reference reduce the expected inertial effect of the grid-forming converter. A practical solution to mitigate this issue is also the
addition of a filter in the control loop. This filter is a lead-lag one which, this time, decouples the system’s dominant mode from
the mechanical modes of the wind turbine. As expected, mechanical variations are more pronounced on the wind turbine side,
where energy exchange with the grid is higher. In addition, the inclusion of this lead-lag action slightly dampens the observed

305 oscillatory behavior following a grid frequency variation.
This paper has given some general trends of the dynamics of Grid forming wind turbine connected to an AC grid but many
work is still to be done to deepen this analysis. The mechanical model should be improved to ensure that the unmodeled modes

do not induce additional interaction with the grid modes. Moreover, it is possible to implement other types of MPPT control

and analyse if the same conclusion can be drawn.
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310 Appendix A: Parameters of the system

Parameter Value
Parameter Value
Shom 900M VA
Vienom 640kV
f’rw’rn 50 HZ
Hy. 40msec
Unom 400kV
Cdc 0.7
Ry 0.02 p.u.
T, 0.5 sec
L, 0.2p.u. -

(a) System parameters

Table A1l. System parameters

(b) Dc voltage control parameters

Parameter Value
Prom SMW
Parameter Value Nyt 180
Hopm 4.5 sec Wnom 1.1905 rad/sec
CGFM 0.7 Hr 1.93 sec
Kagru 192 p.u. Hg 0.8 sec
R, 0.005 p.u. K 280 p.u.
L, 0.15 p.u. D 1
R, 0.09 Aopt 7
wy 60 Hz Cpopt 0.44
(a) Grid forming converter R ER
p 1.22

Table A2. Wind turbine-grid forming parameters

20

(b) Wind turbine parameters
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Parameter | Value
I o5 Parameter Value
SM D SeC
Ky -25
Xy 1.8
K5 0.7
Xy 1.7
K3 0.4
X 0.2
, 1 0.1 sec
X, 0.3
. T 0 sec
X, 0.25
, T3 0.2 sec
X, 0.55
ot T4 0.05 sec
q 0.25
, Ts 7.0 sec
T, 8
" T6 0.4 sec
T, 0.03
) K, 200
T, 04
” T 0.01
T, 0.05

(b) IEESGO and excitation system parameters
(a) Electrical parameters

Table A3. Synchronous machine parameters

Parameter | Value
A 0.54 Parameter | Value
Ao 0.46 tn 4.5 sec
t1 0 tq 20 sec
to 0.2 sec

Table A4. Filter parameters
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