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Massive integration of converter-interfaced generators has led Enedis -major French DSO -to inquire about the impact of multiple inverters equipped with closed-loop voltage control in the distribution grid, particularly in terms of slowinteraction converter-driven instabilities. In this paper, we employ RMS models in a small signal stability analysis to study the behavior of an inverter connected to a single-line equivalent representation of the upstream network, taking into account some particularities of the distribution grid. Assessing the behavior of system eigenvalues with respect to inverter measurement delay, we conclude that weak grid configurations may lead distribution networks to instabilities similar to those observed in transmission. A simplified reconfiguration example is used to reproduce lowfrequency oscillations in time-domain simulation for a long distribution line.

I. INTRODUCTION

High penetration of renewable energy sources coupled with converter-interfaced generators (CIGs) has led to new methods of voltage regulation in distribution grids. In France, one such example is the "Q(U ) control", currently imposed on certain generators connected to the medium voltage grid [START_REF] Enedis | Principe et conditions de mise en oeuvre d'une régulation locale de puissance réactive pour les installations de production raccordées au réseau public de distribution HTA [method and rules for the implementation of local reactive power regulation by generation facilities connected to the public medium-voltage distribution network[END_REF]. This method involves a reactive-power-voltage droop control with saturation levels and a dead-band, in addition to time delays for measurement and output. Despite being a closedloop, decentralized and effective method of voltage regulation, it still raises doubts about its stability, specially in multiinverter systems [START_REF] Cosson | Stabilité du réseau électrique de distribution. Analyse du point de vue automatique d'un système complexe [Stability of a distribution electrical network[END_REF]. In this paper, we use small signal stability analysis to demonstrate how a root-mean-square (RMS) model of a CIG connected to a single-line representation of the distribution grid is capable of reproducing slow-interaction converter-driven instabilities.

A. Slow-interaction converter-driven stability

A recent IEEE PES task force revisited and extended the classical definitions for power system stability [START_REF] Hatziargyriou | Stability definitions and characterization of dynamic behavior in systems with high penetration of power electronic interfaced technologies[END_REF]. An increasing presence of CIGs has led to new stability issues, mostly due to interactions between converters, reduction in total inertia and lower contribution to short circuit currents [START_REF] Hatziargyriou | Definition and classification of power system stability -Revisited extended[END_REF]. A new category denominated "converter-driven stability" was defined to designate a series of unstable oscillations over a This work is funded by the Enedis Industrial Chair on Smart Grids wide frequency range, since CIG control may lead to stability issues over a timescale encompassing both electromechanical and electromagnetic phenomena. Since we are focusing on voltage control methods currently employed by Enedis -main distribution system operator (DSO) in France -which are slow in nature (recommended time-response of up to 30 s [START_REF] Enedis | Principe et conditions de mise en oeuvre d'une régulation locale de puissance réactive pour les installations de production raccordées au réseau public de distribution HTA [method and rules for the implementation of local reactive power regulation by generation facilities connected to the public medium-voltage distribution network[END_REF]), we are interested in the subcategory named "slow-interaction converter-driven stability" (SICD). As outlined in [START_REF] Hatziargyriou | Definition and classification of power system stability -Revisited extended[END_REF], SICD issues involve broad instabilities triggered by slow dynamic interactions between the control systems of converters and slow-response elements of the power system.

Since these oscillations have low frequencies, usually below 10 Hz, it is reasonable to employ RMS models, which allow for faster calculations in comparison to electromagnetic transient (EMT) models, and are given preference by DSOs when conducting extensive multi-component stability simulations. Although our present small signal analysis is limited to a single inverter connected to a single-line representation of the grid, we intend to use the same inverter in future simulations with more complex grid configurations and multiple components.

Nevertheless, it must be noted that most RMS models used in industry are not suitable for reproducing SICD instabilities, as the inverter is represented without some key components, namely the inner current control loop and the phase-locked loop (PLL), which are particularly important in describing the behavior of converters connected to weak grids. Hence our decision to use a positive-sequence generic converter model which includes these components, as described in [START_REF] Ramasubramanian | Positive sequence voltage source converter mathematical model for use in low short circuit systems[END_REF].

