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Module ET2

 Electronic Circuits and Components.
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Topic 2.6.2 – NPN transistors 


Learning Objectives:

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

· describe the switching action of an NPN transistor by making reference to it’s voltage transfer characteristic;

· perform calculations using 
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.;
· know that VBE depends on IB and is approximately 0.7V when the transistor is conducting;

· performs calculations on transistor switching circuits;

· estimate the value of hFE from data provided;

· describe how a transistor switch can increase the output current capability of a comparator circuit.
NPN transistors.
In our last topic we looked at the use of op-amps being used as voltage comparators and discovered that the output current limitations of these devices were quite poor, with outputs limited to approximately 30mA, which is o.k. for led’s but not much use for anything else.
In this topic we are going to look at the operation of another component called the transistor. The transistor is considered by many to be the greatest invention of the twentieth-century, or as one of the greatest. It is the key active component in practically all modern electronics. Its importance in today's society rests on its ability to be mass produced using a highly automated process (fabrication) that achieves astonishingly low per-transistor costs.

Although several companies each produce over a billion individually-packaged (known as discrete) transistors every year, the vast majority of transistors produced are in integrated circuits (often shortened to IC, microchips or simply chips) along with diodes, resistors, capacitors and other electronic components to produce complete electronic circuits. A logic gate consists of about twenty transistors whereas an advanced microprocessor, as of 2006, can use as many as 1.7 billion transistors.

"About 60 million transistors were built in 2002 ... for each man, woman, and child on Earth.”
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On 17 November 1947 John Bardeen and Walter Brattain, at AT&T Bell Labs, observed that when electrical contacts were applied to a crystal of germanium, the output power was larger than the input. William Shockley saw the potential in this and worked over the next few months greatly expanding the knowledge of semiconductors and is considered by many to be the "father" of the transistor.
From those early days in the late 1940’s the transistor has developed significantly and is now a fundamental building block of all electronic circuits. The transistor is a semiconductor device commonly used to amplify or switch electronic signals. A transistor is made of a solid piece of a semiconductor material, with at least three terminals for connection to an external circuit. 
The symbol for a transistor is shown below on the left, whilst the photograph on the right shows the range of different packages that transistors are supplied in. The type of package has much to do with the power handling capability of the transistor, small low-power transistors can be enclosed in small plastic packages, whereas the higher power varieties need large metal cases which can be mounted on heat-sinks to remove the heat generated during use.
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A voltage or current applied to one pair of the transistor's terminals (base & emitter) changes the current flowing through another pair of terminals (collector & emitter). Because the controlled (output) power can be much larger than the controlling (input) power, the transistor provides amplification of a signal.
You will have to check very carefully which lead is which on your transistor before using them in a circuit, as they can be permanently damaged if connected the wrong way around. 

So now that we know a little about the origin of the transistor we will concentrate on how it is used in a circuit. Essentially the transistor has two functions in an electronic circuit, (i) as an electronic switch and (ii) to provide an amplified current. The role of the transistor as an amplifier will be covered in detail in Module ET5, for ET2 we will concentrate on the role of the transistor as an electronic switch.
The simplest circuit that we can set up with a transistor is shown below:
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There are a couple of things to note about the way in which the transistor is connected, (i) the emitter terminal is connected directly to the 0V line, (ii) a resistor has been added to the base terminal, this is to limit the current flowing in the base circuit as only a small current is needed to switch the transistor on, (iii) the load (a lamp in this case) is connected into the collector circuit.

The flying lead shown in the circuit diagram can now either be connected to 0V or to +6V to demonstrate the switching action of the transistor.

Case 1 : Flying lead connected to 0V.
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In this case with the flying lead connected to 0V, there is no difference in voltage between the base and the emitter terminal, therefore no current flows, the transistor is switched off, and the lamp does not light.
Case 2: Flying lead connected to +6V.
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In this case with the flying lead connected to the +6V line, there is a voltage difference between the base and emitter terminals which causes current to flow from the base to the emitter. This switches the transistor on which allows a larger current to flow through the collector and emitter, and the lamp lights. Note: both base and collector currents come out of the emitter.

