Notes 4: Feeder Analysis
4.0 Introduction

In these notes, we want to illustrate the analysis of a three phase feeder supplying a load. Our goal will be to compute the voltages at the receiving end (the customer) given the voltage at the sending end (the substation) and given the loads.
This goal is of interest because 

· The sending end voltage at the substation is normally controllable (and therefore known) through the tap setting of the transformer or through the voltage regulator.
· The receiving end voltage at the customer is normally not controllable, although it is important since the customer appliances require that the voltage magnitude lie within a certain range in order to properly operate.
4.1 A single phase example
A single-phase lateral is shown in Fig. 1 below having line impedance of 0.3+j0.6/mile.
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Fig. 1: Single phase lateral
The loads are, in units of kW+jkVAR:

S1=1500+j750

S2=900+j500

The source voltage at node 1 is V1=7200V. Compute the node voltages at buses 2 and 3 to within a tolerance of 0.001pu.
Why is this problem not simply an exercise in single phase circuit analysis?

Answer: Because to get V2 and V3, we need currents I12 and I23. To get the currents, we need to know the voltages V2 and V3!
So what to do here? 

Nomenclature: node k voltage Vk & node k-j current Ikj are voltage at node k & current from node k to node j, respectively. Node k load current Ik is current into load at node k.
We apply an iterative approach as follows:

1. Assume node 3 voltage.

2. Forward sweep: Using the assumed or last computed node 3 voltage, compute the node 1 voltage and node 1-2 current. If computed node 1 voltage is within tolerance of specified node 1 voltage, quit. Otherwise, go to step 2.

3. Backward sweep: Using the specified node 1 voltage & the computed node 1-2 current, compute the voltage at the loads.

4. Go to 2.
We apply this algorithm here, but first we must obtain the impedances from the per-mile impedances.
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Step 1: 

Assume node 3 voltage is V3=7200/0◦  .V
Step 2: (Forward sweep)

From node 3 voltage & node 3 power, we get node 3 load current from S=VI*.
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The node 2-3 current is equal to the node 3 current.
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The node 2 voltage is:
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Node 2 load current is 
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Node 1-2 current is
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Node 1 voltage is
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Since it is specified in the problem that the source voltage is 7200V, we have an error of

Error=|7200-7376.2|=176.2.

In per-unit (assuming a 7200 voltage base), we get 

Error=176.2/7200=0.00245 pu.

So it is not within tolerance and we continue to step 3.

Step 3: (Backward sweep)

We assume the voltage magnitude at node 1 is as specified, 7200 V. We will use the node 1 voltage angle computed in the forward sweep. Therefore, V1=7200/0.97.

The node 2 voltage is computed using the I12 current computed in the forward sweep.
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The node 2 load current is determined next:
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The node 2-3 current is computed next.
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The node 3 voltage is then:

[image: image13.wmf]0

1

.

7027

)

4545

.

0

2273

.

0

(

01

.

28

19

.

137

306

.

0

0

.

7084

23

23

2

3

Ð

=

+

-

Ð

-

Ð

=

-

=

j

Z

I

V

V


We could have made backward sweep easier by using all forward sweep currents. If we were to have done this, the resulting node 3 voltage would have been 7026.0. If there is more than one lateral emanating from a node, this is what you must do because then you will have 2 unknowns in your KCL equation at that node (one unknown for each lateral) instead of only 1 as we had above.
Although use of forward sweep currents in the backward sweep calculation is an approximation, it is OK since the tolerance test is on the result of the forward sweep where exact currents are computed and used.

Step 4: Go to Step 2. Repeat forward sweep.


[image: image14]
4.3 Application to three phase
4.3.1 Some preliminary comments

Consider making the following assumptions in regards to three-phase feeder analysis.

1. The load is balanced.

2. The phases are transposed (each phase occupies the same physical position on the structure for 1/3 of the length of the line). 