B. State of the art

A considerable amount of research has been conducted on SICD instabilities over the past few years. In 2012, the ERCOT grid in Texas experienced such an event [START_REF] Huang | Voltage control challenges on weak grids with high penetration of wind generation: ERCOT experience[END_REF], during which voltage oscillations and temporary overvoltages were observed in both dynamic studies and real-time operation. Authors ascribed these instabilities to a low short-circuit ratio at the point of common coupling (PCC) of the wind power plants, concluding that weak grids lead to high dV /dQ sensitivity, which results in low-frequency oscillations. Some authors have likewise considered sub-synchronous oscillations to be part of the SICD stability conundrum, since they are also related to wind integration in weak grids [START_REF] Fan | Wind in weak grids: 4 Hz or 30 Hz oscillations?[END_REF]. Sub-synchronous oscillations of this kind have been observed in Xinjiang, China, leading to torsional resonance events [START_REF] Hatziargyriou | Definition and classification of power system stability -Revisited extended[END_REF]. Researchers in [START_REF] Liu | Subsynchronous interaction between direct-drive PMSG based wind farms and weak AC networks[END_REF] used small-signal analysis in addition to dynamic simulations and impedance-based methods to assess these oscillations, once again attributed to the weak grid condition. It is worth noting that most researchers have focused on wind plants connected to weak grids in the context of transmission networks [START_REF] Fan | An explanation of oscillations due to wind power plants weak grid interconnection[END_REF]- [START_REF] Fan | Modeling type-4 wind in weak grids[END_REF].

Authors have also applied small signal analysis over RMS models of a generic converter [START_REF] Ramasubramanian | Small signal stability analysis of controlled voltage source converter model for positive sequence time domain simulations[END_REF], but the PLL was not taken into account. In [START_REF] Ramasubramanian | Positive sequence voltage source converter mathematical model for use in low short circuit systems[END_REF], on the other hand, PLL is taken into consideration, as in [START_REF] Li | Wind in weak grids: Low-frequency oscillations, subsynchronous oscillations, and torsional interactions[END_REF], leading to a proper depiction of lowfrequency oscillations.

Nevertheless, small signal analysis in itself was not the main focus of the authors when using RMS models incorporating inner current control loop and PLL, whereas in this paper we intend to describe the system using linearized matrices which could afterwards be employed in a generalized multiconverter system analysis, while also assessing eigenvalues and participation factors to drive conclusions about the likelihood of slow interactions. In sum, our goal is to assess SICD instabilities using linearized RMS models within the context of interconnected distribution grids with Q(U) controllers. Our study case is based on the unifilar diagram presented in Fig. 1. A voltage-source based CIG is preferable in comparison to the current-source representation usually employed in RMS simulations, since it allows for a replication of near instantaneous responses provided by CIGs [START_REF] Ramasubramanian | Converter model for representing converter interfaced generation in large scale grid simulations[END_REF]. Inverter voltage E is composed of dq-frame components E d and E q presented in Fig. 2. The inverter takes measurements for terminal voltage V t and injected current I i through a first-order measurement block. Grid equations provide V t and I i in a dq reference frame based on θ P LL , angle of the PLL, comprising the set of variables {V td , V tq , I id , I iq }.

II. MODEL DESCRIPTION

E V g Z i = R i + j X i Z L = R L + j X L Z up = R up + j X up V t I i
A Thévenin equivalent is used to denote the grid as seen by a CIG, where the impedance comprises two components: Z up for the per-unit impedance of the upstream grid, which includes the transmission grid and an HV/MV transformer, and Z L for the distribution line. As our work is focused on distribution grids, it is crucial to include a resistive component in the equivalent impedance, since R/X ratio is relatively high (between 0.7 and 1) for a typical distribution line [START_REF] Buire | Intégration des incertitudes liées aux prévisions de consommation et production à la gestion prévisionnelle d'un réseau de distribution[END_REF]. For our purposes, the distribution grid is therefore depicted through an equivalent impedance.

