Power transformers #2
1.0 Introduction
In the first set of notes on transformers, we developed a basic model. Today we will see how to use that model to identify the values of its parameters. In addition, we will take a look at three phase transformers. 
One issue that requires mention is the transfer of all impedances to one side of the ideal transformer. It is possible to move all to primary or all to secondary, and it is at times convenient to do one and at times the other. Generally, however, all impedances are usually moved to the primary. The way to do this starts by referring Z’2 to the primary, shown in Fig. 1a.
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Fig. 1a
The relation between Z2 and Z’2 is 
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(1a)
Then we apply an approximation, which is to move Z’2 over to be in series with Z1. This approximation is justified by the fact that ωLm>>>|Z’2|. The resulting circuit is shown in Fig. 1b.
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Fig. 1b

Now we can combine the two impedances 
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(1b)

resulting in the circuit of Fig. 2.
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Fig. 2

Note in Fig. 2 we re-labeled magnetizing inductance as a magnetizing reactance jXm, and current through it as Im.
2.0 Determining transformer parameters
Note in Fig. 2 that we have provided notation for the current through the primary winding. Note that this current is not I1. Because of the magnetizing current Im, the current into the primary terminal, I1, is not the same as the current in the primary winding. Do we need to use a new symbol for it? 
Actually, this current is related to the secondary current I2 through the turns ratio (N2/N1)I2. But as we have discussed, we do not want to denote this current as I1. So let’s use I’2. 

That is, I’2=(N2/N1)I2. This notation, I’2, may be read this way: 

· I2 referred to the primary side.
 Likewise, we can use Z’2 as 
· Z2 referred to the primary side.

We use double-prime notation (e.g., Z’’1) to indicate primary quantities referred to the secondary side.
With this notation, let’s consider two tests often done to determine the values of the transformer model parameters Z and Xm. These two tests are discussed in Example 5.2 of the text.

A basic fact on which both tests are based is that Xm>>>|Z|. 
Open circuit test: In this test, rated voltage is applied to the primary side and the secondary side is left open. The circuit diagram for this test is shown in Fig. 3.
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Fig. 3
What is I’2? It is I2(N2/N1). 
But I2=0. 

Therefore I’2=0.

So if we measure V1 and I1, then we can find
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But because Xm>>>|Z|, it will be very reasonable to approximate eq. (2) as:
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Eq. (3) is approximate but good. In addition, it requires only measurement magnitudes.
Short-circuit test: In this test, the secondary terminals are shorted, and a very low (why?) voltage is applied to the primary terminals. The resulting circuit appears as in Fig. 4.
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Fig. 4
In this case, I2 is very large. This makes I’2 also very large, and so the left side of the circuit appears as in Fig. 5. We see from Fig. 5 that a short circuit on the secondary “refers” to the primary as a short-circuit.
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Fig. 5

We also see from Fig. 5 that jXm is shorted, as so the circuit actually appears as in Fig. 6.
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Fig. 6

And so we see that 
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If we approximate that Z=jX, then eq. (4) is:
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Final comment here: Neglecting all resistance in our transformer model is OK for power flow analysis if we are interested in flows and voltages only. But it is not OK if we are interested in assessing real power losses in the network. 

In that case, you must model the winding resistance. In addition, there is also a “core-loss” component associated with eddy currents in the core, which occurs independent of the loading. The core loss component typically has a resistance on the same order of magnitude as Xm.

3.0 Three phase connections (Sec. 5.2)
All transmission-level transformers deliver three phase power.  

There are two basic transformer designs:

1. Three interconnected single phase transformers: The main disadvantage is its cost (lots of iron); advantages are:

· they are smaller and lighter and therefore easier to transport.

· they are relatively inexpensive to repair

2. One three-phase transformer (see Fig. 5.7 in text): The main advantage is its cost (less iron). Disadvantages are:

· Large, heavy, difficult to transport.

· Expensive to repair.

We focus on the 1rst case (easier to visualize) but principles apply to the 2nd case as well.

Interconnection of three single phase transformers may be done in any of 4 ways:


[image: image14.emf] 

   Δ - Y      Y - Δ      Y - Y      Δ - Δ    


These 4 ways are illustrated in Fig. 7: 
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Fig. 7 (Fig. 5.6 in text)
We can also use simpler diagrams, shown in Fig. 8, where any two coils on opposite sides of the bank (and therefore linked by the same flux), are drawn in parallel.
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Fig. 8 (Fig. 5.10 in text)
4.0 Turns ratio of 3-phase transformers
The turns ratio of 3-phase transformers is always specified in terms of the ratio of the line-to-line voltages. This may or may not be the same as the turns ratio of the actual windings for one of the single phase transformers comprising the 3-phase connection. 