This simple circuit provides a very good demonstration of the switching action of the transistor. The flying lead can be connected to the output of a digital processing system, e.g. logic gates or a comparator, and depending on whether the output of the digital system is a logic 0 or logic 1 will determine the state of the lamp.

To fully understand the operation of the transistor, it is necessary to study the switching action of the transistor in a little more detail. A suitable circuit for this is shown below.
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By adjusting VIN from 0V up to +6V, in small increments, and measuring the corresponding values of VOUT, a full picture of what is happening to the transistor can be shown. The following graph shows the typical response that is obtained from a circuit like that shown above.
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There are several key parts to this graph, which is known as the transistor voltage transfer characteristic. 

(i) 
Cut-off region

This part of the characteristic when VIN is between 0 and 0.7V shows when the transistor is completely switched off, no current flows through the base-emitter junction, no current flows through the collector, and the voltage across the transistor is equal to the supply voltage.

(ii)
Linear region

When the voltage VIN reaches 0.7V, this is a critical moment for the transistor because this is the point where the transistor just starts to conduct electricity through the base-emitter junction. Once current starts to flow in the base-emitter circuit, current also starts to flow through the collector-emitter, this causes VOUT to start to fall, as some voltage is dropped across the resistor in the collector circuit when current starts to flow through the collector-emitter. As VIN increases further more current flows through the base-emitter and this allows a further increase in the collector-emitter current. Small changes in VIN cause corresponding changes in VOUT . The transistor is now operating in it’s linear region and acting as a small inverting amplifier, since the output voltage decreases as the input voltage increases.

(iii)
Saturation

As VIN continues to increase, a point is reached where the voltage across the transistor has fallen to 0V, i.e. the full voltage of the power supply is now across the load resistor. When this point is reached i.e. changes to VIN no longer cause any change to VOUT, we say that the transistor is saturated. The voltage across the transistor VCE=0V. The point at which saturation is obtained is different for each circuit, however it is usually reached before VIN reaches the full voltage of the power supply. This is because the transistor is performing an amplifying function and the voltage across it cannot fall below zero. 
The transistor characteristic is so important in understanding the function of the transistor, that it cannot be underestimated. If you can explain what is happening at each point on the characteristic you are 90% of the way to being able to answer any question related to transistors. If you remember earlier we said that transistors can operate either as switches or as amplifiers. When the transistor is being used as a switch, we operate in the cut-off and saturation regions of the characteristic, avoiding the linear region. When we use the transistor as an amplifier we need to use the linear region and avoid the cut-off and saturation regions.

In order to design circuits for transistors, there is an important formula which needs to be considered. This is the current gain formula for the transistor. We have mentioned several times that the transistor acts as a small amplifier. Each transistor has a current gain called ‘hFE’ and this is defined by the following equation.
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where IC is the collector current, and IB is the base current.

Every transistor has a different hFE value and they can range from 10 to over 800 in value depending on the type of transistor. It is therefore very important to check this value for any transistor you are going to use in any practical circuit. As far as examination questions are concerned, you would not be expected to remember the different values of hFE, you will either be told the hFE value for the transistor, or you will be able to calculate it from values of IB and IC.

We are now in a position to start looking at some design problems involving the transistor, in a switching mode. So first a couple of examples:

Example 1.


The light sensing circuit below contains a transistor with a current gain, hFE = 250. The circuit switches a warning buzzer on when it is light. The resistance of the buzzer is 300Ω.



(a) 
Determine the value of VIN that will cause the transistor to just saturate.



