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Topic 2.4.4 – Voltage regulation. 


Learning Objectives:

At the end of this topic you will be able to;

· describe how a zener diode can be used with a current limiting resistor to form a simple regulated voltage supply;

· calculate suitable values for limiting resistors and the maximum value of current available from the voltage supply;

· describe by drawing a graph, the effect of loading on the output voltage of a regulated supply.
Voltage regulation.
In Topic 2.4.3 we were able to produce a smoothed d.c. voltage from an a.c. source, however the value of the output voltage was still dependent on the size of the load resistor, value of the smoothing capacitor, and fluctuations in the input voltage. All of these uncertainties add up to a relatively poor and unreliable power supply.

What we need to achieve is much more control over the output voltage if we are to achieve a power supply which is stable enough to run electronic circuits, particularly when supplying power to logic circuits. 
Fortunately, basic regulation of a power supply is easily achieved using another version of the semiconductor diode introduced in Topic 2.3, the zener diode. You should recall that the zener has the following characteristic.
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From the characteristic you can see that when used in reverse bias at the breakdown voltage the current can vary significantly, yet the voltage does not change. By using the zener diode in reverse bias (i.e. the cathode is more positive than the anode) we can regulate the voltage across a load and create a reliable power supply.
In the circuits which follow, it is assumed that the input voltage has come from a rectified and smoothed a.c. source as achieved at the end of topic 2.4.3, we will concentrate only on the regulation part of the circuit here.

You should remember that zener diodes are manufactured in a variety of different breakdown voltages. We select the appropriate value depending on the power supply voltage we require. 
The circuit required to provide the regulation is as follows:

[image: image44.emf]
Even though the circuit is very simple there are some careful calculations to be made to ensure the correct operation of this simple regulator. Looking at the circuit carefully there are some observations we can make:

i. the voltage across the resistor (VR) and the zener diode (VZ) must add up to the input voltage.

ii. the resistor must carry the current which flows through the zener diode and through the external circuit (load resistor).

iii. The zener diode must have a small current, the holding current, (typically 5 to 10mA) flowing through it in order to maintain the zener voltage.

iv. If the load is switched off or suddenly disconnected then all of the load current will then flow through the zener diode.
v. The power rating of the resistor and zener diode must be calculated under worst case conditions, i.e. maximum input voltage and no load.

Now we will work through a couple of examples to see how all of these points are addressed in a real example.

Worked Example 1:

A 7.5V power supply is required to power a portable CD player. The CD player requires a maximum current of 300mA. A 7.5V Zener diode is available which requires a holding current of 10mA. A smoothed but unregulated voltage supply of 12V is to be used as the input for the power supply. Design a suitable circuit for this power supply.   

Solution:

The circuit required is as follows: add load resistor

To calculate the value of resistor required we need to calculate the voltage across the resistor and the total current through the resistor.
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Now we have a choice to make as the E24 series of resistors does not have a 14.51Ω resistor, the nearest resistors are 13Ω or 15Ω. If the 15Ω resistor is chosen then this will reduce the current to below 310mA. Therefore we will not have enough to provide the CD player with 300mA and maintain the holding current of 10mA. The 13Ω resistor therefore must be used.

This will allow more current that required through the resistor, and the excess will have to flow through the zener diode. We can perform a reverse calculation to determine the maximum current that the 13Ω resistor will provide.
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Now to determine the power dissipated in the resistor and zener diode under worst case conditions.

Starting with the resistor, the voltage across the resistor will be 4.5V and the maximum current will be 346mA, therefore :-
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A suitable power for the resistor would therefore be 2W. Now for the zener, the voltage will be 7.5V and under worst case conditions i.e. the load resistor is disconnected, the current through the zener will also be 346mA. The power therefore will be :-
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The zener diode chosen for the power supply will therefore have to be capable of dissipating a minimum of 2.6W.

In this example we were designing the circuit to meet the requirements of a specific load resistance. In the next example we will look at an alternative type of question.

Worked Example 2.

The following circuit diagram shows a regulated power supply. The zener diode requires a holding current of 8mA. Determine the maximum current available for the load. Hence determine the minimum and maximum power dissipated in the zener diode. The resistor is rated at 0.6W, determine if this is an appropriate power rating for the resistor.

Solution:

To find the current through the load, we have to establish the current that flows through the 18Ω resistor. To do this we need the voltage across the resistor, which is calculated from the input voltage – zener voltage.
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Now to calculate the current:
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If the zener diode requires a holding current of 8mA, then the maximum current available for the load is:-


[image: image9.wmf]mA

I

I

I

holding

z

R

Load

209

8

217

=

-

=

-

=

)

(


Now to determine the minimum and maximum power dissipated in the zener diode.

