ELEC B7

Load Flow



Load Models

» Ultimate goal is to supply loads with electricity
at constant frequency and voltage

* Electrical characteristics of individual loads
matter, but usually they can only be estimated

— actual loads are constantly changing, consisting of
a large number of individual devices

— only limited network observability of load
characteristics

« Two common models
— constant power: S, = P, + jQ
— constant impedance: S, = |V|?/ Z



Generator Models

* Generators are usually synchronous machines

* For generators we will use two different models:

— a steady-state model, treating the generator as a
constant power source operating at a fixed voltage;
this model will be used for power flow and
economic analysis

— a short term model treating the generator as a
constant voltage source behind a possibly time-
varying reactance

Mo JX- Lo -

Er (& ” \/T'




Power Flow Analysis

 We now have the necessary models to start to
develop the power system analysis tools

* The most common power system analysis tool is the
power flow (also known sometimes as the load flow)
— power flow determines how the power flows in a network
— also used to determine all bus voltages and all currents

— because of constant power models, power flow is a
nonlinear analysis technique

— power flow is a steady-state analysis tool



Linear versus Nonlinear Systems
A function H is linear if

H(apy + aopy) = oyH(py) + ayH(py)
That is

1) the output is proportional to the input

2) the principle of superposition holds
Linear Example: y=H(x)=cX

Yy = C(X1#X;) = CX4 + C X,
Nonlinear Example: y = H(X) = ¢ x?
Y = C(X4H+Xp)* # (CX4)? + (C X)?



Linear Power System Elements

Resistors, inductors, capacitors, independent
voltage sources and current sources are linear

circult elements

V=Rl V= joLl V:_ll
JoC

Such systems may be analyzed by superposition
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Nonlinear Power System Elements

*Constant power loads and generator
injections are nonlinear and hence systems

with these elements can not be analyzed by
Rf Qg\

superposition
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Nonlinear problems can be very difficult to solve,
and usually require an iterative approach



Nonlinear Systems May Have
Multiple Solutions or No Solution

‘Example 1: x?-2 =0 has solutions x = +1.414
‘Example 2: x? + 2 = 0 has no real solution
f(x) = X2 - 2 f(x) = X2 + 2

two solutions where f(x) = 0 no solution f(x) = 0



Multiple Solution Example 3

The dc system shown below has two solutions:

= N :
=i where the 18 watt load is
aV= 2 a resistive load
-

The equation we're solving Is

2
9 volts
I°R = R — 18 watts
Load (10 +R L ong j Load

One solution IS R ,,4 = 20
Other solution is R ;5,4 = 0.5Q



Bus Admittance Matrix or Y.

 First step in solving the power flow is to create what
IS known as the bus admittance matrix, often call the
Ybu3'

* The Y, gives the relationships between all the bus
current injections, |, and all the bus voltages, V,

| = Yy V

* The Y, Is developed by applying KCL at each bus in
the system to relate the bus current injections, the
bus voltages, and the branch impedances and
admittances



Y, Example

Determine the bus admittance matrix for the network
shown below, assuming the current injection at each

bus 1 1s I; = I - I, where Ig; is the current injection into the
bus from the generator and I, Is the current flowing into the
load
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Y, Example, cont'd
By KCL at bus 1 we have

Il U IGl_IDl

V, -V, V,-V
I} = I+l = 1Z ‘4 1Z :
A B

. 1
(Vi =V2)Ya +(V; —V3)Yg (with Y; = Z-)
j

ly
= (Ya+Yp)Vi =YV, =Yg Vs
Similarly

Iy = Do+l +1y
— _YAV]_ + (YA ‘|‘YC ‘|‘YD)V2 —YCV3 _YDV4
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Y

wus EXample, cont'd

We can get similar relationships for buses 3 and 4
The results can then be expressed in matrix form

For a system with n buses, Y, 1S an n by n
symmetric matrix (i.e., one where A;; = A;)

= YpysV
Y+ Vg

Y,
~Yq
0

_YA
Yo+Ye +Yp
_YC
_YD

_YB
-Y C
Yg +Yc
0

0
_YD
0
YD
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Y

*The diagonal terms, Y, are the self admittance
terms, equal to the sum of the admittances of all
devices incident to bus i.

*The off-diagonal terms, Y;;, are equal to the negative

of the sum of the admittances joining the two buses.

