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Abstract: Voltage stability is the ability of a power system to maintain acceptable voltages at all buses

in the system under normal conditions and after being subjected to a disturbance. This paper assesses

the management of reactive power generation to improve voltage stability margin (VSM) of power

systems. The problem is formulated as a non-linear programming (NLP) optimization problem and is

solved to obtain the optimal solution. Simulation results show that after the optimal reactive power

rescheduling, the reactive reserves is increased and the active/reactive power losses are decreased

considerably. The most important advantage of the proposed method is that, the VSM of system can

be improved without adding new VAR compensation equipment and changing the active power

dispatch of generators.
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INTRODUCTION

Because of the continuous increase of power demands and consideration of both the economic benefits and

the environment protection, modern power systems are operated more and more close to their maximum

operation conditions. Under such conditions, voltage instability of the systems likely occurs. Power system

voltage instability may be initiated by a disturbance or an accident under the conditions that are usually

characterized by shortage of reactive power reserves. Hence, voltage stability of power systems has been closely

linked with the reactive power reserves of the systems. As voltage collapse is associated with the fact that the

reactive power demands is not able to met due to the limitations of the production and the transmission of the

reactive power, the amount of reactive power reserves at generating stations can be used as a measure for the

power system voltage stability. Various attempts have been carried out in the past to deal with the problem of

VAR sources management. In (Su et al. 2006), the management of the VAR generation formulated as an

optimization problem and pseudo-gradient evolutionary programming (PGEP) was used to obtain the optimal

solution. Modal analysis technique was used to guide the searching direction. The authors in (F. Dong et al.

2005) propose a reactive reserve management program (RRMP) based on an optimal power flow, to manage

critical reactive power reserves. Various generators are assigned different weights in order to maintain maximum

reactive reserves within the areas that are most vulnerable to voltage instability problem. A decomposition

technique is adopted to formulate sub-problems with various stress levels. The nonlinear interior point method

(NIP) is then used to solve the separate sub-problems. Reference (P. Nedwick et al. 1995) discusses a reactive

management program for a practical power system. The authors discuss a planning goal of supplying system

reactive demands by installation of properly sized and properly located capacitor banks which will allow

generating units to operate at or near unity power factor. Reference (Schlueter 1998) uses the reactive power

margins to evaluate voltage instability problems for coherent bus groups. These margins are based on the

reactive reserves of generators and static VAR compensators (SVCs) that exhaust reserves in the process of

computing a V-Q curve at any bus in a coherent group or voltage control area. The authors in (E. Vahedi et

al. 2001) discuss a hierarchical optimization scheme which optimizes a set of corrective controls such that the

solution satisfies a given voltage stability margin. Bender’s decomposition is employed to handle stressed cases.

There have been some attempts in the past to utilize Optimal Reactive Dispatch (ORD) for system voltage

profile correction and reactive power reserve maximization through the redistribution of system reactive power

and other reactive power related control actions. ORD is a special case of the conventional Optimal Power Flow

(OPF) problem, whereby all active power related controls are fixed, only reactive power related controls are of

interests. In (T. Menezes et al. 2003; C. A. Affonso et al. 2004; T. Menezes et al. 2004) the authors introduce

a methodology to reschedule the reactive injection from generators and synchronous condensers with the aim

of improving the voltage stability margin. 
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Their method was formulated based on modal participation factors introduced in (L. C. P. Da Silva et al.

2002), and an optimal power flow (OPF) where the voltage stability margin is improved by reactive power

rescheduling. The main drawbacks of the method are as follows. Firstly, it does not include the slack bus

generator in the problem. Therefore, the reactive power of slack bus generator is not used efficiently. Secondly,

the minimum singular value of the jacobian matrix and the corresponding left and right vectors are to be

calculated at each iteration, resulting in high computational burden. Thirdly, the performance of the method

depends on the selected values of the weighting factors used to make the weighting coefficients (H. Raoufi  and

Kalantar 2009). In (H. Raoufi  and Kalantar 2009), a similar method is introduced and the weighting coefficients

of generators reactive reserves are derived based on a modal analysis method introduced in (Huang Z et al.

2003). It eliminates the first drawback of the previous method and utilizes the reactive power of all generators

including the slack bus generator. However, it still suffers from the other two drawbacks.  Some references

include VSM directly as an objective function or a constraint in ORD. Despite the effectiveness of these

methods, they consider at least two sets of equality and inequality constraints describing the system operation

at base case and limit operating points (WD. Rosehart et al. 2003; X. Lin et al. 2003; Conejo et al. 2006; T.

