Notes 19: Power Flow Analysis
19.0 Introduction
Recall that in “Notes4,” we illustrated the analysis of a three phase feeder supplying a load. Our goal at that time was to compute the voltages at the receiving end (the customer) given the voltage at the sending end (the substation) and given the loads.

We worked a simple single phase problem using the system below.
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Fig. 1

Then we discussed the three-phase problem and noted that distribution circuits were normally (a) unbalanced and (b) not transposed.

As a result, we noted that 

· As a result, the self inductances will not be equal. In addition, we will have to account for mutual inductance between conductors (including the neutral).

· This means that we will need to do some work in order to obtain the proper mathematical model for the line. We will do this very important work later in the course.

So we have now done this work, where by “line” we mean overhead and underground circuits, regulators, and transformers. In each case, we developed matrices denoted by a, b, c, d, A, and B to allow us to relate quantities of any of these three components using eqs. (1), (2), and (3). Fig. 2 illustrates the “generic” component for which our eqs. (1), (2), and (3) are given.
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Fig. 2
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In eqs. (1), (2), and (3), the voltages are line-to-neutral for a four wire Y system and equivalent line-to-neutral for a three wire delta system.

For voltage regulators, the voltages are line-to-neutral for terminals that are connected to a four-wire Y and line-to-line for terminals that are connected to a three-wire delta.

19.1 Example
A simple feeder is shown in Fig. 3.
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Fig. 3

For this system, the infinite bus voltages are balanced three-phase of 12.47 kV line-to-line. 
The source line segment from Node 1 to Node 2 is a three-wire delta 2000 feet long and is constructed on the pole configuration of Fig. 4.
The load line segment from Node 3 to Node 4 is 2500 feet long is is also constructed on the pole configuration of Fig. 4, but it is a four-wire Y.
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Fig. 4

Both line segments use 336,400 26/7 ACSR phase conductors, and the neutral conductor on the four-wire Y line is 4/0 6/1 ACSR. Since the lines are short, the shunt admittance can be neglected.
The transformer bank is connected delta-grounded Y and consists of three single-phase transformers each rated 2000 kVA, 12.47kV : 2.4kV, with Z=1.0+j6.0%.

The feeder serves an unbalanced three-phase Y-connected load of 

Sa=750 kVA at 0.85 pf lagging
Sb=1000 kVA at 0.90 pf lagging

SC=1250 kVA at 0.95 pf lagging
Our goals are to:
1. Compute the voltages at the load (node 4) assuming the voltages at the source (node 1) are nominal (12.47 kV).

2. Correct any out-of-range voltages using a properly designed step-voltage-regulator connected in the Y on the secondary side of the transformer (node 3).

Solution to part 1:
The primitive impedance matrix in ohms/mile for this line configuration with the neutral was obtained in HW3 (see HW3 solutions on the web page) and is given as 
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(1)

The last row and column of this matrix corresponds to the neutral conductor self and mutual impedance terms. 

Since the 3-wire delta system does not have a neutral conductor, we need to eliminate the last row and column of the above matrix. Therefore, the phase impedance matrix of the 3-wire delta system, in ohms/mile, is just the upper-left-hand 3x3 block of the primitive impedance matrix, given below.
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Ω/mile.










(2)

To obtain the phase impedance matrix of the 3-wire delta system, in ohms, we need to multiply the above by 2000/5280=0.3788mile. This yields:
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(3)

To obtain the phase impedance matrix of the load line segment, which is a four-wire Y system, we perform Kron reduction of the primitive impedance matrix for the configuration with the neutral, given by eq. (1). This yields:
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The phase impedance matrix for the load line segment results by multiplying this matrix by 2500/5280=0.4735. However, there was an error in the calculation and the following phase impedance matrix was used instead. 
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(4)
We will use the above.

Now we are in a position to obtain the a, b, c, and d matrices for the 3 different components we have (source line segment, load line segment, and transformer).

Source line segment: 

Recall that in “Notes14,” we identified the generalized matrices for the overhead line. The expressions for these matrices, together with their simplification that occurs when we can neglect shunt admittance, was given in Section 14.5, and is repeated below.
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(10)
Since the line segments for this problem are relatively short, it is acceptable to neglect the shunt admittance, and therefore we will use the simplified expressions.

