GCE A level Electronics – Chapter 8: High Power Switching Systems

Chapter 8: High power switching systems

Learning Objectives:
At the end of this topic you will be able to:

•

•
•
•

describe the advantages of using thyristors and triacs to switch high power DC and AC
loads, compared to using a transistor or a relay;
recall the general thyristor characteristics, the conditions under which a thyristor conducts
and explain the significance of the following terms:
•
holding current;
•
minimum gate voltage;
•
minimum gate current;
design DC thyristor switching circuits and explain the process of capacitor commutation;
draw the circuit diagram and analyse graphs for an AC phase control circuit,
using a RC network, a triac and a diac;
select and apply the equation

R
ɸ = tan -1  X
 C





•

to calculate the phase shift between the supply voltage and the voltage across the
capacitor
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General Thyristor Characteristics:			
The thyristor is a three-terminal device, made from a
semiconducting material.
The diagram shows two commonly used circuit symbols
and identifies the three terminals.
It is also known as a silicon controlled rectifier, which describes its DC behaviour very well.
It is a special type of diode that allows current to flow only when a control signal is applied
to its gate. Once turned on, the thyristor will not turn off, even after the gate signal has been removed,
provided a sufficiently large current flows through the anode to cathode.
The conditions needed to make the thyristor conduct, then, are:
•
•
•

forward bias – the anode more positive than the cathode
a sufficiently large pulse of current flowing into the gate
a sufficiently large current then flowing from anode to cathode.

A typical arrangement for switching on a thyristor in a DC circuit is shown in the next diagram.
When switch S is closed, a current IG flows into the thyristor gate.
Providing this current is big enough - bigger than a threshold value
known as the minimum gate current, IGT, the thyristor will switch on.
IGT is typically between 0.1 mA and 20 mA.
Similarly, the voltage applied between the gate and cathode,
VG, must be greater than a threshold value, called the minimum
gate voltage, VGT, typically between 0.6 V and 1.0 V.
The thyristor then latches on, and a current, IA, flows through
the load even when switch S is opened again.
However, if this current drops below a minimum value, called the
holding current, IH,
the thyristor switches off and the load current ceases.
Typically, IH is about 10 mA.
A resistor, R, protects the thyristor gate from excessive current.
To calculate a suitable value for R, use the minimum values of gate current and voltage to calculate a
maximum value for R.
Hence, the boundary values are:
Voltage VR across R = VS – VGT;
Current IR through R = IGT;
Applying the Ohm’s law formula:

maximum value for R =
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Example
The circuit diagram shows a 2N5060 thyristor controlling the
current through a load.
The table contains information from the datasheet for this thyristor:
Characteristic
Minimum gate current
Minimum gate current

IGT
VGT

Value
0.2 mA
0.8 V

Use this information to calculate the maximum value for resistor R.
Solution
Voltage VR across R = VS – VGT = 10 – 0.8 = 9.2 V
Current IR through R = IGT = 0.2mA
Applying the Ohm’s law formula,

maximum value for R =

(VS - VGT)
IGT

=

9.2
0.2

= 46 kΩ

This is the maximum value for R. Anything bigger would reduce the current below 0.2 mA, so choose the
next lower value from the E24 series, i.e. 43 kΩ.
DC Switching Circuit:
Before looking at the switching properties of a thyristor, we look back at the behaviour of a transistor switching circuit introduced in the chapter on semiconductor components.
When used as a switch, the transistor must operate only in the cut-off and saturation (on) regions of the
characteristic, avoiding the linear region.
The linear region is avoided because:
•
•

the load will not have the full supply voltage across it;
VCE is not zero and neither is IC, meaning that significant power is dissipated in the collector-emitter
junction. This can cause the transistor to overheat
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The problem is the region of the graph between VIN around 0.7 V and VIN around 1.5 V.
(For a given transistor, the actual value at which it is ‘on’ depends on the values of RB and IB.)
In the linear region, the transistor is neither off nor on. It is starting to conduct, so the current I
is growing.
It is not switched on fully, so voltage VCE is not zero. As a result, the transistor is dissipating power. It is
getting hot!
(The only major weakness for semiconducting materials is that they cannot tolerate high temperatures.)
The ideal switching device is one which moves rapidly from ‘off’ to ‘on.’ The transistor is not good at this.
For very high currents and voltages, (high power) transistors do not make good switching devices.
Thyristors, on the other hand, make superb high power
switching devices. They move extremely quickly from the forwardblocking state, where the device is forward-biased,
but not conducting, into the conducting state when it receives a
a big enough gate pulse. As a result, it dissipates very
little power in the process.
In the conducting state, there is a residual voltage drop of around
1V between anode and cathode, VAK, so there is still some power
dissipation, which may mean that the device has
to be cooled in some way (by use of a heat sink for example).
As a switching device, the thyristor has another major advantage over a transistor. It is a self-latching
switch. Once the device is switched on (and passing a current larger than the holding current,) the gate
signal can be removed. With a transistor switch, collector current flows only while base current is present.
Remove the signal from the base and the transistor switches off.
In some ways then, the thyristor behaves like a self-latching relay. However, the thyristor is a solid-state
device. It has no moving parts to wear out through friction, unlike the relay. Switching takes place in
microseconds, compared to the tenths of a second that it takes the relay contacts to close. Like the relay, it
is capable of handling high currents.
Capacitor commutation:
Once triggered into the conducting state, the basic thyristor cannot be turned off by signals applied to the
gate. (In other devices, such as the GTO (gate-turn-off) thyristor, this is not true.
The standard thyristor turns off only when either:
•
the anode-cathode current falls below the holding current threshold;
						or
•
the device is reverse-biased – with the anode being less positive than the cathode.