The minimum power will be dissipated when the load draws the maximum current, leaving just the holding current to flow through the zener.
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The maximum power will be dissipated when the load is disconnected and draws no current, leaving all 217mA to flow through the zener.
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You will notice that the power dissipated in zener is linked to size of the load current, but for design purposes we have to work with worst case scenario.

Finally we need to work out the power dissipated in the resistor to verify that the 0.6W rating is suitable. The power dissipated in the resistor is a constant as the current through this resistor is constant.
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The power dissipated in the resistor is ≈0.85W, and therefore the power rating of 0.6W is insufficient and will cause the resistor to overheat. A more suitable rating would be 1W.

It would appear that we have now determined a method for regulating a voltage supply and we now need to consider what happens when the input voltage varies, or if a load pulling too much current from the circuit is applied.

Taking the case of a change in the input voltage.

i. If the voltage increases, then more voltage will be dropped across the resistor, this will lead to more current flowing through the resistor, causing an increase in the power dissipation. Voltage across and current through the load will be unaltered, however the current through the zener diode will increase slightly to take up the additional current flowing through the resistor.
ii. If the voltage decreases, then less voltage will be dropped across the resistor, this will lead to less current flowing through the resistor, causing a decrease in the power dissipation. The fact that the current has decreased may have implications for the load connected to the supply. Extra current will be drawn away from the zener diode to make up the load current. This is acceptable as long as the holding current through the zener is still maintained. If this current drops below the the holding current, then the zener voltage will not be maintained and the voltage will drop across the load.
iii. Providing the variation in supply voltage is small the circuit should be able to cope with these small changes.
Now we should consider what happens if the load connected to the power supply is changed.

i. If a load with a lower current demand is connected to the power supply, then there will be no issue, other than the fact that the current through the zener diode will increase to absorb the additional current not required by the load.
ii. If a load with a higher current demand is connected to the power supply, then there may be an issue, since if more current is required for the load than flows through the resistor, then the holding current cannot be maintained, therefore the zener voltage will not be maintained and the voltage across the load will decrease.
You can test this using a circuit simulator, or using real components. The following images show what happens to a regulated power supply, as the load is slowly increased beyond the point where the holding current cannot be maintained.
Stage 1 : No lamps switched on.
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Stage 2 :  1 lamp switched on.
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Stage 3 :  2 lamps switched on.
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Step 4 : 3 lamps switched on.
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Up to this point the circuit has worked well even though we have kept increasing the current demand of the load. However there is now only 4mA flowing through the zener. What happens when we close the fourth switch?

Step 5 : 4 lamps switched on.
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Here we can see that all four lamps are working, but the current has dropped through each lamp. The current through the zener has fallen to zero, and the zener voltage is no longer being maintained across the load. The current has increased through the resistor which is going to increase its power dissipation.

We can also display this graphically to show how output voltage changes as load current increases.


The graph shows that the voltage remains constant up to the point where the holding current falls below the minimum required to maintain the zener voltage. Once this point is reached the voltage starts to fall off as the current required increases.
We are now in a position to view a complete power supply circuit and apply our design rules to determine the expected outcomes from the circuit.
Worked Example:

The following circuit diagram shows a regulated power supply to operate an MP3 player from the mains supply. The MP3 player requires a maximum current of 300mA to operate correctly, and the holding current for the zener diode is 12mA. (Assume that any ripple voltage is negligible)
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(i)
What type of rectification is used in this application ?



Answer : Full wave rectification.


(ii)
What is the peak value of the voltage at the output of the transformer ?
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(iii)
What is the value of the voltage after rectification ?
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(iv)
What is the voltage across R2 in the circuit diagram.
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(v)
What is the current through R2 in the circuit diagram ?
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(vi)
What is the maximum power dissipated in R2 ?
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(vii)
What is the current flowing through the zener diode when the MP3 player is pulling the full 300mA from the supply.
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(viii)
What is the power dissipated in the zener diode when the current through the MP3 player is 300mA.
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(ix)
The MP3 Player is now disconnected. What is the power dissipation in the zener diode now.
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(x)
What will be the effect of a drop in mains voltage on the power supply.



If the mains voltage drops then the output of the transformer will decrease, so the peak voltage at the rectifier will be less, giving a smaller rectified output to the smoothing capacitor. The voltage at the input to the regulator will be less, meaning less voltage will be dropped across resistor R2. This reduces the current through R2, less current will flow through the zener but the current to the MP3 player will be unaffected as long as holding current of 12mA through the zener diode is maintained.