We will use a “1” subscript on these matrices. They are:

From eqs. (5) and (8):
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(11)
From eq. (6):
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From eq. (7):
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From eq. (9):
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From eq. (10):
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(15)
Load line segment:
We use the same equations (5)-(9) as we used for the source line segment.

We will use a “2” subscript on these matrices. They are:

From eqs. (5) and (8):
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From eq. (6):
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From eq. (7):
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From eq. (9):


[image: image27.wmf][

]

[

]

ú

ú

ú

û

ù

ê

ê

ê

ë

é

=

=

-

1

0

0

0

1

0

0

0

1

1

2

2

a

A





(19)

From eq. (10):
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Transformer: 

The transformer is Δ-Y grounded, and the model for this is given in “Notes18,” section 18.6.3, repeated below.
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Each single phase transformer was given as 2000 kVA, 12.47kV : 2.4kV, with Z=1.0+j6.0%. This percentage Z is, in per-unit, 0.01+j0.06.
Reference to Fig. 5 in “Notes18” indicates that the impedance is represented in ohms on the low side of the transformer. Fig. 5 of “Notes18” is repeated below for convenience.
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Fig. 5

And so we need to convert from per-unit into ohms on the low side. 
The low-side impedance base is given by
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So the transformer impedance referred to the low side is given by:
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We also need the transformer turns ratio nt. Recall that this is the winding ratio.
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Now we may obtain our generalized matrices for the transformer.

From eq. (21)
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From eq. (22)
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From eq. (23)


[image: image41.wmf]ú

ú

ú

û

ù

ê

ê

ê

ë

é

=

0

0

0

0

0

0

0

0

0

]

[

t

c








(32)

From eq. (24)
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From eq. (25)
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From eq. (26)
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Source bus voltages:

Refer to Fig. 3 again, repeated below.
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Fig. 3

We will assume the line to neutral voltage at the source bus (bus 1) is the reference. 

Since the source circuit is a delta, we need to get an equivalent line-to-neutral voltage. But since the line-to-line voltages are balanced, the line-to-neutral voltages will also be balanced, and getting an equivalent line-to-neutral voltage is easy.
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(36)

Therefore:
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(37)

Now we will assume that the line-to-neutral voltages at the far-node (node 4) is nominal, shifted back by 30 degrees by the Δ-Y transformer. Therefore:
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(38)

Now recall the phase powers as given in the problem statement (page 6). We obtain the angle from the pf via θ=acos(pf).
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(39)

Now we are ready to begin the forward sweep. The first step is to compute the currents from the powers given in eq. (39) and the assumed voltages given in eq. (38):
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(40)

Applying eq. (40) we get:
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(41)

We are now in a position to sweep forward and obtain the line-to-line voltages at node 1 given that we have the line-to-neutral voltages at node 4, eq. (38) and the currents at node 4, eq. 41.
Compute voltages and currents at node 3.
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(43)
Compute voltages and currents at node 2.


[image: image58.wmf][

]

[

]

[

]

[

]

[

]

3

3

2

I

b

VLN

a

VLN

t

t

+

=


[image: image59.wmf]ú

ú

ú

û

ù

ê

ê

ê

ë

é

°

Ð

°

-

Ð

°

Ð

ú

ú

ú

û

ù

ê

ê

ê

ë

é

-

-

-

-

-

-

-

-

-

-

+

ú

ú

ú

û

ù

ê

ê

ê

ë

é

°

Ð

°

-

Ð

°

-

Ð

ú

ú

ú

û

ù

ê

ê

ê

ë

é

-

-

-

-

-

-

=

8

.

71

8

.

520

8

.

175

7

.

416

8

.

61

5

.

312

0

2993

.

0

0499

.

0

0

5986

.

0

0998

.

0

0

2993

.

0

0499

.

0

2993

.

0

0499

.

0

5986

.

0

0998

.

0

0

1

.

94

5

.

2509

4

.

148

4

.

2534

5

.

29

9

.

2470

0

7319

.

1

4639

.

3

4639

.

3

0

7319

.

1

7319

.

1

4639

.

3

0

j

j

j

j

j



 EMBED Equation.3  [image: image60.wmf]volts

ú

ú

ú

û

ù

ê

ê

ê

ë

é

°

Ð

°

-

Ð

°

Ð

=

5

.

