
CHAPTER 2
LOAD FLOW ANALYSIS

THE POWER FLOW PROBLEM

Input Data:
1. Bus Data
2. Transmission Line Data

Include per-unit   equivalent   π circuit series impedance   Z’
and shunt admittance   Y’ , the two buses to which the line is
connected,   and   maximum   MVA   rating.   

3. Transformer Data
Include per-unit winding impedances Z, the per-unit   exciting
branch  admittance  Y,  the  buses  to  which  the  windings  are
connected, and maximum   MVA   ratings.   For tap-changing
transformers, maximum tap settings.

Bus Variables (at each bus k):
Vk - voltage magnitude
δk - phase angle
Pk - net real power 
Qk - net reactive power

Bus types:
1.  Swing  bus  (or  slack  bus)—There  is  only  one  swing  bus,  which  for
convenience is numbered bus 1. The swing bus is a reference bus for which
V1  / δ1,  typically  1 / 0o per  unit,  is  input  data.  The  power-flow program
computes P1 and Q1.
2.  Load  (PQ)  bus—Pk and  Qk are  input  data.  The  power-flow  program
computes Vk and δk . Most buses in a typical power-flow program are load
buses.
3. Voltage controlled (PV) bus—Pk and Vk are input data. The power- flow
program  computes  Qk and  δk.  Examples  are  buses  to  which  generators,
switched shunt capacitors, or static var systems are connected. Maximum
and minimum var limits QGkmax and QGkmin that this equipment can supply are
also input data. If an upper or lower reactive power limit is reached, then

the reactive power output of the generator is held at the limit, and the bus
is modeled as a PQ bus. Another example is a bus to which a tap-changing
transformer is connected; the power-flow program then computes the tap
setting.

Bus admittance matrix, Ybus:
Constructed from the line and transformer input data. 
Diagonal elements:      Ykk = sum of admittances connected to bus k
Off-diagonal elements:      Ykn  =  -(sum of admittances connected between

buses k and n)

Network Element Representation

Two-winding Transformers:



Three- Winding Transformer:

Tap-Changing Transformer:





Power-flow Equations
Using  Ybus,  we can write nodal equations for a power system network, as
follows:

where I is the N vector of source currents injected into each bus and V is
the
N vector of bus voltages.

POWER-FLOW SOLUTION BY GAUSS–SEIDEL
For each load bus, Ik can be calculated from (6.4.5), giving

Applying the Gauss–Seidel method,





POWER-FLOW SOLUTION BY NEWTON–RAPHSON

Equations (6.4.10) and (6.4.11) are nonlinear equations and of the form y = 
f(x) whose solution by Newton–Raphson at the ith iteration is given by

where 

For equations (6.4.10) and (6.4.11)

       

V, P, and Q terms are all in per-unit and δ terms are in radians.  The swing 
bus variables δ1 and V1 are omitted from (6.6.1), since they are already 
known. Equations (6.4.10) and (6.4.11) then have the following form:



Newton-Raphson Steps:







The Newton-Raphson, or one of the derivative methods, are the preferred 
power-flow solution approaches.

There  are  several  ways  to  remove  the  TIM69  to  HANNAH69  line.  One
approach is to locate the line on the Line and Transformer Records display
and then double-click on the Status field to change its value. An alternative
approach  is  to  find  the  line  on  the  one-line  (it  is  in  the  upper-lefthand
portion)  and  then  click  on  one  of  its  circuit  breakers.  Once  the  line  is
removed, use single solution to resolve the power flow. The lowest per-unit
voltage  is  now  0.9104  at  AMANDA69  and  the  highest  percentage  line
loading is 134.8%, on the line from HOMER69 to LAUF69. Since there are
now several  bus and line violations, the power system is  no longer at  a
secure operating point.  Control  actions and/or design improvements  are
needed to correct these problems.

CONTROL OF POWER FLOW

The following means are used to control system power flows:

1. Prime mover and excitation control of generators.
2. Switching of shunt capacitor banks, shunt reactors, and static var systems.



3. Control of tap-changing and regulating transformers.

A simple model of a generator operating under balanced steady-state 
conditions is the Thevenin equivalent shown in Figure 6.7. Vt is the 
generator terminal voltage, Eg is the excitation voltage, δ is the power angle,
and Xg is the positive-sequence synchronous reactance. From the figure, the 
generator current is





FAST DECOUPLED POWER FLOW

Contingencies  are  a  major  concern  in  power  system  operations.  For
example, operating personnel need to know what power-flow changes will
occur  due  to  a  particular  generator  outage  or  transmission-line  outage.
Contingency  in-  formation,  when  obtained  in  real  time,  can  be  used  to
anticipate problems caused by such outages, and can be used to develop
operating strategies to overcome the problems.
Fast  power-flow  algorithms  have  been  developed  to  give  power-flow
solutions in seconds or less [8]. These algorithms are based on the following
simplification of  the Jacobian matrix.  Neglecting  J2(i)  and  J3(i),  (6.6.6)  re-
duces to two sets of decoupled equations:



The computer time required to solve (6.9.1) and (6.9.2) is significantly less
than that required to solve (6.6.6). Further reduction in computer time can
be  obtained  from  additional  simplification  of  the  Jacobian  matrix.  For
example, assume  Vk ≈ Vn ≈ 1.0 per  unit  and  δk ≈δn. Then  J1 and  J4 are
constant  matrices  whose  elements  in  Table  6.5  are  the  negative  of  the
imaginary  components  of  Ybus .  As  such,  J1 and  J4 do  not  have  to  be
recalculated during successive iterations.
The above simplifications can result in rapid power-flow solutions for most
systems. While the fast decoupled power flow usually takes more iterations
to  converge,  it  is  usually  significantly  faster  than  the  Newton-Raphson
algorithm  since  the  Jacobian  does  not  need  to  be  recomputed  each
iteration.  And  since  the  mismatch  equations  themselves  have  not  been
modified, the solution obtained by the fast decoupled algorithm is the same
as  that  found  with  the  Newton-Raphson  algorithm.  However,  in  some
situations in which only an approximate power-flow solution is needed the
fast  decoupled  approach  can be used  with  a  fixed  number  of  iterations
(typically one) to give an extremely fast, albeit approximate solution.

THE ‘‘DC’’ POWER FLOW

The power-flow problem can be further  simplified  by  extending the fast
decoupled power flow to completely neglect the Q-V equation, assuming
that  the  voltage  magnitudes  are  constant  at  1.0  per  unit.  With  these
simplifications the power flow on the line from bus j to bus k with reactive
Xjk becomes

and  the  real  power  balance  equations  reduce  to  a  completely  linear
problem

where B is the imaginary component of the of Ybus calculated neglecting line
resistance and excepting the slack bus row and column.
Because (6.10.2) is a linear equation with a form similar to that found in
solving dc resistive circuits, this technique is referred to as the DC power
flow. However, in contrast to the previous power-flow algorithms, the DC
power  flow  only  gives  an  approximate  solution,  with  the  degree  of
approximation system dependent. Nevertheless, with the advent of power

system  restructuring  the  DC  power  flow  has  become  a  commonly  used
analysis technique.

EXAMPLE 6.17

Determine the dc power-flow solution for the five bus system from Example
6.9.

SOLUTION With bus 1 as the system slack, the B matrix and P vector for this
system are

To view this  example in PowerWorld  Simulator open case Example 6_17
which has this example solved using the DC power flow (see Figure 6.14). To
view the DC power flow options select Options, Simulator Options to show
the  PowerWorld  Simulator  Options  dialog.  Then  select  the  Power  Flow
Solution category, and the DC Options page.