To simplify equations, one may consider a single Thévenin impedance Z g , as well as a total impedance Z t :

   Z g = Z L + Z up = R g + jX g Z t = Z i + Z g = R t + jX t (1) 

A. RMS model for CIGs

A two-part diagram of the inverter is presented in Fig. 2. Since we intend to perform linearization for small signal analysis, most nonlinear components such as saturation blocks and conditional switches proposed in the generic converter model "REGC C" [START_REF] Ramasubramanian | Positive sequence voltage source converter mathematical model for use in low short circuit systems[END_REF] are neglected here. Fig. 2 also includes external loops, namely active and reactive power control loops. Specific active power control is not taken into account, in an attempt to isolate the effects of the Q(U ) controller, being thus replaced by a first-order block with time-constant T p . Reactive power control is done according to guidelines provided by Enedis [START_REF] Enedis | Principe et conditions de mise en oeuvre d'une régulation locale de puissance réactive pour les installations de production raccordées au réseau public de distribution HTA [method and rules for the implementation of local reactive power regulation by generation facilities connected to the public medium-voltage distribution network[END_REF], as in Fig. 3.

Q(U) + - + -

B. Q(U) control

Output reactive power is a factor of the net installed capacity of the power plant P net [START_REF] Enedis | Principe et conditions de mise en oeuvre d'une régulation locale de puissance réactive pour les installations de production raccordées au réseau public de distribution HTA [method and rules for the implementation of local reactive power regulation by generation facilities connected to the public medium-voltage distribution network[END_REF]. Limiting our studies to overvoltages, Q min is a number between -0.5 × P net and -0.35 × P net , while Q max = 0.

Q(U ) control involves a deadband, thus only voltage excursions ∆U between 3.75 % and 5 % of reference V com will trigger the droop control. Values below and above this range will lead to no reactive power output or saturation at Q min , respectively. Recommended time-response for Q(U ) is up to 30 s [START_REF] Enedis | Principe et conditions de mise en oeuvre d'une régulation locale de puissance réactive pour les installations de production raccordées au réseau public de distribution HTA [method and rules for the implementation of local reactive power regulation by generation facilities connected to the public medium-voltage distribution network[END_REF]. Droop level K q curve ranges from -40 to -28, while Q ref DC curve is a number between 1.05 and 1.5, leading to an output Q ref , in steady-state, equal to (3), with parameters redefined as [START_REF] Hatziargyriou | Definition and classification of power system stability -Revisited extended[END_REF].

Q ref = Q ref DC + K q V tm V com (3) 
with

   K q = K q curve P net Q ref DC = P net (Q ref DC curve -K q curve ) (4) 
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C. Linearization

Linearizing the system from Fig. 1 around an equilibrium point, represented by the subscript "0" for any variable in this paper, leads to the following relations:

∆x= A i ∆x + B ∆u + M i ∆y (5) ∆y= N i ∆x (6) 
where input vector u, output vector y, and state vector x are defined as

u = [P com , V com ] ⊺ , y = [V td , V tq , I id , I iq ] ⊺ x = [V tdm , V tq m , I idm , I iq m , θ P LL , ω P LL , (7) 
P ref , Q ref , I d , I q , E d , E q ] ⊺
Standard state-space representation is achieved by substituting (6) in ( 5):

