PowerFlow1
1.0 Introduction
The power flow problem may be stated roughly as follows. Given knowledge of the real and reactive demands, the real power generation, and the generator terminal voltages, together with the network topology, compute the voltage magnitudes and angles at all buses. 

Once you have bus voltage magnitudes and angles, all of the real and reactive power flows along the circuits can then be directly computed. Thus, we will say that knowledge of all bus voltage magnitudes and angles constitute a solution.
The power flow problem is one that is important to both electric power system planners, electric power system operators, and electric power system operational planners.
1.1 Planning

Planners will typically study expected conditions in the future, such as the peak, partial peak, and/or off-peak conditions expected for the four seasons 5 years from now. Thus, a planner might begin with a basecase called “SummerPeak2011” which models the expected topology, dispatch, and loading conditions corresponding to the summer peak day in 2011. The planner might then study this case to ensure that reliability criteria are satisfied, i.e., 
· performance level A: when all elements are in service, all flows and voltage magnitudes are within normal ratings, with no loss of load;
· performance level B: for all N-1 contingencies, all flows and voltage magnitudes are within emergency ratings, with no loss of load;

· performance level C: for certain multiple-element contingencies, all flows and voltage magnitudes are within emergency ratings; with no uncontrolled loss of load.
If any of the criteria are not satisfied, then the planner must determine cost-effective means of enhancing the power system so that the criteria are satisfied.
1.2 Operations

The power flow problem is also solved in an operating environment. In fact, the Energy Management System (EMS), which is the software system residing in the Energy Control Center, has as one of its main functions the construction and analysis of the power flow model. The manner in which the power flow model is constructed is illustrated in Fig. 1. 

Fig. 1 shows that measurements are communicated from the substations via the remote terminal units (RTU) and the supervisory control and data acquisition (SCADA) system. This information includes both status indicators (e.g., breakers and switches open or closed) and analog measurements (voltages, powers, currents).
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Fig. 1

A topology processor takes all of the status indicators together with knowledge of the standard system topology and identifies the network. The state estimator develops a power flow solution based on the system topology together with the various analog measurements obtained from around the power system. The power flow model is then used in a contingency analysis module which determines any violations of reliability criteria. 

To relieve violations, corrective or preventive actions must be taken. Corrective actions correct violations of Performance Level A (existing problems). Preventive actions correct violations of Performance Levels B and C (problems that will occur if a certain contingency occurs).
The contingency analysis, together with corrective/preventive action determination, are power-flow based functions. They are said to be on-line applications since they are performed within the control center itself.
1.3 Operations Planning

Most control centers also employ engineering staff to conduct operational planning studies. Such staff conducts off-line power flow analysis to identify for particularly important contingencies the secure operating region and the preventive actions necessary to stay in the secure operating region. 
The operating “regions” are specified in terms of operational parameters that operators can monitor. At least some of these parameters should also be controllable by the operator. A typical tool used to provide this information to the operator is the nomogram. Figure 2 illustrates a nomogram in the space of two operating parameters. The boundary between the secure and insecure regions is parameterized by a third operating parameter.
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Fig. 2

2.0 Reactive capability curves
Key to the understanding of the power flow problem is the reactive capability curve of unit generation, illustrated in Fig. 3.
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Fig. 3

In Fig. 3, the solid curve represents a typical operating limitation for a synchronous generator. Operation is not safe outside of this region. The curve is discontinuous because there are three different reasons for the limitation, as follows:
1. The top limitation is associated with the fact that operation in this region is highly lagging, i.e., the machine is producing a large amount of reactive power. Producing reactive power requires having a high internal voltage Ef, which only occurs as a result of supplying high field current If. But there is a heating limitation to the field circuit, and it is this heating limitation which imposes this part of the reactive capability curve boundary.
2. The middle right-hand side of the boundary is a part of a circle drawn with center at the origin of the graph. It corresponds to the heating limitation of the armature circuit, which imposes a maximum current on the generator current. Since 
S=P+jQ=VI*, 



(1)

then

I=(P-jQ)/V*




(2)

In terms of magnitude, 
|I|=sqrt(P2+Q2)/|V|.



(3)

For |I|=Imax we have 
sqrt(P2+Q2)=|V|Imax, 



(4)

which describes a circuit centered at the origin P=Q=0 with radius |V|Imax. If we assume the voltage is rated voltage, then the radius is rated MVA, Srated.
3. The bottom portion of the curve corresponds to leading operation, i.e., when the unit is absorbing reactive power. Under such condition, the internal voltage Ef must be small. (And so the current which produces Ef, i.e., the field current If, must be also be small). The lower the internal voltage, the larger must be the power angle in order to produce a given amount of power. This can be seen by recalling the relation for computing power out of a generator as a function of power angle:
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Here, we see that if P and |V| are constant, and if |Ef| decreases, then sinδ must increase. The only way for sinδ to increase is for δ to increase. The closer δ gets to 90°, the less “margin” the unit has for increasing P. At δ=90°, the unit can has 0 margin, and any little perturbation which causes the unit to accelerate (and therefore increase δ) will result in even more acceleration, thus leading to instability. 
Units also experience heating at the ends of the armature under highly leading conditions, and this can be more limiting than the stability issue in some cases.

A very good reference on the limitations associated with generator reactive capability is [
], pp 110-117.

The boundary does NOT represent the locus of points where the generator must operate. It may operate anywhere inside of the boundary. Rather, the boundary just delineates between the acceptable and the unacceptable region of operation.

This discussion is extremely relevant to our interest in power flow analysis because generators are the source of the P and (most of) the Q for which we are trying to determine flows on the circuits. So the fact that there is dependency between the limitations of how much P and Q a generator produces will have to be modeled in our analysis approach.

The way to model this dependency is to build in this functional dependence of Q on P according to the specific reactive capability curve for each unit. Some programs actually allow this. (Then we need to constantly check during the solution procedure to ensure that each unit is operating within the limitation represented by this functional dependence.)
What is more common, however, is to do something a bit simpler. Rather than model the exact relation between Q and P limitations, as indicated by the reactive capability curve, we will approximate it. The typical approximation made is illustrated in Fig. 4 by dotted lines.
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Fig. 4

This approximation requires only three numbers: Pmax, Qmax, and Qmin. The “box” made by these numbers and the Q-axis defines the approximation. This approximation is very simple, and therefore, of most importance, easy to program.
As a result of this representation, the PSS/E program requires that you enter the values of Qmax and Qmin for every generator that you model. These numbers should be estimated from the reactive capability curve. If for some reason, you do not have the reactive capability curve, then a reasonable way to estimate these numbers is the 0.90, 0.95 rule, which means that 

· Qmax is computed with P=Pmax and a 0.90 power factor (lagging), 
· Qmin is computed with P=Pmax and a 0.95 power factor (leading).

For example, if Pmax=100MW, then reasonable estimates for Qmax and Qmin would be 
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A unit capability curve for one unit installed at a coal-fired power plant is shown in Fig. 5.
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Fig. 5









[�], J. Grainger and W. Stevenson, “Power system analysis,” McGraw-Hill, 1994.
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