Under the above two assumptions, the self and mutual inductances of the three conductors can be represented as three equal self inductances for each conductor. Because 

· the three self inductances are equal and 

· there is 0 mutual coupling between phases, 

we can analyze such a situation using a per-phase equivalent circuit, as is done in EE 303 (for simplicity) and in EE 456 (because in HV transmission, it is true).

In this case, the analysis for 3-phase circuits proceeds as in the single-phase case.

Unfortunately, these assumptions do not hold for distribution feeders. Distribution circuits consist of single-phase, two-phase, lines serving unbalanced loads. 

Therefore, for three-phase distribution circuits, it is the case that the loading is always unbalanced, and sometimes, the unbalance is fairly large.

In addition, distribution circuits are usually not transposed.
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.

For now, in order to illustrate, we omit the calculations involving the lines.

4.3.2 Illustration

The complex powers (per-phase) of a wye-connected load are:
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Assume that the nominal line-to-line voltage of the feeder, 12.47 kV, is the line-to-line voltage seen at the load. Compute the currents in all three phases. Also, compute the neutral current.

|VLN|=12,470/sqrt(3)=7200
Therefore, assuming balanced voltages, we have:
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The currents can be obtained using I=(S/VLN)*, i.e.,
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Note that the phase currents are NOT equal!
What does this mean with respect to the neutral current?
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So under unbalanced conditions, the neutral conductor carries current, and this current is non-negligible.

The following question will be on Mon quiz.
A 12.47kV feeder provides service to an unbalanced delta-connected load consuming the following power:

· Phase ab: 1500 kVA, 0.95 lagging

· Phase bc: 1000 kVA, 0.85 lagging

· Phase ca: 950 kVA, 0.9 lagging

Give the following expressions:
1. The currents in each phase.

2. The matrix A, where
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3. Are the line currents balanced in this case?

4.4 Approach for feeders with laterals
It is often the case that a distribution feeder will serve loads using several different laterals. Fig. 2 represents the simplest possible example of this.
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Fig. 2: Feeder with lateral

In this case, node 1 represents the substation. Node 3 is the far-end of the feeder, and branch 2-4 represents a lateral serving load at its far-end node 4.

Node 2 is referred to as a junction node.

The forward and backward sweep method can be used to determine voltages at nodes 3 and 4 given specification of node 1 voltage together with the complex values of the loads at nodes 3 and 4.
Again, to repeat, the key to understanding the forward and backward sweep method is that 

· The forward sweep is simply obtaining estimates of currents in each of the segments. In the forward sweep, voltage accuracy is not important.

· The backward sweep is concerned with accuracy of resulting voltages.

So the method is the same as previously given with the following additional rules:

1. Begin the algorithm by assuming nominal voltages at all far-end load nodes.

2. Compute all downstream currents (those currents flowing from a junction node towards the load) before moving upstream from the junction node.

3. Assign to the junction node a voltage computed based on the forward sweep done on the last downstream branch emanating from that junction node. (Note here that this is arbitrary – we could take the voltage computed based on the forward sweep from any of the downstream branches emanating from the junction node).

4. Use forward sweep currents in all backward sweep calculations.

The following is the sequence of calculations for Fig. 2:

1. Assume nominal voltages at nodes 3 & 4.

2. Compute the load current I23 into node 3. Forward sweep to junction node 2.

3. Compute the load current I24 into node 4. Forward sweep to junction node 2. Assign the resulting voltage to node 2.

4. Compute load current I2 at node 2.

5. Compute I12=I23+I24+I2.

6. Forward sweep to node 1.

7. Using given voltage

Fig. 3 shows a more complicated configuration. You should see if you can write down the steps for this configuration.
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Fig. 3: Feeder with multiple laterals
Key to understanding the forward and backward sweep method is that 


The forward sweep is simply obtaining estimates of currents in each of the segments. In the forward sweep, voltage accuracy is not important.


The backward sweep is concerned with accuracy of resulting voltages.
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