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The development of low CO2 equivalent emissions energy sources, like distributed generation, tends to reduce the global inertia of power systems by default. This phenomenon impacts grids' stability and the main synchronous generators. In this paper, a methodology is proposed to evaluate the evolution of the synchronizing torque coefficient under the effect of this inertia reduction. The results, detailed for each machine of the IEEE 10generator 39-bus power system, show a linear trend as a function of system inertia. The methodology to model inertia reduction as well as considering other parameters than synchronizing torque are discussed in the paper.

I. INTRODUCTION

In the face of climate changes and environmental constraints related to greenhouse gas reduction, many countries invest in a wide range of alternative energy sources, resulting in the development of distributed generation (DG). DG has the advantage of being made up of sources usually deemed to have a lesser impact in terms of CO 2 equivalent emissions. However, its development within the grid is not inconsequential and poses real challenges. While some of these sources of energy are still based on synchronous machines (SGs), the two most popular ones, namely variable speed wind power and solar photovoltaic, inject electricity into the grid through a power electronics interface [START_REF] Kroposki | Achieving a 100 % Renewable Grid: Operating Electric Power Systems with Extremely High Levels of Variable Renewable Energy[END_REF]. The operation of these devices, unlike conventional SG, does not allow natural contribution to the inertia of the power system.

In terms of resiliency, increased variability of production, associated with an increased reactivity through power electronics, creates potential issues that have to be looked into, from the point of view of the stability of the grid as well as the impact on the remaining SG-based production. Several studies have shown that the substitution of synchronous production by Non-Synchronous Powers (NSP) contributes to the decrease of the overall inertia and impacts the rotor angle stability [START_REF] Tielens | Operation and control of power systems with low synchronous inertia[END_REF], [START_REF] Reza | Stability analysis of transmission systems with high penetration of distributed generation[END_REF], and more precisely the synchronous frequency of the grid [START_REF] Bakhtvar | Synchronizing Torque Impacts on Rotor Speed in Power Systems[END_REF].

Although the synchronizing torque is one of the key parameters of the synchronous capability of SG in grids [START_REF] Kundur | Definition and classification of power system stability IEEE/CIGRE joint task force on stability terms and definitions[END_REF], and therefore of their rotor angle stability, its potential evolution with the current changes in the electrical grid energy mix This work is funded by the Excellence Scholarship Program for Mali has not been extensively investigated. Nevertheless, several studies have contributed to the evaluation of this parameter with methods of various complexity [START_REF] Alden | Analysis of Damping and Synchronizing Torques Part I-A General Calculation Method[END_REF], [START_REF] Sharkawi | Estimation of dynamic equivalents of external electric power systems[END_REF]. Furthermore, a link was established between the reactive power generation, the steady-state synchronizing torque coefficient (STC) and the initial rate of change of rotor speed (ROCORS) [START_REF] Bakhtvar | Synchronizing Torque Impacts on Rotor Speed in Power Systems[END_REF].

The presented work aims to deepen the analysis of the impact of the reduction of inertia resulting from the replacement of SG by NSP on the STC of generators in the grid.

The paper is structured as follows: After presenting the methodology put in place to compute the STC and the considered study case in Section II, we present how we modeled the decrease of inertia of the grid in our study case. In Section III, the evolution of the STC as a function of the global grid inertia is discussed as well as the sensitivity of the results to the methods and potential additional criteria. A conclusion opens the paper to the first research perspective.

II. METHODOLOGY A. Computation of the synchronizing torque coefficient

Shaltout et al. adapted their method of computation of the STC to a multi-machine power system [START_REF] Shaltout | Damping and synchronizing torque computation in multimachine power systems[END_REF]. This procedure applies the least squares technique to the time responses of the changes in electrical torque, rotor speed, and rotor angle to estimate the coefficient. The change in electrical torque of an SG following a disturbance, ∆T e , is expressed as:

∆T e = K D ∆ω + K S ∆δ (1) 
With K D the damping torque coefficient, proportional to the change of rotor speed, ∆ω, and K S the synchronizing torque coefficient, proportional to the change of rotor angle, ∆δ. This equation was subsequently redefined by Ghasemi et al. in [START_REF] Ghasemi | On-line Damping Torque Estimation and Oscillatory Stability Margin Prediction[END_REF] by considering the variation of rotor speed and internal angle as a function of the center of inertia (COI) of the system. Thus, the angle and the speed whose variations are considered in [START_REF] Kroposki | Achieving a 100 % Renewable Grid: Operating Electric Power Systems with Extremely High Levels of Variable Renewable Energy[END_REF] are redefined as δ = δ i -δ COI et ω = ω i -ω COI , with:

δ COI = 1 M T g i=1 M i δ i and ω COI = 1 ω 0 dδ COI dt (2) 
Where δ i , ω i and M i , are the internal angle, the rotor speed and the inertia coefficient of the i th generator respectively;
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M t = g i=1 M i .
The error of the estimation of the change in electrical torque, as a function of the time, is written as:

ε(t) = ∆T e (t) -(K D ∆ω(t) + K S ∆δ(t)) (3) 
The damping and synchronizing torque coefficients are calculated to minimize the integral of the square error and thus satisfy the following two equations:

∂ ∂K S T 0 ε(t) 2 dt = 0 (4) ∂ ∂K D T 0 ε(t) 2 dt = 0 (5) 
It is then possible to compute the two coefficients:

K s = T 0 ∆T e (t)∆δ(t)dt -K D T 0 ∆ω(t)∆δ(t)dt T 0 ∆δ(t) 2 dt (6) 
K D = T 0 ∆T e (t)∆ω(t)dt -K S T 0 ∆δ(t)∆ω(t)dt T 0 ∆ω(t) 2 dt (7) 
As the two parameters are interdependent, they are computed for each generator by solving B = A × K, with

B = B 1 B 2 ⊺ , A = A 1 A 2 A 2 A 4 and K = K s K D ⊺ .
The matrices A and B ∈ R N are defined as follows:

B 1 = T 0 ∆T e (t)∆δ(t)dt; B 2 = T 0
∆T e (t)∆ω(t)dt (8)

A 1 = T 0 ∆δ(t) 2 dt; A 4 = T 0 ∆ω(t) 2 dt (9) 
A 2 = T 0 ∆ω(t)∆δ(t)dt (10) 

B. System Inertia

Serway et al. defined inertia as the resistance of a physical object to a change in its state of motion [START_REF] Serway | Physics for Scientists and Engineers[END_REF]. Individually, the equation of motion of each generator of an electrical system can be written as follows:

2H SG ω dω dt = P m -P e (11) 
H SG = J SG ω 2 0 2S SG = E SG S SG (12) 
With ω the electrical rotor speed, P e and P m , the electrical and mechanical powers, and H SG the SG inertia time constant; E SG the kinetic energy stored in the turbine and generator, S SG the apparent power of the generator, ω 0 the nominal angular system frequency and J SG the combined moment of Fig. 1. Line Diagram of the 39-bus system [START_REF] Khodabakhshian | Multi-machine power system stabilizer design by using cultural algorithms[END_REF] inertia from the generator and the turbine, referred to the electrical angular frequency by considering the number of pairs of pole.

Eq. ( 11) can be expressed with one aggregated single unit by considering the system's frequency as a global parameter [START_REF] Tielens | The relevance of inertia in power systems[END_REF]:

2H SY S ω dω dt = P g -P l (13) 
H SY S = H SG S SG S SG = E SG S SY S (14) 
With P l and P g , the total load and generated powers and H SY S the system inertia time constant.

C. Study case

The IEEE 10-generator 39-bus power system is used to study the impact the grid inertia reduction on the STC [START_REF] Pai | Energy Function Analysis for Power System Stability[END_REF]. Each generator is modeled as a two-axis transient model. Except for Unit 1, all the generators are equipped with automatic voltage regulators (AVR), represented by an IEEE Type 1 excitation system. The behavior of the AVR affects the behavior of SG, noting that modern SG potentially have PSS alongside AVRs. A further type of excitation and controller should be investigated. Loads are considered constant shunt impedances in the presented study. This also impacts the dynamics of the system and should be considered in further studies in addition to other parameters like frequency nadir after load impact, short-circuits, etc. More details on the SG model and the grid are provided in Appendix.

For each simulation, the time responses of necessary parameters are recorded after a small disturbance on bus 30. This disturbance consists of the connection of a 15 MVAr shunt reactor during 1 s. 

D. Modeling inertia reduction

The decrease in inertia results in a reduction of the SG inertial contribution to the grid, owing to their substitution by DG. In theory, this would come down to replacing SG progressively with DG designed with equivalent apparent power, assuming DGs do not provide inertia support. Of course, the inertia time constant of DGs depends on the considered technology, but a first approximation would simply suppress it, in comparison with the main SGs of the grid.

