Notes 15: Voltage Regulation
15.0 Introduction
In the very first class in this course (see “Notes 1”), we introduced the problem of voltage regulation with the diagram below.
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To review, the issue is that an essential responsibility of the distribution company is to deliver electric energy to the consumer within suitable voltage ranges.

Yet it is clear from Fig. 1 that the voltage along a radial feeder decreases with distance from the substation, because of the feeder voltage drop caused by the load current. 

Because the load current varies throughout the course of the day as power consumption varies, the voltage drop will vary. So we need a way to regulate the voltage as the load current changes in order to maintain the voltage seen by the customer meter within an acceptable range.
Some questions arise.

1. What are some possible ways to perform voltage regulation?

2. What does “voltage seen by the customer” mean to the distribution company?

3. What does “acceptable range” mean?

Answers to the above questions:

1. Ways to perform voltage regulation:

a. Step voltage regulator: It is a special transformer called an autotransformer having ability to automatically change its turns ratio. May be placed anywhere along the feeder.
b. Load tap changer: similar to a voltage regulator, but always in the substation.
c. Shunt capacitors: Place capacitors along the feeder, and turn them on (increasing voltage) and off (decreasing voltage) as needed.

2. Voltage seen by the customer?
This is the service voltage, not the utilization voltage. From American National Standards Institute ANSI C84.1-1995 Standard:

· Service voltage: The point where the electrical systems of the supplier and the user are interconnected. This is normally at the meter. Maintaining acceptable service voltage is the distribution company’s responsibility.

· Utilization voltage: The voltage at the line terminals of utilization equipment. This voltage is the facility’s responsibility. Equipment manufacturers should design equipment which operates satisfactorily with the given limits.

3. Acceptable range? ANSI C84.1-1995 Standard defines two voltage ranges:

· Range A: Utilities should design electric systems to provide service voltages within these limits. Voltage excursions outside of these limits “should be infrequent.” 
· Range B: These are wider limits, but the standard stipulates that excursions outside them should be “limited in extent, frequency, and duration.” And when such excursions do occur, “corrective measures shall be undertaken within a reasonable time to improve voltages to meet Range A requirements.”
Range A defines normal steady-state (SS) voltages; Range B defines emergency SS voltages.

Table 1 [1] gives a summary of ANSI C84.1-1995 Range A and Range B voltage limits for low voltage systems. The standard also provides similar data for medium voltage systems (2.4kV-34.5 kV).
The requirement to remember for a standard 115 nominal voltage circuit is that the voltage at the meter must lie between 114-126v for Range A & 110-127v for Range B

Table 1 [1]
[image: image2.png]ANSI Standard Nominal System Voltages and Voltage Ranges for
Low-Voltage Systems
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In addition, ANSI C84.1-1995 standard recommends that the “electric supply systems should be designed and operated to limit the maximum voltage unbalance to 3% when measured at the electric utility revenuer meter under a no-load condition.”
Recall from “Notes 14,” eq. (27), that
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Table 2 summarizes some problems caused by out of range voltages.

Table 2
	Device
	Effect of low voltage
	Effect of high voltage

	Incandescent lighting
	Low efficiency (less light)
	Shorter life

	Fluorescent lighting
	Poor starting
	Shorter life

	Resistive heating
	Not enough heat
	Shorter life

	Induction motors
	May not start. Draws more current when running, overheating.
	Excessive starting torque that may damage load.


15.1 Two-winding transformer theory
Because step-voltage regulators are so common, and because they are basically transformers, we provide a review of two-winding transformer theory.

Figure 2 shows the so-called exact equivalent circuit for a two-winding transformer.
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Fig. 2

The standards for the markings H and X are that at no-load, the voltage between H1 and H2 will be in phase with the voltage between X1 and X2.

We learned in EE 303 that the admittance Ym​ has a very small magnitude, implying that the corresponding impedance magnitude is very large. In effect, Ym looks almost like an open circuit. Therefore the current into it, denoted as Iex, is very small, and it has very little effect on the model if we move this element to the left of Z1. 

[image: image5]
Fig. 3

Now we can refer the impedance Z1 over to the right-hand-side through the square of the turns ratio, as follows:
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(1)

Can you derive this?
Consider an ideal transformer supplying an impedance Z on the secondary, as shown in Fig. 4 below.


[image: image7.emf] 

V 2  

 I 2     I 1   

Z 2   V 1  


Fig. 4

The impedance is given by 
Z2=V2/I2







(2)
But 
V2=N2V1/N1 and I2=N1I1/N2



(3)
Substitution of (3) into (2) yeilds:

[image: image8.wmf]1

1

2

1

2

1

1

2

1

1

2

2

I

V

N

N

I

N

N

N

V

N

Z

÷

÷

ø

ö

ç

ç

è

æ

=

=






(4)

But V1/I1 is just the impedance seen looking into the primary terminals. Call this impedance Z1. Therefore, 


[image: image9.wmf]1

2

1

2

1

1

2

1

1

2

2

Z

N

N

I

N

N

N

V

N

Z

÷

÷

ø

ö

ç

ç

è

æ

=

=






(5)

which implies that any impedance on the primary side may be represented on the secondary side if it is first multiplied by (N2/N1)2.

