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Abstract :

With the increasing penetration of renewable energy sources (RES) in power systems, small-signal stability (SSS) is
challenged due to the decreasing inertia. This paper proposes a sequential generation rescheduling model considering a
generic dynamic model for RES, formulated as an optimal power flow (OPF) with SSS constraints (SSS-OPF) to
improve the system damping ratio. The dynamic modeling of wind turbine generators, photovoltaic sources, and energy
storage systems is possible using this general dynamic model. The sensitivity of eigenvalues with respect to active and
reactive powers of generating units has been used to describe the SSS constraints. By employing the semi-definite
programming (SDP) relaxation technique, the SSS-OPF model is converted to a convex optimization model. This leads
to enhanced convergence reliability and improved computational efficiency in solving the model, rendering the
proposed method suitable and applicable for large-scale power systems. This optimization model can be solved using
the SDPT3 solver in MATLAB software. Case studies on the IEEE 9-bus and IEEE 39-bus systems are conducted to
validate the proposed algorithm. The proposed generation re-scheduling method increases the damping ratio of the
power system with a high penetration of RES.
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1.Motivation of the work

In large-scale interconnected power systems, the small
signal stability problem poses a significant threat to
system security and reliability in the form of low-
frequency oscillations and acts as a limiting factor in
fully utilizing the capacity of transmission lines. The
operation of modern power systems near stability limits
due to deregulation of electricity markets and lack of grid
expansion [1] and, on the other hand, the significant
reduction in system inertia due to the replacement of
synchronous machines with renewable resources [2], has
further increased the importance of investigating and
ensuring small signal stability.

there are two methods to improve small signal stability.
The first method is the design of damping controllers, for
example: power system stabilizer [3], adding control
loops to flexible alternating current transmission system
(FACTS) devices [4], etc. While these controllers are
effective, they cannot always guarantee small signal
stability [5]. On the other hand, in the field of operation,
adjusting the operating point of the power system with
stability considerations in mind can provide the necessary
control strategy to stabilize the power system. This
problem is modeled as the Optimal Power Flow (OPF)
problem with Small Signal Stability Constraints (SSSC-
OPF). Since security and stability considerations are
taken into account, it has always been a concern for
researchers.

1. Contributions

In this paper, the SSSC-OPF optimization problem is
solved using a sequential approach. At each stage, the
system equations are linearized locally to efficiently
handle the discontinuity, nonlinearity of SSS constraints,
and cyclic behavior of the mode related to the stability
index. In this method, the system damping sensitivity to
changes in active power and reactive power is
considered. In order to guarantee convergence and
increase computational efficiency, the proposed model is
transformed into a convex problem using semi-definite
relaxation. A general model is considered for renewable
energy sources that can model the behavior of wind, solar
and energy storage resources. Finally, by solving the
problem, a set of candidate operating points with
different generation costs and stability levels are
extracted, which allows for a trade-off between economic
efficiency and stability level for power system operation.

2. Procedures

According to the definition of small signal stability, the
stability property of the linearized system is only
established in the vicinity of the equilibrium point.
However, in the OPF problem, the operating point
defined by the optimization variables is changing. As a
result, the small signal stability index loses its validity at
these intermediate points. Therefore, the main challenge
for solving the SSSC-OPF problem is the high
discontinuity and nonlinearity of the stability index

function. a sequential approach with step-by-step
adjustment of the operating point is proposed to address
this problem. The initial operating point is determined
using standard OPF. then, the small signal stability of the
system is analyzed using modal analysis. If the system is
unstable or the damping ratio is not satisfactory, the next
operating point is obtained by re-scheduling the
generation. This process continues until a desired
operating point with an appropriate damping ratio is
reached. The advantage of the proposed method is the use
of a convex optimization model, which provides a global
solution. Additionally, generators are divided into
increasing and decreasing groups using modal analysis
and sensitivity, which increases the system damping ratio
and convergence of the method.

3. Findings

The dynamic behavior of the power system for different
penetration levels of wind sources was investigated using
small signal stability. Eigenvalue analysis showed that
renewable energy sources can significantly affect system
stability. By increasing the penetration of wind resources
(replacing synchronous generators with type 4 wind
turbine generators) and as a result of reducing the inertia
of the system, the damping of the system is reduced. The
sensitivity of the damping ratio to the active and reactive
power of generators can be used to improve system
stability. Increasing (reducing) the active/reactive power
of generators with positive (negative) sensitivity
increases the level of system stability.

4. Conclusion

The increasing penetration of renewable energy sources
and the resulting change in system inertia have a
significant impact on the dynamic performance of the
system. Therefore, ensuring the stability of the power
system at different operating points is essential. In this
paper, a new method for re-dispatching generation to
ensure small signal stability and increase system damping
in the presence of renewable energy sources is presented.
With the replacement of type 4 wind turbine generators,
small signal stability is weakened. The proposed method
effectively manages the non-smooth and non-linear
characteristics of the stability index by sequentially
solving the optimization model. In each sub-step, the
sensitivity of the damping coefficient to the active and
reactive power of the generators is calculated to
determine the path towards the stable and desired region.
The proposed method model is converted into a convex
optimization model using the semi-definite relaxation
technique to be more computationally efficient and
suitable for use in large-scale systems. Simulation results
on the IEEE 9-bus and 39-bus systems show that the
proposed method is effective in ensuring small signal
stability.
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