120

0

.

7643

4

.

113

5

.

7344

3

.

3

4

.

7956





(44)
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(45)

Compute voltages and currents at node 1. Note voltages are equivalent LN voltages.
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(47)

Now we still need to obtain the line-to-line voltages at the source. That is obtained by remembering the relations between line-to-line voltages and line-to-neutral voltages:

VAB=VAN-VBN
VBC=VBN-VCN
VCA=VCN-VAN
Or, in matrix form:
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(48)
We are now at a point where we have a basis to see if the voltages we used at the load are correct are not. We do this by comparing the voltages we just computed for node 1 with the voltages that actually are at node 1.

Recall from the problem statement, part 1, that the node 1 line-to-line voltages were assumed to be nominal, i.e., 12,470 (see eq. (36)). So we can compute a normalized (or per-unit) error for each node 1 line-to-line voltage according to:
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(49)
Errors of 8-10% are very large, and so this is clearly unacceptable. Normally, we may require that the solution satisfy an error tolerance of 0.1% or 0.001 pu.
So we proceed to the backward sweep, using the actual equivalent line-to-neutral voltage at the source as the Node 1 voltage and line currents obtained in the forward sweep.
This is where we use the hybrid equations.

To get the voltages at node 2:
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(50)

Observe in the above eq. (50) that the voltages VLN1 used are NOT those obtained in previous calculation of eq. (46). Rather, the voltages VLN1 used in the above equation are what we intend them to be when we get the correct solution.
To get the voltages at node 3:
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(51)

To get the voltages at node 4:
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(52)

So in the backward sweep, we start with the correct voltage and then compute back to the load using currents from the forward sweep. 

Although the currents used and the voltages used are not consistent, this is an acceptable procedure since all we are trying to do is to obtain a better estimate of the load voltages. Once we have that, then we will compute currents that are consistent with the load voltages in the forward sweep.

So we have completed the first iteration. 

The second iteration begins by computing the currents at the node 4 load using the new values of the node 4 voltages. The forward sweep uses these new currents.
The forward and backward sweeps continue until the error at the source is less than the specified tolerance of 0.001 pu. 

After four iterations, the solution has converged to a tolerance of 0.0003 pu, and the resulting node 4 load voltages are:
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(53)
In per-unit on a 2400 voltage base, this is 
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(54)
To determine the voltage that consumers would see at their outlets, we could convert the above to volts using a 120 volt base to get:
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(55)
Clearly, these voltages are too low. 

To correct this, we will install a voltage regulator on the secondary side of the transformer (node 3). This is part 2 of the problem.

Solution to part 2:

I will get you started and provide basic procedure for this part and ask that you perform the calculations.

The new configuration of the feeder is shown in Fig. 4.
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We set the three-phase regulator to a desired voltage of 121 with a bandwidth of 2 volts (120(122 volts).

Each phase has its own regulator with corresponding PT and CT. The PT ratio is 2400:120. 

The CT ratio is selected based on the rated current on the transformer side and 5 amperes on the regulator side. The rated current on the transformer side is 


[image: image85.wmf]3

.

833

2400

10

2000

3

,

,

1

=

´

=

=

rated

LN

rated

rated

V

S

I

f











(56)

We select the CT ratio of 1000:5=200:1.
Recall that we want to set the LDC impedance of the regulator R+jX to be equal to the per unit impedance of the line.
The line under regulation is the load segment.

We can get an equivalent impedance of this line using the converged voltages at its two terminal nodes, V3 and V4.
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(57)
The above computation was made for the three phases i=a, b, and c. The voltage VLN4 used is given by eq. (53) above. The voltage VLN3 used is the node 3 a, b, and c voltages obtained in the forward sweep of the last iteration of the algorithm and is given by
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(58)

The currents I3 used is the current flowing into the load at the VLN4 voltage level, which is:
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(59)
The loads will not always be at this level of imbalance, and so we obtain an average equivalent impedance for the three phases according to
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The value of the compensator impedance in volts is given by eq. (30) in “Notes16.”
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(61)

The value of the compensator settings in ohms is given by eq. (29) in “Notes16.”
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(62)