∆x = A ∆x + B ∆u (8) 
with

A = A i + M i N i (9) 
A is the state matrix, whereas A i is a matrix associated to internal dynamics of the inverter, and the product M i N i is representative of inverter-grid interactions. N i stems from the linearization of grid equations in dq reference frame. A i is given in (2), while B, M i and N i are given in [START_REF] Li | Stability control for wind in weak grids[END_REF].
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)+a sin(θ P LL0 )) 0 0 0 0 0 1-a -b 0 0 0 0 Vg(-a cos(θ P LL0 )+b sin(θ P LL0 )) 0 0 0 0 0 b 1-a 0 0 0 0 Vg(d cos(θ P LL 0 )+c sin(θ P LL 0 )) 0 0 0 0 0 c d 0 0 0 0 Vg(c cos(θ P LL0 )-d sin(θ P LL0 )) 0 0 0 0 0 -d c   [START_REF] Li | Stability control for wind in weak grids[END_REF] where network parameters are redefined as

    a b c d     = 1 Z t 2     R i R t + X i X t R i X t -X i R t R t X t     (11) 

III. SMALL SIGNAL STABILITY ANALYSIS

Small signal stability analysis provides an assessment of how a dynamic system behaves when subjected to small perturbations. For a CIG connected to the distribution grid, this behavior depends mostly on three factors: grid strength at the point of connection, general time delays involving all dynamic elements in the system and CIG control parameters. A strong grid would be able to maintain PCC voltage regardless of CIG capacity P cap , which translates into a high short-circuit ratio (SCR). For constant P cap , as in Table I, SCR is inversely proportional to |Z g |. Concerning time delays, CIGs connected to the distribution grid are often subjected to slow control requirements, thus measurement delay T m may surpass the typical range of 10 to 20 ms [START_REF]Modelling of inverter-based generation for power system dynamic studies[END_REF] used in transmission grid simulations. Other slow-acting dynamic elements, particularly capacitor banks and on-line tap changers (OLTC) are not taken into account, so as to restrict the analysis to SICD instabilities involving exclusively the inverter. Finally, control parameters are taken as to assure small signal stability for both scenarios defined in Table I. Best choice of control parameters is out of scope for this paper, although they may have a considerable impact on small signal stability. Hence, we restrict our analysis to the measurement timeconstant T m and to the grid strength, indirectly represented by Z g , for which we define two scenarios, described in detail in Table I. For extreme situations, such as in Scenario 2, in which a 20 km distribution line is connected to a substation with short-circuit power S SC = 100 MVA, a CIG with P cap = 10 MW connected to the distribution grid may see a SCR close to 3, thus being subjected to a situation similar to the wind power plants that experienced SICD instability in transmission networks [START_REF] Huang | Voltage control challenges on weak grids with high penetration of wind generation: ERCOT experience[END_REF] [START_REF] Liu | Subsynchronous interaction between direct-drive PMSG based wind farms and weak AC networks[END_REF]. By varying T m from 0.25 to 50 ms, we may observe the behavior of the eigenvalues of state matrix A, for both strong grid (Fig. 4a) or weak grid (Fig. 4b) scenarios. These figures are portraying the trajectory of all eigenvalues as T m increases. Eigenvalues related to low T m are in blue, progressing up to red as T m approaches 50 ms. 

A. Strong grid scenario

As can be seen in Fig. 4a, even for T m = 50 ms, a strong grid is not driven to small signal instability. However, increasing T m leads to less stable configurations, given that it drives eigenvalues closer to the imaginary axis. A higher T m slows down the feedback loop taking PCC measurements to the inverter. Eigenvalues are visibly more prone to instability in the weak grid scenario. In Fig. 4b, for the same T m range as in Fig. 4a, an eigenvalue-pair crosses the imaginary axis. As the most unstable mode for strong grid configuration was associated to the PLL via participation factors presented in Fig. 5, we may observe θ P LL in a time-domain simulation where the dynamic event is a change in voltage reference V com . This simulation is not intended to reproduce a small signal instability, insofar as a large disturbance is applied, but rather analyze a situation in which the grid is prone to θ P LL oscillations. In Fig. 6, we see how a 20 % increment in T m is enough to cause weakly-damped oscillations in θ P LL , approaching instability. Weak grid scenario with T m = 24.5 ms, for instance, is already unstable, with one eigenvalue-pair presenting positive real part.