Solution: When the transistor is just saturated, the voltage across the transistor will be = 0V. This means that the whole voltage of the power supply must be across the lamp. This allows us to calculate IC since we know the value of the resistance of the lamp.
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Now that we know IC, we can find IB, by rearranging the gain formula.
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Now that the base current is known, we can calculate the voltage across RB using Ohm’s Law.
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Finally to get the voltage for VIN, we just have to add on the voltage needed to keep current flowing through the base-emitter junction which is always 0.7V, therefore
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(b)
Draw the voltage transfer characteristic for this transistor on the grid provided.



Solution : This is a common question, either to draw or take information from a given graph. Remember the key points : For VIN < 0.7V the transistor is cut-off and VOUT will be at the supply voltage. At the value of VIN just calculated (1.5V) saturation occurs and VOUT will fall to 0V. Between these two points VOUT will fall linearly as VIN increases. 

Knowing these key points it is just a case of plotting them on the graph as shown below.


(c)
The LDR has a resistance of 2.5k at 200lux. 



(i)
Show by calculation if the transistor is saturated at 200lux.




Solution : To do this we need to calculate the value of VIN at 200 lux, as given by the voltage divider consisting of the LDR and the 1k resistor. So by applying the voltage divider formula
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The result of this calculation shows that VIN is 1.71V, which is above the minimum calculated in part (b), therefore the transistor is saturated. (Note : if this calculation had given an answer below 1.5V then this would have meant that the transistor was not saturated.)



{In performing this calculation we have ignored the loading effect of the transistor circuit. We will consider the effect of this in Example 3.}


(ii) 
Calculate the power dissipated in the transistor at 200lux. 



Solution : The power dissipated in the transistor will be given by the current flowing through the transistor multiplied by the voltage across the transistor, i.e. VOUT.



VOUT is easy to obtain from the transfer characteristic drawn in part (b) when VIN = 1.71V. This gives VOUT = 0V.



Therefore the power dissipated in the transistor will be 0W.

(d)
(i)
Describe one disadvantage of this circuit




Solution : The time taken for the transfer between off and on for the transistor is slow, which means that heat will be given off in the transistor, and may cause it to overheat.



(ii)
How can this disadvantage be overcome?



Solution : The light sensing circuit should be passed through a comparator circuit before being applied to the transistor. As the comparator provides a near instantaneous transfer between the voltage rails, the transistor will be either completely cut-off or fully saturated without ever lingering in the linear region. 

Example 2


The following circuit shows part of a fire alarm circuit. The buzzer circuit operates quietly when a current of 200mA passes through it and at full volume if 300mA passes through it.



(a)
Before using the transistor in the circuit above, it was tested to find out how IC, varied in relation to IB. 



(i)
In the test it was found that when IB was increased from 0 to 3mA, IC increased from 0 to 1.2A. Complete the graph below to show how the current IC changes with IB. Assume that saturation does not occur.



Solution : Since saturation does not occur, then current IC must increase linearly with IB. We are given two points on the graph, 0,0 and 3,1.2. Completing the graph is simply a matter of drawing a straight line between these points, as shown below.




(ii)
Use the graph to determine the current gain hFE of the transistor.





Solution : From the graph select a convenient value of IB , intersecting on major grid lines if possible, and read off the corresponding IC value. In this case IB = 2.5mA, and IC = 1A. Take care with the units, then apply the gain formula.
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The gain of the transistor is therefore 400.


(b)
At 70°C, the temperature at which the alarm should sound, the resistance of the thermistor is 1.3kΩ. You can assume that the sensing circuit is not affected by the transistor loading.


(i)
Calculate the value of VIN at 70°C





Solution : To find the value of VIN we use the voltage divider formula.
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(ii)
State the voltage across the base-emitter junction of the transistor, when it is switched on.





Solution : The voltage across the base-emitter of the transistor when it is switched on is 0.7V



(iii)
Hence determine the voltage across RB.





Solution : The voltage across RB, will be equal to VIN – VBE, which in this case is 1.2 - 0.7 = 0.5V



(iv)
Calculate IB




Solution : To calculate IB, we simply use Ohm’s law.
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(v)
Use your answer to a (ii), and b(iv) to determine a value for IC.