Amraee et al. 2007). This approach, however, yields very high dimensionality, especially in large scale power

systems with many constraints to be incorporated.

In this paper the management of the reactive power reserves is investigated. The capability limits of

generators and synchronous condensers, line limits and tap ratios considered as inequality constrains, to obtain

a realistic model to deal with the problem of voltage stability improvement. The main objective of the problem

is to increase the reactive power reserves as well as to decrease the active power losses by rescheduling the

reactive power injection of the generators. As a result, the VSM will be improved with no negative impact on

the active economical dispatch. Simulation results on a 12-Bus test system show that the proposed method is

quite effective. The system reactive power reserves as well as the VSM are improved and the active power

losses along with reactive power losses are decreased.

Materials and Methods

This paper is consisted of four main parts. In Section I, reactive power reserve concept and formulation is

presented. Then, the formulation of the VAR management problem is given in Section II. Case study and

numerical results are presented in Section Results and Discussion. Finally, concluding remarks are made in

Section Conclusion.

I. Formulation of Reactive Power Reserve:

The reactive power sources consist of synchronous generators and shunt capacitors and reactors on the

transmission network. During a disturbance, the real power component of line loadings does not change

significantly, whereas the reactive power flow can change dramatically. The reason is that the voltages drops

resulting from the contingency decreases the reactive power generation from line charging and shunts capacitors,

thereby increasing reactive power losses. Sufficient reactive reserves should be available to meet the VAR

changes following a disturbance. Simply speaking, the reactive power reserve is the ability of the generators

to support bus voltages under increased load condition or system disturbances. How much more reactive power

the system can deliver depends on the operating condition and the location of the reserves, as well as the nature

of the impending change. The available reactive power reserve of a generator is determined by its capability

curves. It is worth noting that for a given real power output, the reactive power generation is limited by both

armature and field heating limits (F. Dong, B.H. Chowdhury et al. 2005).

A. Field current limit:

The maximum reactive power with respect to the field current limit may be obtained as:

  (1)

twhere         is the maximum field voltage, corresponding to maximum field current and V  is the terminal

voltage of the generator.
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B. Armature current limit:

The maximum reactive power output should also satisfy the armature current limitation as follows:

  (2)

The reactive power reserve of the g-th generator is then represented as:

  (3)

gwhere          is the minimum of the two values obtained from (1) and (2) and Q  is the reactive power output

under normal operating conditions.

II. Mathematic Model of the Objective Function:

The objective function of this optimization problem should contain two parts: maximizing the reactive

power reserves (equal to minimize the VAR generations) and minimizing the active power losses. Therefore,

the following objective function is obtained. It should be pointed out that in the objective function given in (1),

maximizing the reactive power reserves has been changed to minimizing the reactive power generation of

generator units 

  (4)

where X stands for the system state variables or dependent variables, which are usually bus voltages and

angles; U  represents the system control variables or independent variables like generator bus voltage or tap

gi g gratios. Also Q  is the reactive power generation of the i-th generator, i =1,....., N , N  is the number of generator

1 2 LOSSunits in the system; w , w  are the weight factors; P  is the total active power loss in the network. In this

1 2case we assume that w  = w . The constraints to the problem are as follows:

  (5)

  (6)

  (7)
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  (8)

  (9)

(10)

where:

iV  : Voltage magnitude at load bus;

ijè  : Voltage angle difference between bus i and bus j;

ij ijG , B  : Elements of the admittance matrices;

i iP  ,Q  :Active/reactive power injected into network at bus i;

T G LN , N , N : Number of transformers, generators, and loads, respectively;

               : Limits of tap setting of transformer branch;

                : Limits of voltage at i-th bus;

                : Active power capacity limits at generator bus.

                : Reactive power capacity limits at generator bus.

                : Active power capacity limits of transmission line between buses i and j.

                : Reactive power capacity limits of transmission line between buses i and j.

Equation (4) is the objective function, which minimizes the sum of the network active power losses and

generated reactive power by generators and synchronous condensers. Equations (5), (6) show the bus injections

in terms of flows in the lines and the static power flow equations at sending and receiving ends in terms of

steady state values of bus voltage magnitudes and bus angles. Transmission lines Real and reactive power flow

limits are represented by (7). Equation (8) shows real and reactive power generation limits. Equations (9) show

the inequality constraints involving limits on voltage magnitudes. Equation (10) shows the tap changer limits.