The usual way to switch off a thyristor in a DC switching circuit is to use capacitor commutation.
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The circuit diagram for this is shown opposite.
The supply voltage of 12 V is chosen to help with the description
of what happens. Any reasonable value
can be used.
Initially, with the thyristor switched off, the full supply
voltage sits across the thyristor. In other words, the
voltage at point P = +12 V. The voltage drop across
the load is zero, and no current flows through it.
Switch S2 is open, and so the voltage at Q = VS = +12 V.
Next, switch S1 is pressed, sending a pulse of current into
the gate, switching on the thyristor. The voltage at P drops to 0 V (nearly) and the full supply voltage now
appears across the load, causing a current to flow through it. Switch S1 can be released - the thyristor is
latched on. The voltage at Q = +12 V still.
The capacitor has a voltage of 0 V on its left-hand terminal, and +12 V on its right-hand terminal. Put
another way, Q sits 12 V higher than P.
A significant feature about capacitors is that the voltage drop across them cannot change until charge flows
to or from the terminals. If the voltage at one terminal changes suddenly, the voltage at the other one must
change by the same amount, until there is time for charge to flow to adjust that voltage.
To switch off the thyristor, switch S2 is pressed for an instant. As a result, the voltage at Q falls to 0 V.
However, there has been no time for charge to move. As a result, Q must still be 12 V higher than P. In
other words, when the voltage at Q drops by 12 V (from 12 V to 0 V), the capacitor forces the voltage at P
down by the same amount, (from 0 V to –12 V).
For the thyristor, the anode, connected to P, is now at around –12 V, while the cathode is connected to 0 V.
It is reverse-biased and so switches off. In reality, the voltage at P may not reach –12 V, but that does not
matter. All it has to do is drop below 0 V to reverse-bias the thyristor.
The load usually has a low resistance, and so when the thyristor switches off, a large current flows through
the load onto the left-hand plate of the capacitor. The voltage at P rises quickly to +12 V. Similarly, when S2
is released, current flows through the pull-up resistor R2, returning the voltage at Q to +12 V.

268

© WJEC CBAC Ltd 2018

GCE A level Electronics – Chapter 8: High Power Switching Systems
Investigation 8.1
(a)

Set up the following thyristor circuit on Circuit Wizard using a 6 V,100 mA lamp and a
680 μF capacitor.

(b)
(c)
(d)

Press switch S1 momentarily to switch the lamp on.
Press switch S2 momentarily and record the result in the table below.
Repeat parts (b) and (c) for the other capacitor values.
6V, 100mA lamp
Does lamp switch off
when S2 is pressed?

Capacitor value
680 μF
470 μF
330 μF
220 μF
(e)

Replace the 6 V, 100 mA lamp with a 6 V, 200 mA lamp and repeat parts (b) to (d).
6V, 100mA lamp
Does lamp switch off
when S2 is pressed?

Capacitor value
680 μF
470 μF
330 μF
220 μF
(f)

Comment on the effectiveness of the communion capacitor network to switch off a conducting 		
thyristor and how this is affected by the size of the load current.
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Exercise 8.1
1.

The following circuit diagram shows part of a car security alarm.
S1 and S2 are microswitches attached to the front doors
of the car.
When either door is opened, the attached switch closes.
The siren switches on and stays on, if either switch 		
closes.
(a)

The siren is switched off initially.

		

What is the voltage at point X:

		

(i)

before either switch is pressed; 							

		

(ii)

after either switch is pressed; 							

(b)

The table gives data for the thyristor used in this system.
Property

Typical value

Max. forward current
Holding current
Minimum gate current
Gate voltage
Peak reverse voltage

16 A
50 mA
40 mA
1.5 V
200 V

Using relevant data, calculate the maximum value which resistor R can have.
												
												
												
												
2.