Solution : By applying the current gain formula we have:-
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(vi)
Hence determine the voltage across the buzzer.





Solution : Again this is an application of Ohm’s law.
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(vii)
Calculate the power dissipated in the transistor.





Solution : We need to apply the power formula to the transistor, so will require a value for IC and VOUT. IC comes from part (v), VOUT will be the difference between the supply voltage and the voltage across the buzzer from part (vi).
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(vii)
Explain, with justification, if the transistor is saturated at 70°C.




Solution : If the transistor was saturated then VOUT, the voltage across the transistor would be zero and the whole 9V of the power supply would be across the buzzer. In this case there is only 6V across the buzzer, which means that VOUT will be 3V. Therefore the transistor is not fully switched on and is not saturated.

(c)
When the alarm system was being tested it was found that the transistor became very hot when the alarm was sounding. 


(i)
Suggest a reason why this happened.




Solution : The transistor is not saturated, and is therefore operating in the linear region. This results in the transistor overheating and can permanently damage the transistor.



(ii)
It has been suggested that fitting a Schmitt NOT gate, and modifying the sensing sub-system slightly would overcome this problem. Draw the modified circuit diagram showing these two changes.




Solution:




(iii)
Explain why the sensing sub-system needed to be altered in the circuit above.




Solution : The action of the Schmitt NOT gate is inverting, therefore if the sensing subsystem were not reversed then the alarm would sound when it was cold instead of hot.
Example 3.


In the previous two examples the effect of connecting the transistor circuit to the sensing circuit was ignored, because the sensing circuits were designed so that the current flowing in the sensing circuit was at least 10 times that needed by the base resistor, as was discussed in our work on thévenin equivalent circuits in topic 2.5. Consider now the following example 


The light sensing circuit below contains a transistor with a current gain, hFE = 50. The circuit switches a warning lamp on when it is light. The resistance of the lamp is 120Ω.



(a) 
Determine the value of VIN that will cause the transistor to just saturate.



Solution: When the transistor is just saturated, the voltage across the transistor will be = 0V. This means that the whole voltage of the power supply must be across the lamp. This allows us to calculate IC since we know the value of the resistance of the lamp.
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Now that we know IC, we can find IB, by rearranging the gain formula.
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Now that the base current is known, we can calculate the voltage across RB using Ohm’s Law.
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Finally to get the voltage for VIN, we just have to add on the voltage needed to keep current flowing through the base-emitter junction which is always 0.7V, therefore
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(b)
Draw the voltage transfer characteristic for this transistor on the grid provided.



Solution : This is a common question, either to draw or take information from a given graph. Remember the key points : For VIN < 0.7V the transistor is cut-off and VOUT will be at the supply voltage. At the value of VIN just calculated (1.9V) saturation occurs and VOUT will fall to 0V. Between these two points VOUT will fall linearly as VIN increases. 


Knowing these key points it is just a case of plotting them on the graph as shown below.


So far so good, everything seems to be working out well. 


Now we will look at the input sub-system in a little more detail than we did in the first two examples. The effect of connecting the transistor circuit to the sensing circuit can have quite a dramatic effect as the next part of the calculation will show.


(c)
The LDR has a resistance of 4kΩ at 200lux. 



(i)
Show by calculation if the transistor is saturated at 200lux.




Solution : If we did not think carefully about what we are doing we might blindly fall into the trap of calculating the value of VIN at 200 lux, as given by the voltage divider consisting of the LDR and the 2.2kΩ resistor. i.e. by applying the voltage divider formula
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A careful re-examination of the circuit diagram should reveal a couple of problems with this calculation. The circuit has been reproduced below.



Firstly, if we consider just the light sensing sub-system at the 200 lux point specified, the resistance of the LDR is stated as being 4kΩ, and the 2.2kΩ resistor gives a total of 6.2kΩ, giving the maximum current through this part of the circuit if the transistor is not connected to be 6V/6.2kΩ = 0.968mA. 