Nomenclature of subscripts: Upper case for primary and lower case for secondary.

Example: 

Consider three single phase transformers each of which have turns ratio of 138kV/7.2kV=19.17. Find the ratio of the line-to-line voltages if they are connected as:

a. Y-Y

b. Δ-Δ

c. Y-Δ

d. Δ-Y

(Assume all voltages are balanced.)

Since we are only interested in the ratio, we may assume any voltage we like is impressed across the primary winding. So we assume that the primary winding always has 138kV across it, and so the secondary winding always has 7.2 kV across it. We also assume (a) positive sequence voltages and (b) the voltage across the 138kV winding is reference (angle=0 degrees).
Recall: line voltages lead phase voltages by 30 degrees. 

a. Y-Y: 
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So the ratio of line-to-line voltages is:
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b. Δ-Δ: 
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So the ratio of line-to-line voltages is:
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c. Y-Δ: 
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So the ratio of line-to-line voltages is:
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d. Δ-Y: 
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So the ratio of line-to-line voltages is:
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Conclusion (for balanced voltages):

a.  Line-to-line ratio for Y-Y and Δ-Δ connection is same as winding ratio.

b.  Line-to-line ratio for Y-Δ connection is 
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c. Line-to-line ratio for Δ-Y connection is 
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 times the winding ratio.

In the above, “Winding ratio” is the 138:7.2, i.e., it is primary side to secondary side of the single phase transformer.

We can also show the ratio of balanced line currents on the primary to the line currents on the secondary are exactly as above.

It is possible to connect the transformers appropriately so that voltages & currents on H.V. side always lead corresponding quantities on L.V. side; it is convention in the industry to do so. In the above, (b) satisfies this convention; (c) does not. 

As evidence of the last paragraph, Fig. 9 shows a Y-Δ transformer wrongly connected, because high-side quantities (lower case) lag low-side quantities by 30º. Figs. 10 and 11 show how to correct the problem by just changing the connections. Note that these are step-up transformers.
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Fig. 9
The above is improper (not conventional) because high-side quantities lag low side quantities. To fix this:
1. Re-label the low side terminals (upper case) so that C becomes A, A becomes B, and B becomes C. This is shown in Fig. 10.
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Fig. 10

Now reverse all low side polarities by reconnecting the windings so that terminals previously tied to a common (neutral) terminal are now connected to phase, and terminals previously connected to phase are now connected to a common terminal.  
The effect of this is shown in Fig. 11.
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Fig. 11

The convention to label (and connect) Y-Δ and Δ-Y transformers so that the high-side quantities LEAD low side quantities by 30º is referred to as the “American Standard Thirty-Degree” connection convention.

We can show that under this convention, high-side currents also lead low side currents by 30º.
On pp. 139-142, the book gives a fairly confusing discussion about voltage gain, denoted by K.  All you really need to know about this discussion is contained in Table 5.2, pg. 142. I have repeated here with a bit more information.
Table 1

	Connection

(Prim-Sec & Low-High)
	Voltage gain K=VllHigh/VllLow

	
	Positive sequence
	Negative

sequence

	Δ-Y
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	Y-Δ
	
[image: image32.wmf]6

/

1

2

3

1

p

j

e

N

N


	
[image: image33.wmf]6

/

1

2

3

1

p

j

e

N

N

-




Some comments on the above table (focus on positive sequence):
· Voltage gain is the increase in voltage moving from input (primary) to output (secondary).

· The voltage gain of the windings is n=N2/N1. The voltage gain of the line-line voltage magnitudes is either 
[image: image34.wmf]n
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(Δ-Y) or 
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 (Y-Δ).

· The connection is given low voltage (primary) to high voltage (secondary) for both connections (so that for positive sequence, the phase shift is always +30°).

· The book shows that current gain is I2/I1=1/K*. So the current gain magnitude is the inverse of the voltage gain magnitude, but the phase shift will be exactly the same.
The last point is an important one. For balanced three-phase analysis, because both the currents and voltages are shifted precisely by 30°, we will get the same answers, in terms of voltage and current magnitude, and in terms of powers, if we ignore the 30° altogether (.
This fact is conducive to performing per-phase analysis (and therefore per-unit analysis).

You cannot ignore the phase shift for unbalanced operation.
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