Here is a DC lamp switching circuit that
includes capacitor commutation:
Complete the table to show the effect of the
changes made to switches S1 and S2.
Switch
S1

S2

Open

Open

Closed

Open

Open

Closed

Closed

Closed

State of
thyristor

Voltage at
P

Voltage at
Q

Off
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3.

The diagram shows part of a DC circuit in which a thyristor
is used to control a lamp.
				
(a)
Complete the table by adding the values of VL and VT
		
when switch S1 is closed and then re-opened.
		

The thyristor is initially switched off.

Switch S1

Voltage VT

Voltage VL

Initially off
Momentarily on
Switched off
(b)

Here is part of the datasheet for the thyristor used in this system.

Property

Typical value

Max. forward current

12 A

Holding current

10 mA

Minimum gate current

5 mA

Peak reverse voltage

500 V

Calculate the minimum gate voltage required to switch on the thyristor.
												
												
												
												
4.

(a)

State two conditions necessary to make a thyristor conduct:

		First condition									
		Second condition									
(b)
		

The diagram shows part of a circuit in which
a thyristor is used to control a heater.

		
(i)
Complete the table by adding the values
			of VH and VT when switch S1 is closed
			and then re-opened.
			

The thyristor is initially switched off.
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Switch S1

Voltage VT

Voltage VH

Initially off
Momentarily on
Switched off
(ii)

Complete the circuit diagram by adding a switch S2 and other components needed to turn off the
thyristor using capacitor commutation.
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AC Switching Circuit:
A thyristor can be used in high voltage AC circuit to control the amount of power delivered to loads such as
heater, motors and lighting systems. One of the problems of using a thyristor for controlling such circuits is
that, like a diode, the thyristor passes current only in one direction, from anode to cathode.
For DC switching circuits, this “one-way” characteristic is acceptable as, once the thyristor is triggered, all
the DC power is delivered straight to the load. However, in sinusoidal AC switching circuits, this behaviour
may be a problem as conduction occurs only during one half of the cycle, when the anode is more positive
than the cathode, irrespective of whatever gate signal is present. As a result, only half the available power
can be delivered to the load.
For this reason, in AC circuits, a device called a triac is used to control power. A triac can be thought of as
two thyristors connected in inverse parallel. The following diagram shows the symbol for the triac and its
equivalent, two thyristors connected in inverse parallel.
As it conducts in either direction, the terms anode and cathode are no longer appropriate names for the
terminals. Instead, they are called ‘Main terminal 1, (MT1)’ and ‘Main terminal 2 (MT2)’.

The graph shows the way in which the current through the triac depends on the applied voltage. It is a twoway version of the thyristor curve, shown earlier. As with the thyristor, conduction is controlled by a signal
applied to the gate terminal. Unlike the thyristor, however, the triac can be triggered into conduction by
either a positive or a negative gate voltage.
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Phase Control of a Triac
The power delivered to the load can be adjusted using the phase control circuit shown in the diagram:

1. The effect of the resistor and capacitor:
The capacitor is connected to the AC supply through the variable resistor. It charges and discharges as the
supply voltage changes. The voltage across the capacitor, VC, tries to follow the supply voltage, VS.

•
•

When the variable resistor is set to zero, VC follows the AC supply exactly, as shown in the middle
graph.
When it is greater than zero, it restricts the current flowing to and from the capacitor.
It cannot charge and discharge fast enough to keep pace with the supply voltage.
The capacitor voltage lags behind the supply voltage. They are separated by a phase angle, Ф, as
shown in the bottom graph. Phase angle Ф can range from 00 to 900.
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This phase lag can delay the signal applied to the gate of the triac and therefore delay the point at which
the triac turns on during each half cycle of the AC supply.
The graphs below show three values of phase angle - 00, 450 and 900.

A phase angle,Ф, of 00 means that VC, is in phase with the supply voltage, VS.
A phase angle,Ф, of 900 means that VC, is zero when VS is a maximum.
Calculating the phase shift:
The phase angle can be calculated using the formula:







R
Ф = tan -1  X
C

where XC = reactance of the capacitor =

1
2 �f C

Re-arranging this:

tan Ф = (2

� f C R)

Example
For the RC network in the circuit above:
(a)

calculate the phase shift produced when R = 22 kΩ and C = 0.1 µF
tan Ф
		
giving: Ф

(b)

=
=
=

(2 x π x 50 x 0.1 x 10-6 x 22 x 103)
0.6912
34.70

calculate the resistance needed to give a phase shift of 450 when C = 0.47µFv

tan 450 = (2 x

� x 50 x .0.47 x 10-6 x R)

1 = 147.7 x 10-6 x R
R=

106
= 6.8 kW
147.7
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Exercise 8.2
(a)
		
		

Calculate the phase angle produced in the phase control
circuit shown opposite when the variable resistor is set
to a resistance of 50 kΩ.