But, if we consider the 2.2kΩ resistor at the bottom of the sensing circuit, we can see that it is actually in parallel with the 1.2kΩ resistor, and the base-emitter of the transistor.  This means that the calculation to determine VIN across the 2.2kΩ resistor was seriously flawed as the effective resistance of the parallel combination is going to be much less than 2.2kΩ. 



This has the positive effect of allowing more current to flow in the light sensing sub-system because the effective resistance is lower, but at the same time it has the negative effect of reducing the value of VIN


Secondly for the transistor to saturate IB needs to be at least 1mA as calculated in part (a). This current is not negligible when compared to the current available from the sensing sub system and the loading effect cannot be ignored.



As you can see it is very difficult to determine the extent of the loading effect of connecting the transistor circuit to the sensing circuit.



This situation is an ideal example of where the Thévenin equivalent circuit can be used to good effect. First determine the Thévenin equivalent circuit for the sensing circuit.
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The equivalent circuit therefore becomes, where RT represents the transistor base circuit:

Now the conditions needed for saturation are that the voltage across the load RT is at least 1.9V, with a current of 1mA flowing through RT. We can either use the 1.9V in the Thévenin circuit to determine the base current or use the base current to determne VOUT.

When IB = 1mA: voltage drop across RO = 1mA x 
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Therefore VOUT  =2.13- 1.42V = 0.71V

This is obvously less than the minimum value 1.9V needed and hence the transistor is not saturated

In terms of circuit analysis the Thévenin circuit is extremely useful in checking whether the sensing circuit is capable of producing the required current and voltage to saturate the transistor.


This example has revealed a problem with using sensing sub-systems with transistor circuits. Unless the current flowing in the sensing sub-system is approximately 10 times the current needed in the base circuit, it is quite unlikely that the circuit will perform as required, and this is a major disadvantage for this type of circuit.


In the examination, any sensing sub-system will usually be designed so that loading effects are minimised, and you will be advised to ignore the effects of the loading. Sometimes a question will ask determine if the sensing circuit can cause saturation and this should be confirmed using the Thévenin equivalent method as shown above. 

Now it’s time for you to have a go!

Student Exercise 1:
1.
The transistor shown in the following switching circuit has a current gain, hFE = 120.
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(a)
The value of VIN is sufficient just to saturate the transistor. Calculate:



(i)
The collector current.


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


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



(ii)
The base current.


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


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


(iii)
The value of VIN.


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


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

(b)
draw a graph to show how VOUT changes as VIN is increased from 0 to 3V.
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(c)
The switching circuit is used to operate a fan when the temperature in a room increases above a pre-determined value.



(i)
Add the required input sensing sub-system to the circuit diagram. 



(ii)
Describe one disadvantage of this circuit.


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


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



(iii)
How can this disadvantage be overcome?


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


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

2.
The following circuit is set up to investigate a transistor switching circuit.
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(a)
As the base current is increased from 0 to 0.2mA the collector current increases from 0 to 16mA.



(i)
Complete the graph below to show how the ammeter readings change as IB is increased from 0 to 0.2mA. You may assume that the transistor does not saturate.
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(ii)
Calculate the current gain (hFE) of the transistor.



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


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


(b)
The following graph shows how VOUT changes as VIN is increased from 0 to 2V.
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With VIN set at 1.5V,



(i)
determine the value of VOUT,



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


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



(ii)
calculate the collector current,

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


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



(iii)
calculate the power dissipated in the transistor.

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


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

3.
(a)
The following graph shows the characteristic of a certain thermistor.
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What is the resistance of the thermistor at 20°C? 



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


(b)
The thermistor is used in the following temperature alarm circuit.




(i)
determine the minimum value of VIN required to saturate the transistor, if the transistor has a current gain (hFE) of 125.



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



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



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



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



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



(ii)
Show by calculation whether the transistor is saturated at a temperature of 20°C.