* With large systems Y, . is a sparse matrix (that is,
most entries are zero)

*Shunt terms, such as with the n line model, only
affect the diagonal terms.

us @eneral Form
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Two Bus System Example

—TIUJ"S Bes E"Cqmlo !(5—

2=0,03+10-04
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0.03+j0-04 Iy e
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| (\/1 V2) 7(; 1 _19_ 116
: Z 12 0.03+j0.04
1,7 [12-j15.9 12+ j167[V;

1, 12+ j16 12— j15.9]V,



Using the Y,

If the voltages are known then we can solve for
the current injections:

YoV =1
If the current injections are known then we can
solve for the voltages:

Yb_ulsI = V=2l
where Z, . 1S the bus impedance matrix
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Solving for Bus Currents

For example, In previous case assume
1.0 |
V = _
10.8-)0.2
Then
12— j159 -12+j16] 1.0 | [ 560-j0.70 |

~12+ j16 12-j15.9|/0.8—j0.2| |-5.58+ j0.88
'_I'herefore the power inj_ec_:ted at bus_l is_
S, =V;l, =1.0%(5.60 + j0.70) =5.60 + j0.70
S, =V,l, =(0.8— j0.2)x (-5.58 — j0.88) = —4.64 + j0.41
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Solving for Bus Voltages
For example, In previous case assume

P
__4'8_
Then
12— j15.9 -12+ j16 [ 507 [0.0738- j0.902"
-12+j16 12-j159| |-4.8] |-0.0738— j1.098
Therefore the power injected is

S, =V,l, =(0.0738— j0.902) x5 =0.37 — j4.51
S, =V, I, =(-0.0738— j1.098) x (—4.8) = 0.35+ j5.27
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Power Flow Analysis

* When analyzing power systems we know
neither the complex bus voltages nor the
complex current injections

« Rather, we know the complex power
being consumed by the load, and the
power being injected by the generators
plus their voltage magnitudes

» Therefore we can not directly use the
Y, €quations, but rather must use the
power balance equations



Power Balance Equations

From KCL we know at each bus I In an n bus system
the current injection, I;, must be equal to the current

that flows into the network

i = lgi—lpi = lek

Since | =Y,V we also know

n
= lgi—Ipi = D YaVk
k=1

The network power injection is then S; =V, Ii*
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Power Balance Equations,

cont'd
n n

Si= Vili = Vil D YaVk | =ViD. YuVi
k=1 k=1

This Is an equation with complex numbers.
Sometimes we would like an equivalent set of real
power equations. These can be derived by defining
Yie I Gy + By
Vi 0 Vlelt =V 20,
Gy 1 6 -6,
Recall ! =cosd + jsing
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Real Power Balance Equations

n n . -
Si = B+JQ=ViD YiVk =D MM e (G — jBy)
k=1 k=1

= Zn:MNk‘ (CosGy + JsinGy ) (G — IBi)
k=1

Resolving into the real and imaginary parts

n
P, = > MiVk|(Gj cosby + By sinby ) = Pg; — Py

k=1
Qi = 2 MiIVk|(Gysinéy — By coséy ) = Qg — Qp;
k=1



Slack Bus

* We can not arbitrarily specify S at all
buses because total generation must
equal total load + total losses

* We also need an angle reference bus.

* To solve these problems we define one
bus as the "slack" bus. This bus has a
fixed voltage magnitude and angle, and a
varying real/reactive power injection.



Three Types of Power Flow

Buses

* There are three main types of power flow

buses

— Load (PQ) at which P/Q are fixed; iteration solves for
voltage magnitude and angle.

— Slack at which the voltage magnitude and angle are
fixed; iteration solves for P/Q injections

— Generator (PV) at which P and |V| are fixed; iteration
solves for voltage angle and Q injection
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Generator Reactive Power
Limits
The reactive power output of generators

varies to maintain the terminal voltage; on a
real generator this is done by the exciter

To maintain higher voltages requires more
reactive power

Generators have reactive power limits, which
are dependent upon the generator's MW
output

These limits must be considered during the
power flow solution.
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Home Work

Consider the system shown in the single-line diagram of Figure 2, where all line admittances
are identical and have the same value of I, =-/3.

b- Write the bus admittance matrix of the system Y. What are the primary unknowns for the
power flow problem for the system? [5 points]

¢- Write the power flow equations assuming that bus 1 is the slack bus whose voltage is
unity and whose angle is zero. Bus 2 is maintained at a voltage of 1.025 [5 points]

Sey Sea=06+jQ,,
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Home Work

Consider the system shown in the single-line diagram of Figure 2, where the line admittance between
bus 1 and 2 is the same as that between bus 1and 3as: ¥, =4~ /5. Itis required to:

b- Find the voltage ¥, and its phase angle exactly given that S, = 0.8+ j0.6. [5 points]
c- Find the voltage /;and its phase angle exactly given that S, = 0.4+ 70.3 [5 points]

d- Find the value of S, and the generator power factor. [5 points]
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