Tap Changers
1.0 Introduction (Section 5.9)
Section 5.9 discusses voltage regulators, tap changers, and phase shifters. Of these, tap changers are the most common at the transmission level, and that is what we will discuss in these notes.
Tap changers are either “off-load” or “on-load.” Off-load tap changers may only have their tap adjusted when they are de-energized. On-load tap changers may change their tap under loading. Both kinds of tap changers have common modeling requirements, which we will study in these notes.

2.0 Per-unitization (not in text)
We have said that part of the beauty of per-unitization is that we can then we can then eliminate the transformer.  We have also said that transformer impedance, when in per-unit, is the same independent of the side on which it is given. 

Unfortunately, there is a condition where neither is true. That condition is when the ratio of the per-unit voltages on either side of the transformer is not unity. Such transformers are said to have non-unity taps and to be off-nominal-tap transformers.
Question: When does this condition occur? Answer: When we have already per-unitized our system (and therefore chosen voltage bases in proportion to the turns ratios of the transformers connecting the different sections of the system), but we have a tap-changing transformer (regulates voltage on the secondary side by changing turns ratio).

Your text motivates this situation on page 173 by discussing paralleled transformers. It is a reasonable way to motivate the meaning of the key word “tap” but it is not such a good application of the situation of interest. On page 173, the text defines 
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 is the ratio of line-line voltage bases, and 
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is the ratio of line-line voltages. Although the text does not use the word, 
[image: image4.wmf]n

 is the same thing as “tap.” (Actually, it is the same thing that we will define as t1 in what follows).
So what is “tap”? 

Consider defining the two buses between which a transformer is connected as “bus 1” and “bus 2.” When entering the transformer into a power flow program dataset, as a single record in the dataset, bus 1 comes first, and bus 2 comes second, e.g., 

  < bus1 ><BV> < bus2 ><BV>            < X  >             <TAP INFO>
T BUS1    230. BUS2    345. 1          0.00330.00000.00000233.0345.0  
The tap, or tap ratio, is the ratio of the per-unit voltage on the bus-1 side to the per-unit voltage on the bus-2 side, i.e., 
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(1)

When this ratio is unity, we can eliminate the ideal transformer in the per-unit system. 
When this ratio is not unity, we must represent an ideal transformer, even in per-unit (.

So let’s draw a one-line diagram of the situation (everything in per-unit).
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Fig. 1

Note that Fig. 1 indicates Xpu2, i.e., it indicates that the transformer per-unit reactance is being given on the bus 2 side. 

What is the difference between representing the impedance on the bus 1 side or the bus 2 side? Let’s investigate this question….
First, let’s express the per-unit impedance on the two different sides. This will be:


[image: image7.wmf](

)

(

)

1

2

1

1

3

3

2

1

1

1

1

1

       

/

X

V

X

S

S

V

X

X

X

X

base

pu

base

base

base

base

pu

=

Þ

=

=

f

f


(2)

 
[image: image8.wmf](

)

(

)

2

2

2

2

3

3

2

2

2

2

2

2

       

/

X

V

X

S

S

V

X

X

X

X

base

pu

base

base

base

base

pu

=

Þ

=

=

f

f

(3)

Equating the second part of the above two expressions, we have:
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(4)

Solving for Xpu1, we obtain:
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(5)

But recall eq. (24) on Transformer Notes 1, 
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(6)
which also applies to reactances, i.e., X1/X2=(N1/N2)2. (Here, N1/N2 is an equivalent turns ratio equal to the ratio of the line-to-line voltage magnitudes on either side of the transformer).
So the right-hand-side of eq. (6) is just the ratio of the voltages (V1/V2)2, i.e., 
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Therefore, eq. (5) becomes:
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Now manipulate eq. (8) a little to obtain:

[image: image14.wmf]2

2

2

1

1

2

1

/

/

÷

÷

ø

ö

ç

ç

è

æ

=

base

base

pu

pu

V

V

V

V

X

X






(9)

But note that the numerator is just the per-unit voltage on the bus 1 side and the denominator is just the per-unit voltage on the bus 2 side. Therefore:
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But recall eq. (1):
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Therefore, eq. (9) becomes:
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This says that the per-unit impedances on the two sides of the transformer are related by the square of the tap. Note that if the tap is unity, then the per-unit impedances on the two sides of the transformer are the same.
Example: Jill notices that Jack has reversed the order of the buses in moving data of an off-nominal transformer from one PSS/E dataset to another. She calls Jack a dunce, and even worse, claims he must have graduated from U. of Iowa. Jack says “Fine, show me how then.” Jill explains the following:

You had it like this:

  < bus1 ><BV> < bus2 ><BV>            < X  >             <TAP INFO>

T BUS1    230. BUS2    345. 1          0.00330.00000.00000233.0345.0  
which corresponds to this: 
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Fig. 2

where
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Now you are entering it like this:

  < bus1 ><BV> < bus2 ><BV>            < X  >             <TAP INFO>

T BUS2    345. BUS1    230. 1          0.00330.00000.00000345.0233.0  
You switched the buses, and you switched the tap data, which is fine. But you did not change the impedance. You will need to change the impedance because the program understands you to be modeling it like this:
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Fig. 3

where
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Final comment: We will see in future notes how to model the regulating transformer using the admittance matrix (see exercise 9.3).
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