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



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



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


(c)
The temperature alarm was found to be too insensitive. Complete the diagram for a circuit which will have greater sensitivity.


4.
The following diagram shows a temperature sensing circuit which operates a warning lamp when the ambient temperature rises above a pre-determined value.



(a)
The thermistor has a resistance of 11kΩ at 20°C. Calculate the value of VIN at this temperature. 




Assume that the base current is small enough to be ignored in this calculation.


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


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


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


(b)
The relationship between VIN and VOUT as the ambient temperature changes is shown below.
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(i)
use the graph to estimate the value of VOUT at 20°C.




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



(ii)
calculate the power dissipated in the transistor at a temperature of 20°C



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



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



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



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


(c)
The performance of this system is improved by adding a Schmitt NOT gate.



(i)
Redraw the circuit with the NOT gate included.



(ii)
Explain how the Schmitt NOT gate improves the performance of the system.



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



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



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



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

Solutions to Student Exercise 1.

1.
(a)
 (i)
As the transistor is saturated, then VOUT = 0V, therefore 
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(ii)

[image: image31.wmf]mA

h

I

I

FE

C

B

5

0

120

06

0

.

.

=

=

=




(iii)
To find the value of VIN, calculate the voltage across the 2.2kΩ resistor and add the voltage drop across the base-emitter junction.
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(b)




(c)

(i)
 




(ii)
One disadvantage of this circuit is that the transistor will take some time to switch on as the temperature increases which will cause the transistor to get hot. 


(iii)
This disadvantage be overcome, by using either a Schmitt NOT gate, or a comparator to provide a rapidly changing output signal when the threshold temperature is reached.
2.
(a)
 (i)





(ii)
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(b)
The following graph shows how VOUT changes as VIN is increased from 0 to 2V.




(i)
From the graph when VIN is set at 1.5V,  VOUT = 2.6V


(ii)
The transistor is not saturated, therefore we need to subtract VOUT from the supply voltage to find the voltage across the 150Ω resistor to find IC,
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(iii)
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3.
(a)




From the graph the resistance of the thermistor at 20°C is 3.4kΩ.

(b)
The thermistor is used in the following temperature alarm circuit.




(i)
At saturation VOUT =0V.
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(ii)
At a temperature of 20°C, Rthermistor = 3.4kΩ
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Since VIN > minimum required for saturation to occur, the transistor will be saturated.

(c)



4.

(a)
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(b)





(i)
using the graph, the value of VOUT at 20°C is 5V.




(ii)


[image: image39.wmf]W

P

A

I

V

I

P

C

OUT

C

625

0

5

125

0

125

0

56

7

56

5

12

.

.

.

        

So

=

´

=

\

=

=

-

=

´

=



(c)
The performance of this system is improved by adding a Schmitt NOT gate.




(i)
Redraw the circuit with the NOT gate included.



(ii)
The Schmitt waits until the input voltage reaches the switching threshold of the Schmitt which then rapidly drives the transistor from being cut off to fully saturated and therefore less power is wasted in the transistor.
O.K. Now for some more practice with some examination style questions.

Examination Style Questions.

1.
The following temperature controlled switch activates when the ambient temperature reaches 25°C.


(a)
The thermistor has a resistance of 4.3kΩ at 25°C. Calculate the value of V1 at this temperature.



Assume the base current is small enough to be ignored in this calculation.


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


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

[1]


(b)
The relationship between V1 and V2 as the ambient temperature changes is shown below.

[image: image40.png]





Use your answer to part (a) and the graph to estimate the value of V2 at 25°C and hence determine whether the transistor is saturated.


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


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

[1]


(c)
State one limitation of using a transistor switch for this application.


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


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

[1]


(d)
The transistor switch is replaced with a voltage comparator. Draw the circuit diagram for the new temperature controlled circuit using the comparator. Show clearly the sensing sub-system, the reference voltage sub-system and the output sub-system.