As a preliminary approach, the decrease of inertia can also be indirectly modeled by acting on the load rather than on the generation. For this study case, it was assumed that the loads (representing aggregated consumption from the distribution grid) were progressively supplied by local DG, thus seemingly consuming less energy from the main grid itself. This mechanism represents the impact of self-production generalization (taking place at the distribution level) on the SG at the transmission level. Thus, the substitution of a "centralized" high power SG by local DG is similar, in this configuration, to shedding an equivalent power of the loads, and disconnecting the now unnecessary SG with the equivalent power, as illustrated in Fig. 2.

The resulting grid presents fewer SGs than the initial one, with lower inertial contributions, but it also has a lower apparent power. However, with the proposed hypotheses, i.e., substituting only centralized SGs by DG, it can be considered as retaining the same global apparent power as the initial grid.

On this basis, it is possible to approximate the inertial decrease corresponding to the replacement of each SG (from machine M 2 to M 10 ). This evolution is proposed in Fig. 3.

III. RESULTS AND DISCUSSIONS

A. First scenario: Successive replacement of generators

In this case, generators are successively disconnected from the 39-bus power system based on their increasing inertial contribution to the grid, i.e., following the x-axis of Fig. 3. The goal is to represent the evolution of the STC up to the last rotating machine to be connected to the grid. Other interesting choices of machine disconnection orders could be done if each machine could be identified according to its electric distance to the closest neighbor, its environmental impact, its cost of production, and so on. It could thus have been envisaged to disconnect first the most polluting or the most expensive generator when increasing the penetration of the DG.

In practice, the study is conducted for six machines rather than ten (from M 8 to M 6 ), as the grid becomes unstable after the substitution of M 3 . The SG M 10 is the disturbance source, so its disconnection is not studied to maintain consistency between the different cases. The results are shown in Fig. 4, with the linear trend in Table I.

These simulations highlight an overall increase in STC of SG when the inertial contribution decreases within the power system. If it seems to be common to most generators, it was not possible to verify it for all of them, particularly for M 8 , M 5 , M 7 , and to a lesser extent M 2 . Indeed, these generators are the first to be disconnected from the grid, and as a result, they do not provide sufficient assessment points to conclude on their impact. With the chosen modeling method, the simulations imply modifications of the grid, thus it is impossible to guarantee that all other parameters are identical from one step to another. However, the trends overcome this sensitivity, assuming that other influencing parameters vary only slightly between simulation results. This topic is further discussed in Section III-C.

B. Second scenario: Individual replacement of generators

The second series of simulations consisted of disconnecting (successively) only one generator at a time, from the SG M 2 to M 9 . Each iteration corresponds to a decrease of the inertia that will depend on the contribution of the only machine being disconnected. The obtained data is compared with the first scenario. Fig. 5 gathers the results and Fig. 6, the linear trends.

The linearized trend is consistent with the one presented in Fig. 4 on the same interval of system inertia. There is, however, a fundamental difference from the previous results, which can be represented in two phases.

The first phase (from ∼90 s to ∼100 s of system inertia), corresponds to the most significant inertial losses considered in the system, mainly including the evaluation points resulting from the machines' cumulative disconnection (first scenario).

The second phase (above ∼100 s of system inertia) corresponds to successive but non-cumulative disconnection of the generators (second scenario). The linear trends, in that case, are proposed in Table II. Despite a relative growth in STCs over disconnections and a pattern common to all machines, the observed changes respond with difficulty to a linear trend. The case of M 1 is notable in this scenario since its STC trend is not affected. This generator (probably responsible for such high values in the system inertia) indeed represents an equivalent external grid in the IEEE 39-bus test system, which puts it in another category compared to the other machines.

C. Discussion

With this first approach, though all machines present various characteristics and interactions through the grid, there is a correlation to extrapolate between the STC of the SGs and the system inertia. The modifications affecting the grid between each simulation step require additional work to isolate the sole relation between STC and system inertia. The implication of other parameters impacting the synchronous capacity of the machines should be considered in parallel, like damping coefficient, frequency nadir after a load impact and shortcircuit currents, but also the presence of PSS and alternative AVR technologies. The relation between STC and inertia is probably focused on the first swing stability of the rotor angle. Other scenarios and more detailed models are needed to analyze those relations, notably considering transient interactions between machines that should confirm the presented evolution. In this context, a direct relationship between the STC (specifically) and system variables could be difficult to illustrate as it may rather be a multi-variable, possibly nonlinear relationship. Inertia is indeed a separate physical variable that may not be easily untangled from STC and other modeling parameters.

