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Abstract. Determination of the location where the shunt reactive power compensation devices is
important for the enhancement of the power system voltage stability and the decreasing of power
losses. With the method of modal analysis, this paper adopts bus voltage participation factorsto solve
this problem. In order to show the effectiveness of the proposed method, the New England 39-bus
power system with shunt reactive power compensation devices is used as an example. Test results
show that with the reactive power compensators located at the place which the proposed method
determines, the voltage stability is considerably increased.

I ntroduction

The shunt var compensation at suitable location improves the power system voltage stability to a
great extent [1-2]. Lots of researches using linearzing method to analyze this problem, which gets
wonderful resultsto the power system characterized with linear performance. The modal analysiswas
adopted in [3] to determine the suitable location of SVC for purpose of the voltage stability
enhancement. In order to improve the steady-state security, the index of V-Q sensitivity was adopted
to allocate the shunt compensator in [4]. In [5] the right eigenvector was studied to optimize the
alocation of SVC. Reference [6] and [7] extended the traditional modal analysis method and
proposed active power participation factor to study the effect of generator active power output to the
transmission capability. However, because of the conditions of economy, environment and the
society etc, power systems operating economically is more focused. In this paper, the modal analysis
is adopted to study the allocation of shunt var compensation for the purpose of reducing power |0sses.
The New England 39-bus system is studied, and the simulation results show the efficiency of the
method.

Power flow equationsand itslinear transformation

Voltage stability is a subset of overall power system stability. It can be investigated by the use of
the power flow equations. In this paper, the power system is modeled by the following power flow
eguations.

P :I{Zl‘y,. (G, co®), +B,sing)) i=12.n-1
J=
! (1)
Q=2 V(GG ~B;co®)) i=12.m
=
where V; isthe voltage at bus 7, 6;; is the angle difference between buses i and j, G;; and B;; are the
conductance and susceptance of the line connecting the buses i and j respectively, P; and Q; are the
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active and the reactive power injections at busi respectively, and m and n are the number of PQ buses
and total buses of the system respectively.
For the sake of simplification, the equation (1) can be rewritten as following.

L=g(x) 2

WhereL:(P11 PZ!'-'! Pn-l; Q11 QZ!H-! Qm) T! X:(Hly 92!'-'! 9}’1-1! V11 V21---! Vm)T-
The Taylor’s series expansion of equation (2) about an equilibrium point (EP) isgiven by Eq. (3).

L=Jx+HOT )

where J is the Jacobian matrix, and H.O.T isthe high order terms.

Using the similarity transformation x=Wy, where W is the matrix of right eigenvectors for J, the
original system can be represented by the following Taylor expansion with up to first order in the
y-coordinates.

WlL=Ay 4

where Aisthe eigenvalue matrix of J.

Participation factor (PF)

The bus voltage participation factors provide useful information about the power system
performance. The bus voltage participation factors with the interesting mode give the degree of
contribution of the buses to the corresponding system. The larger the bus voltage participation factor
is, the more influence the bus will contribute to the voltage stability. Consequently, this bus is the
appropriate location where var compensation should be used for the voltage stability enhancement of
the overall power system. In this paper, the bus voltage participation factor is used as an index to
measure this kind of contribution and it can be computed by Eq. (5).

Pri = Wi X Vi (5)

where wy and vy are the element of W and W™ respectively. py represents a measure of the
participation of the kth state to the ith mode.

Ranking buses

As has been mentioned in the previous section, based on the power flow equations, this paper uses
the bus voltage participation factor p; as an index to measure the var compensation allocation. The
large the bus voltage participation factor associated with the interesting mode indicates more impact
of the bus on the voltage stability. Consequently, it is aso the most effective installation location of
var compensation.

Theresults of reference [9] pointed out that the eigenvectors of the full Jacobian matrix are always
equal to those of the reduced Jacobian matrix and the information of the full Jacobian matrix
eigenvectorsisall included in the eigenvectors of the reduced Jacobian matrix at the singularity point.
However, at the non-singularity points, the eigenvector of the full Jacobian matrix do not match those
of the reduced Jacobian matrix. Furthermore, the larger the operating condition is away from the
singularity point, the larger the difference between the eigenvectors is. The conclusion that the
reduced matrices contain all information of the full Jacobian is only valid at the singularity point.
Therefore, in order to get correct information, this paper analyzes the full power flow equations
before the singularity point.

Case study
The effectiveness of the proposed method has been tested on the New England 39-bus test system
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shownin Fig 1. In order to study the effect of var compensation on the voltage stability enhancement
and power losses reducing, the indicesin Eqg. (6) and Eq. (7) are used in this paper.

Var
VSE = M -100% (6)

‘min

Var
PLR — Pluss P/oss . 100% (7)

loss

where 2’ and P’ are the smallest eigenvalue and power losses after var compensation

min loss

respectively, 4 . and P, arethe smallest eigenvalue and power |osses before var compensation.
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The mode corresponding to the smallest eigenvalue is considered as the interesting mode for the
voltage stability. The bus voltage participation factors with the interesting mode are calculated and
normalized with respect to the largest component respectively. The results are shown in Fig 2. From
Fig. 2, the bus voltage participation factor corresponding to bus 8 is the largest one, which shows bus
8 isthe suitable busfor var compensation to improve the voltage stability. In order to verify the effect
of the method, var compensation at each bus is simulated and the indices of V SE are calculated and
shown in Fig. 3. Comparing Fig. 2 and Fig. 3, it can be seen that compensation at the bus of large bus
voltage participation factor, the corresponding index of VSE is large. It shows that the method of
modal analysisis effective to determine the location of var compensation for voltage stability.

Because either the reactive power or the voltage is relative to the power losses, the power losses
reducing corresponding to var compensation at each busis simulated and shown in Fig. 4. Comparing
Fig. 2, Fig. 3with Fig. 4, it can be seen that by using modal analysis to determine the location of var
compensation, both the voltage stability enhancement and the power losses reducing are obtained
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simultaneously.

Conclusions

The method of modal analysisisadopted to study the power system power flow equations, and the
bus voltage participate factor is used to determine the location of var compensation for both voltage
stability enhancement and power losses reducing. The simulation results show that by using modal
analysis to determine the location of var compensation, both the voltage stability enhancement and
the power losses reducing are obtained simultaneously.
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