Solving for Z1, we obtain:
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(6)

which implies that any impedance on the secondary side may be represented on the primary side if it is first multiplied by (N1/N2)2.
Define the ratio of secondary turns to primary turns as
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(7)

Then
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So the secondary series impedance, Z2, can be combined with the referred primary series impedance, as
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(9)

Then our model appears as in Fig. 5.
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Fig. 5
15.2 abcd model for 2-winding xfmr
It is often the case that a single-phase transformer is in a distribution circuit feeder. In this case, we need a distribution line model, that is, we need relations that allow us to compute, for example, left side quantities as a function of right side quantities.
To get this, referring to Fig. 5, we note that 
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(10)

We can express E2 using KVL as follows:


[image: image16.wmf]2

2

I

Z

V

E

t

L

+

=






(11)
Substituting (11) into (10), we obtain:
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(12)

which expresses the input (primary) voltage as a function of output (secondary) voltage and current.

Define
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(14)

Then, eq (12) becomes:
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We develop a similar expression for IS.
Writing a KCL expression for the primary side currents, we obtain:
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(16)

Substitute (12) into (16) to get:
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(17)
Replace I1 with I1=(N2/N1)I2=ntI2, to get:
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(18)

Now expand and collect terms to get:
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which expresses the input (primary) current as a function of the output (secondary) voltage and current.

Define:
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Then eq. (19) becomes:
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So in summary we have:
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(20)
These equations are used to compute input voltage and current to a two-winding transformer when the load voltage and current are known and are of the same form as eqs. (7) and (15) in “Notes 14” on distribution line models. The only difference is that this model is a single-phase transformer. Later we will expand the terms a, b, c, and d to 3x3 matrices to account for all possible 3-phase regulator connections.
15.3 Hybrid model

Sometimes, particularly in the iterative forward-backwards sweep process, the output voltage needs to be computed from the input voltage and the load (output) current. We need a hybrid model for this. As in Notes 14, section 14.4, the model is hybrid because it computes a quantity on right side (secondary voltage) from a quantity on the left side (input voltage) and a quantity on the right side (load current).
Solving eq. (12) for VL, we get
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Define
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Then eq. (20) becomes:
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15.4 The 2-winding autotransformer
Because load tap changers and step-voltage regulators are autotransformers, we will spend some time studying autotransformers. Autotransformers are also used in connecting two different high voltage levels, e.g., 230 to 345 kV, or 230 to 345 kV, when the voltage ratio is not very great.
An autotransformer may be built from a 2-winding transformer by connecting one terminal of the low voltage side to one terminal of the high voltage side, as shown in Fig. 6.
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Fig. 6
We may re-draw Fig. 6 as in Fig. 7, where we see that X2 is open, and the load is connected from X1 to H2.
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Fig. 7

Note that in Fig. 7, the currents I1 and I2 are the currents through the respective windings, and the voltage E1 and E2, are the voltages across the respective windings. The transformer iron core and windings are exactly as in the two winding case, and so all standard relations between winding currents and voltages still apply. That is,
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(23)

But in addition, we have two more relations:
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Let’s look at the voltage and current transformation.
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(26)

This says that the autotransformer, in the configuration of Fig. 7, 

· is a step-up transformer, since 1+N2/N1>1 (we could make it a step-down transformer by connecting X1, instead of X2, to H1).

· has a voltage transformation less than 2, since N2/N1<1 and N2 is on the low, or X-side of the transformer (if we connected H2 to X1, we could obtain 1+N1/N2).
What about the current transformation?
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(27)
Note that the current transformation is input/output, whereas the voltage transformation is output/input. If we look at both in terms of output/input, we see:
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(28)
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(29)
This shows that whatever happens to the voltage going from input to output, the opposite happens to the current, so that the input power, VSIS, is equal to the output power, VLIL.

What about the kVA rating?

Define the voltage and current ratings of the H side as VHR and I​HR, so that the kVA rating of the two-winding transformer is 

SR=VHRIHR






(30)
If the two-winding transformer is operated at these rated values on the H side, then the X side voltage and current will be 
VXR=VHR(N2/N1)




(31)
IXR=IHR(N1/N2)




(32)
respectively.
Now let’s assume that the transformer is operating at the same voltage and current levels as indicated in eqs. (30), (31), and (32), but the connection between X2 and H1 is made. 
In this case, the input voltage is still VHR. But the input current will be, according to eq. (25), 

IHR+IXR=IHR+IHR(N1/N2)=IHR(1+N1/N2) (33)

Therefore, the rated kVA for this device is:
SautoR=VHRIHR(1+N1/N2)=SR(1+N1/N2)    (34)

By eq. (34), we see that the power rating of the autotransformer is (1+N1/N2) times the power rating of the same device when operated as a regular two-winding transformer.