RESULTS AND DISCUSSION

The proposed ORD problem has been tested on a simple 5-machine 12-bus system in which the machine

on bus-11 is a synchronous condenser. Also there are 4 tap changing transformers, in the network. The

configuration of the power system is shown in Fig.1.  The initial base case load flow results are presented in

the Appendix.

As illustrated in fig. 2, in the base case the bus-9 has the weakest voltage profile and according to its PV

curve, the maximum active power ratio is about 1.44 times the base case active power demand of that bus, but

after rescheduling the reactive power by solving the optimization problem, the maximum active power ratio is

about 2.18 times the base case active power demand of that bus. The PV curves for the bus-9 before and after

optimizations are given in Fig.3. From this figure, it can be found that the voltage stability margin has been

increased significantly. So the effect is rather significant since the optimization is applied without adding new

equipment and the active power distribution not changed.
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Figure 4 illustrate the PV curves for load buses after rescheduling reactive powers. After optimization, the

control variables activated include Five generation voltage settings and Four ULTCs. In table 1, the initial and

post optimization values for the voltage at PV buses and reactive power generated by the generators at these

buses are given. By changing the set point of voltage at these buses reactive power reserve (RPR) for all

generators unless the G-4 has been increased. Also, in table 2, the voltages at PQ buses are compared, before

and after rescheduling the reactive power. Table 3 shows the tap ratios, before and after rescheduling. And in

the table 4, the active and reactive power losses, before and after OPF are compared. It can be observed that

active and reactive losses decrease significantly and thus, the network is operated in a more optimized and

reliable operating point.

Fig. 1: 5-machine 12-bus test system.

Fig. 2: PV curves of the load buses, before optimization.

Fig. 3: PV curves for bus-9, before and after rescheduling.
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Fig. 4: PV curves of the load buses, after rescheduling.

Table 1: Voltages of PV buses and reactive power generation, before and after rescheduling.

gBus Number V (pu) Q  (pu)

------------------------------------------------- ------------------------------------------------------------------------------

Initial Post-opt. Initial Post-opt.

1 1.050 1.070 1.157 1.130

2 1.030 1.053 1.141 0.995

3 1.025 1.054 1.143 1.143

7 1.035 1.07 0.671 1.010

11 1.040 1.058 1.057 0.766

Table 2: Voltages of PQ buses, before and after rescheduling

Bus number V (pu)

-----------------------------------------------------------------------------------------------------------------------------------------------

Initial Post-opt.

4 0.974 1.000

5 0.973 1.000

6 0.960 0.989

8 0.967 0.994

9 0.941 0.991

10 0.963 1.000

12 0.963 0.979

Table 3: Tap ratios, before and after rescheduling.

Tap Number Initial Post-opt.

1-10t 1.020 0.975

11-12t 0.980 0.975

7-10t 0.960 1.005

7-9t 1.050 0.990

Table 4: Active and Reactive power losses, before and after rescheduling.

Active Power Losses Reactive Power Losses

------------------------------------------------------------------------- ----------------------------------------------------------------------------

Initial Post-opt. Initial Post-opt.

0.2068 0.1499 0.1199 0.0177

Conclusion:

This paper discusses the management of dynamic reactive power reserves in order to improve voltage

stability margin of power systems. Management of VAR generations is processed as an optimization problem,

called optimal reactive dispatch (ORD). The capability limits of generators have been considered as inequality

constraints. In the voltage stability assessment, the reactive reserve margin is extremely important at generators

because it gives an advance indication of how close the generator might be to its operation limits becoming

active. Conceivably, a weak area could become weaker because of the simple reason that its reactive capability

would be exhausted. By solving the ORD, The reactive power reserves in the system has been increase, while

active and reactive power losses have been decreased. Voltage stability margin (VSM) has been improved

without adding new equipment and without changing active power dispatch of generating units.

Appendix:

Results of base case load flow are presented in Table A1.
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Table A1: Base case load flow results.

g g 1 1Bus Number V (pu) P  (pu) Q  (pu) P  (pu) Q  (pu)

1 1.050 1.707 1.157 0.000 0.000

2 1.030 1.200 1.141 0.000 0.000

3 1.025 1.300 1.143 0.000 0.000

4 0.974 0.000 0.000 0.800 0.800

5 0.973 0.000 0.000 0.800 0.800

6 0.960 0.000 0.000 0.800 0.800

7 1.035 1.150 0.671 0.00 0.000

8 0.967 0.000 0.000 0.800 0.800

9 0.940 0.000 0.000 0.700 0.700

10 0.963 0.000 0.000 0.650 0.550

11 1.040 0.000 1.057 0.000 0.000

12 0.963 0.000 0.000 0.600 0.600
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