The presented results are to be put in perspective with the modeling hypothesis the SGs gradual replacement. This has the advantage of simplifying the modeling and simulation sufficiently to illustrate the evolution of the STC as a function of the global inertia of the grid. But, despite the interest in this approach, the presented results do not integrate the potential effects of NSPs, other than on the substitution of the SGs' apparent powers. However, the control margins of these NSPs can be beneficial to mitigate the effects of their penetration on the overall stability of the grid, with services such as reactive power production (similar to SGs) and virtual inertia. New assumptions integrating their interaction deserve exploration.

IV. CONCLUSION

There are a lot of questions that can be posed, but the paper is of interest and relevance as systems increasingly move away from the classic synchronous composition

In this paper, a methodology has been proposed to evaluate the evolution of the synchronizing torque coefficient (STC) in the context of inertia reduction of a power system, resulting from the gradual substitution of synchronous generators (SG) by distributed generation (DG).

For this purpose, the increased integration of the DG has been modeled in the form of an increase in self-production at the distribution grid level, which would lead to the indirect "shedding" of loads from the transmission system's viewpoint, to the detriment of the grid "centralized" SG. A computation method of the STC was adopted to analyze its sensitivity to a reduction of the global inertia of the system.

The obtained results highlighted the impact of the reduction of the inertia on the synchronous capacity of the machines constituting the considered grid (IEEE 10-generator 39-bus), depending on the significance of the inertia decrease. A first explanation of the linear trend for system inertia below 100 s has been discussed.

A significant decrease of the STCs of the SG constituting a power system can be harmful to its rotor angle stability. The evaluation and the analysis of this evolution in the context of decreasing global inertia are necessary to develop relevant solutions to this problem, integrating more parameters than just the STC, notably damping coefficient and frequency nadir after a load impact. This represents the direct developments of the presented work. APPENDIX Synchronous generator mathematical model:

dδ i dt = ω B (ω i -ω s ) (15) 2H i d(ω i -ω s ) dt = T mi -T ei -D(ω i -ω s ) (16) 
T ei = E ′ di I di + E ′ qi I qi -I di I qi (X ′ di -X ′ qi ) (17) 
T ′ q0i dE ′ di dt = -E ′ di -(X qi -X ′ qi )I qi (18) T ′ d0i dE ′ qi dt = E f di -E ′ qi + (X di -X ′ di )I di (19) 
I qi + jI di = E ′ qi -V qi + j (E ′ di -V di + E ′ dci ) R a i + jX d i ′
(20)

T ci dE ′ dci dt = I qi X ′ di -X ′ qi -E dci (21) 
With: E ′ qi and E ′ di :Transient EMF due to flux linkage in the field and q-axis damper coil, respectively E ′ dc :Transient EMF across the dummy rotor coil I di and I qi :d-axis and q-axis stator currents, respectively X di , X ′ di :Leakage and transient reactances along d-axis X qi , X ′ qi :Leakage and transient reactances along q-axis T d0

:d-axis open-circuit transient time constants T q0

:q-axis open-circuit transient time constants
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 2 Fig. 2. Modeling the inertia reduction via self-consumption

Fig. 3 .

 3 Fig. 3. System inertia when disconnecting SGs from the grid

Fig. 5 .

 5 Fig. 5. STC of the SG as a function of the system inertia, all scenarios

Fig. 6 .

 6 Fig. 6. STC linearized trends as a function of the system inertia, all scenarios

TABLE I R

 I 2 AND STC LINEAR TRENDS AS A FUNCTION OF THE SYSTEM INERTIA

		R 2	Equation		R 2	Equation
	M 1	0.993 -1.468x + 203.25	M 6	0.811 -0.079x + 10.05
	M 2	0.833	-0.149x + 16.76	M 7	0.567 -0.085x + 10.25
	M 3	0.816	-0.084x + 10.4	M 9	0.885 -0.079x + 10.06
	M 4	0.766	-0.074x + 9.19	M 10	0.847 -0.117x + 14.02

TABLE II R

 II 2 AND STC LINEAR TRENDS AS A FUNCTION OF THE SYSTEM INERTIA, WITH S SY S >100 S

		R2	Equation		R2	Equation
	M 1	0.000	0.013x + 49.07	M 6	0.344	-0.21x + 24.01
	M 2	0.403 -0.241x + 26.74	M 7	0.425 -0.181x + 20.39
	M 3	0.454	-0.302x + 33.3	M 8	0.552 -0.215x + 24.19
	M 4	0.430	-0.19x + 21.54	M 9	0.323	-0.202x + 23.1
	M 5	0.505 -0.169x + 19.25	M 10	0.380	-0.336x + 37.1