(xi)
It is found that the supply voltage to the regulator circuit drops by 20%. Will the MP3 player still work correctly ?



If voltage at the regulator drops by 20%, then voltage to the regulator will be:


[image: image27.wmf]V

V

2

10

192

10

8

0

74

12

.

.

.

.

»

=

´


     

So voltage across R2 will be:
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So the current through R2 will be ?
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12mA is required for the holding current, leaving 328mA available for the MP3 player. As this only requires a maximum of 300mA, it will continue to function correctly even though there has been a decrease in supply voltage of 20%.



Note : In the above calculations we assumed the ripple voltage is negligible, whereas in fact it was approx 0.5V. The ripple is shown in red on the following simulation graph. The fluctuation would be absorbed across R. This would cause the current through R to pulse between approx 460 – 509 mA and the zener current to pulse between approx 260 – 209 mA at a frequency of 100Hz.
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As seen from the graph this has no effect on the output voltage (shown in black) which remains constant at 5.1 V


In fact part (xi) above shows that this circuit can cope with a 20% ripple (2.5 V)


So we have reached the end of our section on simple power supplies. You should now be in a position to answer any question on power supplies that comes up, especially having just worked through this very large example.

All that remains is for you to have a go at some questions, so here they are!
Student Exercise 1.

1.
A stabilised power supply is shown in the diagram below. The zener diode requires a current of 10mA to maintain the zener voltage. 


The system must be able to supply a load current of 240 mA.


(a)
(i)
Calculate the value of the resistor R.




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................



(ii)
Select from the E24 series the preferred value of resistor that you would use. Give a reason for your choice.




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................


(b)
Calculate the power dissipated in the zener diode if the load is suddenly disconnected from the power supply.




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................

2.
The following diagram shows a stabilised power supply with a load connected. The zener diode requires a minimum current of 10 mA to maintain the zener voltage. 



(a)
The system must be able to supply a load current of 100 mA.



(i)
Calculate the power dissipated in the zener diode if the load is suddenly disconnected from the power supply.




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................




(ii)
Calculate the ideal value of resistor R.




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................



(iii)
Select from the E24 series the preferred value of resistor that you would use. Give a reason for your choice.




.............................................................................................................................




.............................................................................................................................




.............................................................................................................................


(b)
Sketch a graph to show the effect on the voltage across the load, when the load current is gradually increased to 120 mA.


Solutions to Student Exercise.

1.

(a)
(i)
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(ii)
Preferred value of resistor = 15Ω; this will ensure that the current available for the load will be at least 240mA. Choosing a 16Ω resistor would not be able to provide the load current and zener holding current.  

(b)
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2.

(a)
(i)
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(ii)
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(iii)
Preferred value of resistor = 24Ω; this will ensure that the current available for the load will be at least 100mA. Choosing a 27Ω resistor would not be able to provide the load current and zener holding current. 


(b)



Now for some exam style questions:

Examination style questions.

1.
The following diagram shows a simple stabilised power supply. The zener diode requires a current of at least 5mA to maintain the zener voltage.


The power supply has been designed to supply a maximum load current of 75mA.


(a)
The power supply is working at this maximum current when the load is suddenly disconnected.



(i)
What is then the value of the current through the zener diode?



............................................................................................................................................

[1]



(ii)
Calculate the power dissipated in the zener diode.



............................................................................................................................................



............................................................................................................................................

[2]


(b)
(i)
Calculate the ideal value of resistor R which allows a load current of 75mA.


............................................................................................................................................



............................................................................................................................................



............................................................................................................................................



............................................................................................................................................

[2]



(ii)
Select the preferred value of resistor that you would use from the E24 series. Give a reason for your choice.



............................................................................................................................................



............................................................................................................................................



............................................................................................................................................

[2]

2.
The following diagram shows a simple regulated power supply. The zener diode requires a minimum current of 10mA to maintain the zener voltage.



(a)
The power supply should be able to supply a load current in the range 0 to 180mA. Determine the maximum value for resistor R.



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................

[3]


(b)
Calculate the power dissipated in the zener diode when the load current is 50mA.



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................

[2]

3.
The following diagram shows a simple power supply based on a zener diode.



(a)
What is the value of the current through the zener diode when there is no load connected ?



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................

[2]


(b)
Calculate the power dissipated in the zener diode when there is no load connected.