It is interesting to notice that an eigenanalysis for the strong grid scenario already provided valuable information about the possibility of finding θ P LL oscillations if the grid is weakened. Moreover, distribution grids may present higher values for T m , which increases the risk of SICD instability. Although a proper tuning of controllers could stabilize this scenario, in some situations a dynamic event may happen without the CIG having time to adapt its control parameters. In Fig. 7, for instance, a grid reconfiguration adding 1 km to the total distribution line length leads to slowly-damped oscillations in voltage. If the added length is 5 km longer, voltages will oscillate at a 4 Hz frequency, in a situation similar to SICD events observed in large transmission grids.

IV. CONCLUSIONS

Using a generic RMS inverter model with inner current control loop and PLL, we were able to assess slow-interaction converter-driven stability (SICD) via small signal analysis. Even for a strong grid configuration, it is possible to drive conclusions about hypothetical weak grid scenarios which could experience SICD instability. Interpretation of participation factors and eigenvalue sensitivity to elements of state matrix A leads us to associate a low-frequency eigenvalue-pair to the PLL. Time-domain simulations are used to reproduce the oscillations in θ P LL for scenarios with small signal instability.

In conclusion, a weak grid condition in the distribution grid may lead to SICD instability similar to situations observed in large transmission networks, particularly if there are specific parameters leading the converter-interfaced generator to a slow response, such as the measurement time-constant T m . A small signal analysis may bring about some preliminary inferences in such situations, thus it is a valuable tool for DSOs to assess the risk of SICD instabilities. Further work is required to drive conclusions about SICD stability for multiple inverters connected to the distribution grid.
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 1 Fig. 1. Unifilar diagram of the system in per-unit
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 4 Fig. 4. Eigenvalue map with Tm going from 0.25 to 50 ms. Eigenvalues go from blue to red in color as Tm increases.
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 5 Fig. 5. Strong grid scenario with Tm = 50 ms: magnitude of participation factors and sensitivity related to eigenvalue λ 5,6Fig.4areveals one oscillatory mode approaching the imaginary axis. For T m = 50 ms, participation factors associated to eigenvalue-pair λ 5,6 pinpoint θ P LL and ω P LL as the most participative states, as in Fig.5. Sensitivity of λ 5,6 to each element in state matrix A, also indicated in Fig.5, reveals how elements {A 1,5 , . . . A 4,5 } and {A 1,12 , . . . A 4,12 } are the most relevant. These elements are obtained using[START_REF] Fan | An explanation of oscillations due to wind power plants weak grid interconnection[END_REF], and depend on impedances Z i and Z g . Hence, this mode is particularly sensitive to grid strength and is related to the PLL.
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 6 Fig. 6. Weak grid scenario: time-domain simulation to detect oscillations in Vt dm and θ P LL
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 7 Fig. 7. Weak grid scenario: reconfiguration adding 1.5 and 6.5 km to distribution line length

TABLE I SET

 I OF PARAMETERS FOR SMALL SIGNAL STABILITY ANALYSIS

	Parameter Description	Scenario 1 (strong grid)	Scenario 2 (weak grid)
	d Distribution line length	1 km	20 km
	S SC	Short-circuit power for upstream grid	200 MVA	100 MVA
	Pcap	Installed capacity	10 MW	10 MW
	SCR Short-circuit ratio	16.64	3.02
	Tm	Time-constant for measurement delay	20 ms	20 ms
	Te	Time-constant for internal control delay	5 ms	5 ms
	Tp	Time-constant for active power control	20 ms	20 ms
	Tq	Time-constant for Q(U) control	1 s	1 s
	Xg	{Line + upstream grid} reactance	0.59 pu	2.75 pu
	Rg	{Line + upstream grid} resistance	0.14 pu	1.84 pu
	X i	Inverter output reactance	0.3 pu	2.5 pu
	R i	Inverter output resistance	0.003 pu	0.025 pu
	Kp i K ii	Proportional gain for Inner-I loop Integral gain for Inner-I loop	9 50	4 20
	Kp P LL K iP LL	Proportional gain for PLL Integral gain for PLL	40 400	15 400