You may assume that the output capability of the comparator is sufficient to drive the lamp directly.
[image: image41.png]12Vo——
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[4]
2.
The following light activated switch, turns on a lamp when the outside light level falls below a preset value.


(a)
The transistor is just saturated when VIN = 2.5V.



When the transistor is saturated, calculate



(i)
the collector current if the lamp has a resistance of 200Ω.


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


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

[1]



(ii)
the ideal value for resistor R;

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


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


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


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

[3]


(b)
Determine a suitable preferred value for resistor R.


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

[1]


(c)
The resistance of the LDR is 1.5kΩ when the illumination level is 60 lux.



Show by calculation whether the transistor is saturated at this level of illumination.



State and justify any assumptions you have made in arriving at your answer.



[Hint: you will need to consider the input voltage VIN, the current through the voltage divider and the base current, so set up a Thévenin equivalent circuit]

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


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


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


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


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


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


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


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


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


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

[4]

3.
The following circuit is set up to investigate a transistor switching circuit.
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(a)
As the base current is increased from 0.1 to 0.4 mA the collector current increases from 9 to 36 mA.



(i)
Complete the graph below to show how the ammeter readings change as IB is increased from 0 to 0.5 mA. You may assume that the transistor does not saturate.

[image: image43.png]T/mA




[1]



(ii)
Determine the current gain of the transistor.


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


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

[1]


(b)
A second graph is drawn to show how VOUT changes as VIN is increased from 0 to 5V.

[image: image44.png]





Use the graph to determine the minimum value of VIN required to saturate the transistor.



Minimum value of VIN to cause saturation  = ................................

[1]


(c)
The transistor switch is used with a light sensing sub-system to turn on a lamp automatically at night. The lamp is rated at 12V, 2A.



When the system is tested it is found that the transistor overheats when the light level begins to drop, as dusk falls.



(i)
Explain why the transistor overheats.


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


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

[1]



(ii)
Why is it not appropriate to replace the transistor circuit with a voltage comparator circuit?


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


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

[1]


(d)
To overcome this problem the system is redesigned as follows.
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Complete the circuit diagram for the redesigned system. The light level at which the lamp comes on should be adjustable.
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[6]

4.
The transistor shown in the following switching circuit has a current gain, hFE = 250.
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(a)
The switching circuit is used to operate the heater when the temperature in an aquarium decreases below a pre-determined value.



Add the required input sensing sub-system to the circuit diagram.

[2]


(b)
The value of VIN is sufficient just to saturate the transistor. Calculate:



(i)
the base current,


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


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

[2]



(ii)
the value of VIN.


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


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

[2]


(c)
Draw a graph to show how VOUT changes as VIN is increased from 0 to 8V.

[image: image48.png]




(d)
Explain why in some conditions the transistor would overheat.


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


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

[1]

5.
The LED in the following temperature sensing circuit should light up when the temperature in a refrigerator rises above 4°C.
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(a)
The temperature is gradually increased. The graph shows how VIN and VOUT change. 
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Use the graph to determine the minimum value of VIN required to saturate the transistor.



VIN = ....................................







         [1]

(b)
The forward voltage drop across the LED is 2V.



(i) 
Calculate the minimum value for resistor R2 required to limit the current through the LED to a maximum of 30 mA when the transistor is saturated.


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


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


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

[2]



(ii)
Select the preferred value for resistor R2 that you would use from the E24 series.


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

[1]

 
(c)
The thermistor has a resistance of 3.9kΩ at 2°C.


(i)
calculate the value of VIN at this temperature.




Assume that the base current is small enough to be ignored in this calculation.


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


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

[1]



(ii)
Use the graph given in part (a) to determine the value of VOUT at this temperature.


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


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

[1]



(iii)
Calculate the value of the current through the LED at this temperature.




Assume the voltage across the LED is 2V.

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


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


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


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

[2]


(d)
Give two benefits of replacing the transistor with a comparator in this application.


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


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


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


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


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


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

[2]
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