..................................................................................................................................................



..................................................................................................................................................

[2]


(c)
The following table gives information from a data sheet for two 5.1V zener diodes.

	Type
	BZX85 series
	BZX55 series

	Zener voltage
	5.1V
	5.1V

	Power rating
	1.3W
	400mW

	Minimum zener current
	5mA
	5mA

	Cost
	5p
	3p




(i)
Which of the two zener diodes would be most suitable for the power supply?




......................................................................................................................................

[1]



(ii)
What is the maximum load current that the power supply can provide whilst still maintaining the zener voltage?



......................................................................................................................................

[1]

4.
The following diagram shows a simple regulated power supply. The zener diode requires a minimum current of 5mA to maintain the zener voltage.



(a)
The power supply should be able to supply a load current in the range 0 to 200mA. Determine the maximum value for resistor R.



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................

[3]


(b)
Calculate the power dissipated in the zener diode when the load current is 100mA.



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................

[2]

5.
The following diagram shows a simple regulated power supply based on a zener diode. The zener diode requires a minimum current of 12mA to maintain the zener voltage.



(a)
Calculate the value of the current through the 10Ω resistor.



..................................................................................................................................................



..................................................................................................................................................



..................................................................................................................................................

[2]


(b)
Calculate the minimum power rating required for the 10Ω resistor.



..................................................................................................................................................



..................................................................................................................................................

[2]


(c)
What is the maximum load current, IL, that the power supply can provide whilst still maintaining the zener voltage?



..................................................................................................................................................



..................................................................................................................................................

[1]

6.
A circuit is required that will allow a portable CD player which operates at 3V to run off the 12V battery of a car.


The following diagram shows a design for a simple stabilised power supply for the CD player. The zener diode requires a minimum current of 5mA to maintain the zener voltage.
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The power supply should be able to supply a load current in the range 0 to 350mA to operate the CD player.


(a)
Determine the ideal value for resistor R.


.............................................................................................................................................................


.............................................................................................................................................................


.............................................................................................................................................................


.............................................................................................................................................................

[3]


(b)
Calculate the power dissipated in the zener diode when the current flowing through the CD player is 100mA.


.............................................................................................................................................................


.............................................................................................................................................................


.............................................................................................................................................................


.............................................................................................................................................................

[3]


(c)
Select the preferred value of resistor R that you would use from the E24 series. Give a reason for your choice.


.............................................................................................................................................................


.............................................................................................................................................................

[1]

7.
The following diagram shows a simple stabilised power supply. The 8.2V zener diode requires a current of at least 10mA to maintain the zener voltage.
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The power supply must be able to supply a load current, ILOAD, of 60mA.


(a)
Calculate the maximum ideal value of resistor R to allow a load current of 60mA.


.............................................................................................................................................................


.............................................................................................................................................................


.............................................................................................................................................................

[2]


(b)
The current through the load is 60mA. Suddenly, the load is disconnected from the power supply.



(i)
What is the new value of current through the zener diode ?





...................................................................................................

[1]




(ii)
Calculate the power dissipated in the zener diode after the load is disconnected.


.............................................................................................................................................................


.............................................................................................................................................................


.............................................................................................................................................................

[2]


(c)
Select the preferred value of resistor that you would use for R from the E24 series. Give a reason for your choice.


.............................................................................................................................................................


.............................................................................................................................................................

[1]

8.
The following diagram shows a simple stabilised power supply. The zener diode requires a minimum current of 8mA to maintain the zener voltage.

[image: image41.png]




(a)
The zener current is greater than 8mA. Calculate the value of the current through the 12Ω resistor.



................................................................................................................................................



................................................................................................................................................



................................................................................................................................................

[2]


(b)
Calculate the minimum power rating required for the zener diode.



................................................................................................................................................



................................................................................................................................................



................................................................................................................................................

[2]

(c)
What is the maximum load current that the power supply can provide whilst still maintaining the zener voltage?



................................................................................................................................................



................................................................................................................................................

[1]

Self Evaluation Review

	Learning Objectives
	My personal review of these objectives:

	
	(
	(
	(

	describe how a zener diode can be used with a current limiting resistor to form a simple regulated voltage supply;
	
	
	

	calculate suitable values for limiting resistors and the maximum value of current available from the voltage supply;
	
	
	

	describe by drawing a graph, the effect of loading on the output voltage of a regulated supply.
	
	
	


Targets:
1.
………………………………………………………………………………………………………………



………………………………………………………………………………………………………………

2. ………………………………………………………………………………………………………………
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