This does NOT mean that for a given input kVA, we get more output kVA with the autotransformer. This is not the case. 

What it does say is that whereas the regular two-winding transformer is limited to a maximum, say 50 MVA, then the unit when connected to an autotransformer can carry 50(1+N1/N2) kVA. It is a very cheap way to get increased capacity out of a transformer!
To get maximum capacity increase, we want N1>N2, which means the single winding side of the autotransformer should be the high voltage side, as we have assumed in Fig. 7.
But recall eq. (28):
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So when N1>N2, the voltage transformation of the autotransformer must lie within 1(2.

Applications of autotransformers that take advantage of maximum increased capacity are when the voltage transformation requirements are relatively low, e.g., 230/345, 345/500.
From where does the increased capacity come?

The power transferred through induction does not change. But with an autotransformer, you also get power transferred through conduction!
Referring to Fig. 7, repeated below for convenience, we see
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SS=VSIS=VS(I1+I2)=VSI1+VSI2

(35)

The first term of eq. (35) is the power transferred by induction. The second term is the power transferred by conduction.

15.5 Boost vs. buck

When a regulator is operated in the manner illustrated by Fig. 7, we say it is in the boost configuration, i.e., it raises voltages. 

A regulator can also decrease voltages, in this case, the regulator is said to be in the buck configuration. Fig. 8 illustrates the buck configuration. Note that the position of the dot on the low (X) side winding is reversed relative to the boost configuration, and correspondingly, the X1 terminal is the one connected to the H1 terminal. The output is then taken as the voltage measured from H​2 to X2.
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Fig. 8

If we went through the analysis, we would find the following relations:
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(36)
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(37)

SautoR=VHRIHR(N1/N2-1)=SR(N1/N2-1)    (38)
Proof of (38):

SR=VXRIXR

VXR=VHR(N2/N1)





IXR=IHR(N1/N2)




SautoR=(VHR-VXR)IXR=(VXR(N1/N2)-VXR)IXR

  =( N1/N2-1)VXRIXR=(N1​/N2-1)SR
15.6 abcd model for autoxfmr
We will not derive the abcd model for the autotransformer but will simply state that its development proceeds in a way very similar to the development of abcd models for other components we have addressed.
We summarize voltage, current, and kVA relations for both type of transformers.

The abcd model of the single-phase autotransformer in the “step-up” (boost) configuration is given below:
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where
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Also:
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SautoR= SR(1+N1/N2)    
When the autotransformer is in the “step-down” configuration, equations (39), (40) still apply but the constants are given by:
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Also:
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SautoR= SR(N1/N2-1)
15.7 Per-unit impedance
We can show that the per-unit impedance of a two-winding transformer when connected as an autotransformer is significantly less than the per-unit impedance of the same device when connected as a regular transformer.
The relation between them is:
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(41)

where

· Zautopu is the per-unit impedance of the autotransformer, on the autotransformer base.
· Ztpu is the per-unit impedance of the two-winding transformer, on the two-winding transformer base.
· nt=N2/N1
· the “±” sign is “+” for a boost configuration and “-“ for a buck configuration.

One might wonder why it is of interest to observe that the per-unit impedance of a device on one base is less than the per-unit impedance of the device on another base, when modeling of the device in a system study requires putting the impedance on the system base. Hmmmm.
Inspection of the derivation of eq. (41) leads to the conclusion that of the two factors on the right-hand-side, the first one, nt, comes from the difference in voltage bases used. The second one, (1±nt), comes from the difference in kVA bases used.

When put into a system study, the difference in kVA bases does not matter since we must use a system kVA base anyway.

But the difference in the voltage bases will matter. That is, the voltage bases will be the nominal bases on either side of the device. In the case of the transformer, the nominal bases will be the transformer high and low voltage ratings. In the case of the autotransformer, the nominal bases will be (in the case of a boost configuration) the transformer high voltage rating, and on the other side, the sum of the high and low voltage ratings.
Example:
Consider an autotransformer connected to boost voltage by 10%. This means that 
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Therefore, from eq. (41), we have
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So we see that the part related to the difference in kVA base (1.1) has little influence, but the part related to the difference in voltage base (0.1) has a great influence. This effect is also seen for the buck configuration but not so pronounced.

Final conclusion: The per-unit impedance of an autotransformer is fairly small and we can, in most cases, ignore it with little loss of accuracy. A similar conclusion applies to autotransformer shunt admittance.
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