C4-1016

AORC Technical meeting 2014

http : //www.cigre.org

Voltage Stability Margin Affected by High Wind Power Penetration

MOHAMADREZA BARADAR, MOHAMMAD R. HESAMZADEH
KTH ROYAL INSTITUTE OF TECHNOLOGY
SWEDEN

SUMMARY
Although increasing wind power penetration into power grids is beneficial and helps to replace
conventional power generation with these clean power resources, it can bring several stability
challenges into the power systems. Most of these issues stems from intermittent nature of this
renewable sources. In this paper, voltage stability affected by wind power penetration to the grids is
investigated. This is done through a purposed convex optimization problem where the objective is to
maximize the loadability of system which is directly associated with the voltage collapse point. There
are some cases that high penetration of wind power into the grid can jeopardize the voltage stability
margin (VSM) of the grid. We show that if a system operator (SO) is to ensure a certain VSM during
the real time operation of power system, a huge amount of wind power should be curtailed. This is not
economical and desirable. The aim is to evaluate how much wind power is to be curtailed at different
wind power penetration levels in order to guarantee a certain VSM at all scenarios and how this
curtailed amount can be reduced.
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1. Introduction
Nowadays, due to lack of a strong interconnection between electric power systems within EU, there is
a concern about the restricted power exchange.
One of the reasons of improving the level of power exchange is development of renewable energy
sources such as offshore wind farms. The total capacity of wind energy installed in Europe by the end
of 2009 was about 76 GW [1]. This amount is predicted to be about 180 GW including 35 GW
offshore, and 300 GW including 120 GW offshore for 2020 and 2030, respectively [2]. Therefore,
such offshore wind farms connections have become the main attention point of some countries such as
Germany, Denmark, Sweden, United Kingdom and Netherlands for future implementation. This
uncertainty can cause additional operating costs for energy procurement from hour/day-ahead markets.
Several techniques have been employed to incorporate such uncertainty of wind power generation [3]–
[6]. This highly variable nature of wind power can significantly affect the stability of power systems,
particularly the voltage stability.
We propose a procedure in which the system operator (SO) assesses the voltage stability status
associated with each forecasted wind power scenario. In this paper, the voltage stability assessment is
done by obtaining the maximum loadability of the system which is directly connected to voltage
collapse point in the PV curve for all probable scenarios. This is achieved by solving a convexified AC
optimization problem in the form of second order cone programming proposed in [9].
It is shown that if SO is interested in assuring that the system operating point in the presence of high
wind power injection locates in a secure distance from the point of collapse (maximum loading of the
system), some part of wind generation needs to be curtailed. Subsequently, we show that by modifying
some parameters of existing devices in the network the secure distance from point of collapse can be
reached while a lower wind power curtailment is needed.

2. Mathematical Model
The proposed OPF is a convex optimization problem in the form of Second Order Cone Programming (SOCP)
as follows:

(1)
SOCP is a convex problem which can be introduced as a general form of linear programming accompanied by
nonlinear constraints which are in form of convex cones. Many kinds of problems such as LP and QP can be
formulated as SOCPs and be efficiently solved through polynomial time IPMs [7], [8].In above OPF problem,
Xo is the optimization variable vector A and b are constant vectors. C is a convex set which has the form of
convex cones. In this paper the nonlinear constraints are recast as rotated quadratic cones. SOCP has a linear
objective function (LO) subjected to a set of linear equality (LE), linear inequality (LI) and convex conic
inequality (CI) constraints. The detail of constraints can be found in [9]. λ is the loading factor which is defined
as follows:

(2)
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Figure 1. The equivalent circuit of an AC line

Where PDi0 and QDi0 are the base loads in the network. To derive the model AC line variables shown in

Figure 1 are used. Using these variables a set of equations is derived. This set of equations was first
developed in [9] for solving an economic dispatch problem of hybrid AC-DC grids. The optimization
problem used in this paper to assess the voltage stability margin is as follows:

(3)
where Cnc*nl (c, l) is 1 if line l is in the loop c with the same direction, -1 with the opposite direction, and
otherwise it is zero. According to graph theory, nc is the number of independent loops in a graph (nc = nl - nb +
1). MWnl*nb is the transpose of matrix MF . W and Wr are vectors indicating square of voltage magnitudes of
buses and receiving end buses, respectively. Pw is the wind power generation and WPC is wind power
curtailment. In above optimization problem, PG is a vector of active power generation at each AC bus with size
of nb*1 which has only nG non-zero elements. QG is a vector of reactive power generation at each AC bus with
size of nb*1 which has only nG non-zero elements. PD and QD are two vectors containing active and reactive
power loads at each AC bus. Pr and Qr are two vectors containing active and reactive line flow powers at
receiving end of AC lines. Ploss and Qloss are two vectors containing AC line flow active and reactive power
losses on AC lines.

3- SIMULATION RESULTS
To investigate the impact of high wind penetration on the voltage stability margin, IEEE 30 bus test
system is used [10]. The proposed problem is coded in GAMS and solved using its embedded solver
MOSEK [11].
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It is assumed that a wind farm is connected to bus number 26. We assume the forecasted scenarios for
wind farm are given in Table I.

Firstly, the lodability factor for all these scenarios without considering any wind power curtailment is
calculated and reported in Table II.

For the first case, we use optimization model in (3) where WPC is set to zero. As it is seen the loading
factor which is associated with the distance from voltage collapse point is even lower than base value
for those high levels of wind power scenarios.
Secondly, if the SO is to take into account a specific margin for voltage stability for all wind power
scenarios through the wind power curtailment, he can use model in (3) where WPC is free to get any
value less than Pw. In this case, the calculated loading factors are obtained and given in Table III.

In this case, the total curtailed wind power is 465.457MW. Therefore, if the SO is to consider a certain
VSM, some curtailment is needed. There are different ways to reduce this curtailed wind power.
However, this is not the scope of this paper. Here we propose modifying the reactive power limits of
synchronous condensers at buses 5, 8, 11 and 13 as 120, 150, 50 and 70Mvar, respectively. This
allows us to have a loading factor larger than 2.5 and at the same time a lower curtailed wind power as
shown in Table IV. In this case we have the total 387.4MW curtailment which is lower than the
curtailment with the base power limits of synchronous condensers.
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4- CONCLUSION
In this paper we propose a procedure where the system operator (SO) can assess the voltage stability
status associated with each forecasted wind power scenario injected to the power system. In this paper,
the voltage stability assessment is done by obtaining the maximum loadability of the system which is
directly connected to voltage collapse point in the PV curve for all probable scenarios. It is shown that
if SO is interested in assuring that the system operating point in the presence of high wind power
injection locates in a secure distance from the point of collapse (maximum loading of the system),
some part of wind generation needs to be curtailed. Subsequently, we show that by modifying some
parameters of existing devices in the network the secure distance from point of collapse can be
reached while a lower wind power curtailment is needed.
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