With the regulator in the neutral position, the voltages being input to the compensator circuit for the given conditions are, from eqs. (58) and (59):
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With the input voltages and compensator currents, the voltages across the voltage relays in the compensator circuit are computed to be:
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Notice how close these voltages are to the actual voltages on a 120-V base at Node 4, (see eq. (55)).
References

[1] T. Short, “Electric power distribution handbook,” CRC press, 2004.
[2] T. Gonen, “Electric Power Distribution System Engineering,” McGraw-Hill, 1986.




































































































































PAGE  
37

_1174866321.unknown

_1174872310.unknown

_1174895220.unknown

_1176524853.unknown

_1176524897.unknown

_1176525049.unknown

_1176526077.unknown

_1176526120.unknown

_1176525076.unknown

_1176524959.unknown

_1176524875.unknown

_1176524799.unknown

_1176524823.unknown

_1174897931.unknown

_1174898204.unknown

_1174898260.unknown

_1174898187.unknown

_1174896836.unknown

_1174896940.unknown

_1174896175.unknown

_1174872421.unknown

_1174895202.unknown

_1174895210.unknown

_1174876161.doc
[image: image1.emf]Load


Infinite


Bus


[ZeqS]


[ZeqL]


[Iabc] [IABC]


2 1 3 4





_1174876970.unknown

_1174872453.unknown

_1174872369.unknown

_1174872410.unknown

_1174872340.unknown

_1174868128.unknown

_1174871340.unknown

_1174871989.unknown

_1174872216.unknown

_1174872154.unknown

_1174871923.unknown

_1174871892.unknown

_1174870892.unknown

_1174870991.unknown

_1174868536.unknown

_1174869212.unknown

_1174870661.unknown

_1174868550.unknown

_1174868141.unknown

_1174867109.unknown

_1174867175.unknown

_1174867904.unknown

_1174868016.unknown

_1174868026.unknown

_1174867828.unknown

_1174867856.unknown

_1174867214.unknown

_1174867143.unknown

_1174866701.unknown

_1174866949.unknown

_1174867081.unknown

_1174866588.unknown

_1174866549.unknown

_1174722427.unknown

_1174733295.unknown

_1174865981.unknown

_1174866211.unknown

_1174866261.unknown

_1174866061.unknown

_1174733637.unknown

_1174735012.unknown

_1174735502.unknown

_1174734115.unknown

_1174733461.unknown

_1174731790.unknown

_1174731867.unknown

_1174727567.unknown

_1174692373.unknown

_1174705684.doc

[image: image1]

3000’







4000’







1







2







3












_1174721862.unknown

_1174722090.unknown

_1174694232.doc
[image: image1.emf]Load


Infinite


Bus


[ZeqS]


[ZeqL]


[Iabc] [IABC]


2 1 3 4





_1171266310.unknown

_1174266019.unknown

_1174692223.unknown

_1174692335.unknown

_1174692161.doc
[image: image1.wmf][Iabc]


n


[Iabc]


m


Node n


Node m


[Vabc]


n


[Vabc]


m


Series Feeder


Component


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


VaVbI


abcabcabc


nmm


IcVdI


abcabcabc


nmm


VAVBI


abcabcabc


mnm


=×+×


=×+×


=×-×


[image: image2.wmf] 


[Iabc]


n


[Iabc]


m


Node n


Node m


[Vabc]


n


[Vabc]


m


Series Feeder


Component


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


[


]


VaVbI


abcabcabc


nmm


IcVdI


abcabcabc


nmm


VAVBI


abcabcabc


mnm


=×+×


=×+×


=×-×





_1174266140.unknown

_1174265580.unknown

_1174266000.unknown

_1174244493.unknown

_1173849340.doc
[image: image1.wmf] 


Zt


b


Zt


c


+


+


+


_


_


_


Zt


a


V


CA


V


AB


V


BC


Vt


a


Vt


b


Vt


c


V


ab


V


bc


+


_


+


_


t


n


 


g


+


_


V


ag


X3-c


X2-b


X1-a


H3-C


H2-B


H1-A


_


+


_


+


_


+


I


a


I


b


I


c





_1171218894.unknown

_1171264098.unknown

_1169303362.doc

[image: image1]

a







b







c







n







4.5 ft







2.5 ft







3.0 ft







4.0 ft







25.0 ft












_1171218858.unknown