									
									
									
									
(b) (i) Calculate the resistance of the variable resistor needed to give a phase shift of 300.
												
												
												
												
(ii) Complete the lower graph
		
by drawing the signal across
		the capacitor,VC, lagging
		
behind the supply voltage,
		
VS, by a phase angle of 300.

(iii) Determine the phase shift indicated in the following graph

		

Phase angle Ф =						
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2. The role of the triac:
As pointed out earlier, a thyristor can conduct only during the half of the AC supply that makes it forward
biased. The triac, however, can conduct during both half-cycles. It behaves like two thyristors connected in
inverse parallel, meaning that one of them is always forward biased.
Like the thyristor, the triac ceases to conduct at the end of the AC supply half cycle, when the conducting
part of the triac becomes reverse biased. Also, like the thyristor, it needs a minimum value of load current,
called the holding current, to keep it latched in conduction.

The gate terminal of the triac is connected to the top of the capacitor and so follows voltage VC. The triac
switches on as soon as the voltage across the capacitor, VC, reaches the minimum gate voltage, VGT. It
switches off when the applied voltage falls to zero.
•
•

When switched on, the voltage across the triac,VT, is (ideally) 0 V, and so all the supply voltage
appears across the load.
When switched off, all the supply voltage appears across the triac and so the voltage across the
load,VL, is zero and no current flows.

These features are shown in the graphs below.
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Improved AC Switching Circuit:
An improved switching arrangement relies on the properties
of a device called a diac. This behaves rather like a double
zener diode - it does not conduct until the voltage across it
exceeds a level, known as the breakover voltage. Above this,
it conducts freely, offering very little electrical resistance.
The circuit symbol for the diac is shown below and its
behaviour is shown in the current/voltage graph opposite.

The important thing is that switching occurs as rapidly as possible,
to reduce power dissipation in the triac.The voltage, VC, across the
capacitor rises relatively slowly, as can be seen in the graphs shown
on earlier pages. Adding a diac makes the switch-on sharper.

Another advantage of this arrangement is that it overcomes the
variability in switch-on. This is due to two factors:
•
•

diacs are mass-produced and so there is variability in
their operating parameters;
the switch-on voltage varies slightly with temperature.

The breakdown voltage of the diac, around 30 V, is high
enough to mask these effects.

The graphs show the effect on the triac and load of using a 30
V diac in the triggering circuit.

278

© WJEC CBAC Ltd 2018

GCE A level Electronics – Chapter 8: High Power Switching Systems
Exercise 8.3
1.
(a)		
In industrial control systems, high power electrical equipment, such as heaters and
			
motors, used to be operated by relays, but are now usually controlled by a triac 		
			circuit.
			

Give one advantage of using a triac instead of a relay in these applications.

												
												
												
(b)		
The circuit shown in the diagram is used to control
			
the output of a heater.
							
			
The triac fires when VC , the voltage across the
			
capacitor, reaches the firing voltage shown on the
			graph.
			
Use the axes to draw graphs to illustrate the
			
phase relationship between the supply voltage
			VS, VC, the voltage VT across the triac and 		
			voltage VH across the heater.
			

An outline of the supply voltage VS waveform is provided.

279

© WJEC CBAC Ltd 2018

GCE A level Electronics – Chapter 8: High Power Switching Systems
2.

A triac is used to control the heat output of a heating element.
Part of the AC control circuit is shown in the next diagram.

(a)

What is the name of component X?								

(b)
What is the function of component X in this circuit?
												
												
												
		
(c)
Complete the diagram by adding components to allow phase control of the triac.
		
(d)
The upper graph shows the AC waveform VT across the triac with phase control.		
		
Use the axes provided to sketch the corresponding AC waveform VH across the heater. The
		supply voltage VS is shown as a red dotted line.
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3.

The circuit diagram shows part of a speed
control system for a motor.

(a)
		
		

Complete the circuit diagram for the control
system by adding a diac and a triac, using
the correct circuit symbols.

(b)
(i)
The pot is set to give a phase shift
			of 450 between VS, the AC supply 		
			voltage, and VC, the voltage across the
			capacitor.
			
Use the axes provided below to
			
sketch the waveform for VC, with
			the 450 phase shift.
			
The upper graph shows VS, the
			AC supply waveform.

		
(ii)
			

The capacitor has a capacitance of 1 µF.
Calculate the resistance of the pot needed to give a phase shift of 450.

												
												
												
(c)		
The pot is now set to give a phase
			angle of 00.
			
			
The triac conducts when the gate
			
voltage reaches 25 V.
			
Use the axes provided to sketch
			
the waveforms for the voltage VT
			
across the triac, and VM across
			the motor.
			The supply voltage,VS, is shown
			
as a red dotted line.
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