Power Amplifiers

A power amplifier is an amplifier with a high power output stage. In this context, high power
means a power greater than 1 W. The output stage usually deals with relatively large
signals. Thus, the small-signal approximation and models are either not applicable or must
be used with care.

Linearity and THD Factor

For large signal operation a nonlinear transfer function occurs, that means we have more
gain on one half cycle of the output signal than on the other half. This is called amplitude
distortion in the time domain, harmonic distortion in the frequency domain or nonlinear
distortion when one is interested in the cause of the distortion. All these names are
synonyms for the kind of distortion that occurs with a sine wave input.

Linearity of the amplifier is an important requirement that can be measured by the total
harmonic distortion (THD). This is the rms value of the harmonic components of the output
signal, excluding the fundamental, expressed as a percentage of the rms of the
fundamental. For a nonlinear amplifier with a harmonic input the output can be expressed
as a Fourier series as follows:
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The percent second harmonic distortion factor is: HDn = %100 %.
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The total harmonic distortion factor can be computed with one of the formulas:
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THD = V927703 19004, of  THD=\HD3+HD}+..%.
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Efficiency

The output stage must deliver the required amount of power in an efficient manner. This
implies that the power dissipated in the output stage transistor(s) must be as low as
possible. The power dissipated in a transistor raises its internal temperature and there is a
maximum temperature (in the range of 150 to 200 degrees Celsius for silicon devices)
above which the transistor is destroyed.
Efficiency of an amplifier is the ratio of the ac output power to the dc supply power:
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Classification of Output Stags

The output stages are classified according to the collector current waveform that results
when an input signal is applied.

The class A stage is biased at a current greater than the amplitude of the signal current
Ic>1, » and the transistor conducts for the entire cycle of the input signal, that is, the

conduction angle is 360°.



A transistor in a class B stage is biased at zero dc current and conducts for only half of the
cycle of the input sine wave, resulting in a conduction angle of 180°. The negative halves of
the sinusoid will be supplied by other transistor (that also operates in class B mode) and
conducts during the alternate half cycles.

An intermediate class between A and B, named class AB, involves biasing the transistor at
a non-zero dc current, much smaller than the peak current of the sine wave. The
conduction angle is slightly greater than 180° (but much less than 360°).

In a class C amplifier, the transistor conducts for an interval shorter than that of a half-cycle
and thus the conduction angle is much less than 180°. The result is a periodically pulsating
current waveform. To obtain a sinusoidal output voltage, this current is passed through an
LC circuit, tuned to the frequency of the input sinusoid that acts as a low-pass filter and
provides an output voltage that is proportional to the fundamental component in the Fourier
series representation of the current.

Class A, B and AB amplifiers are employed as output stages of op amp and audio power
amplifiers. Class C amplifiers are usually employed for radio frequency power amplifiers.

Class B Output Stage

The circuit consists of a complementary pair of transistors (that is a npn and a pnp)
connected as emitter-followers. The transistors conduct on opposite alternations of the

input cycle. AVO
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Circuit Operation

When the input voltage v; is zero, both transistors are cutoff, the current iy, is zero and the
output voltage v, is zero.

As v; goes positive (for the positive half cycle of the input) and exceeds the base-emitter
voltage threshold, Vgpon=0.6V, Oy conducts; it supplies the load current i,=iy and operates
as an emitter follower: vo=v; —vpp=v;-Vp (vag=7p).

The E-B junction of Op is reversed biased (by vgz=—vzz<0) and Op will be cutoff.

As the input goes negative by more than about 0.6V, Op turns on and it acts as an emitter
follower: vo=vi+vge=v;+Vp (veg=¥p). In this case Op sinks current from load: ip=-ip and Oy
will be cutoff.

The circuit operation is in a push-pull fashion: Oy pushes (sources) current into the load
when v; is positive and Oy pulls (sinks) current from the load when v; is negative.

There exists a range of v; centered around zero where both transistors are cutoff and v, is

zero. The dead band results in the “crossover distortion”. The effect of the crossover
distortion will be more pronounced when the amplitude of the input signal is small.



Power Conversion Efficiency

To calculate the power conversion efficiency, n, of the class B stage, we neglect the
crossover distortion and consider the case of output voltage peak amplitude:

I?O =k, Ve, with &,=0...1 being the power supply utilizing coefficient.
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The current drawn from each supply will consist of half sine wave with a peak: /, = R—O
L
The average current and the average power drawn from each of the two power supplies
will be the same:
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The efficiencyis: 7= =—k,.
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The maximum efficiency is obtained when v, is at its maximum. This maximum value is
limited by the transistors saturation to V¢ T, (@lmost I+ ). At this value (of the output

voltage peak) k,~1 and the maximum (theoretical) power efficiency is: 7, = % =78.5%.

This value is much larger than that obtained in the class A stage (25%). The maximum
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average power available from a class B output stage is: 72, ,.x = E% (for k,=1, thatis a
L

theoretical value).

Power Dissipation

The quiescent power dissipation of the class B stage is zero. When an input signal is
applied, the average power dissipated is:
2, V3 7
Py = Ppe =P, =Fpc ~nPpe = Ppe(l-1)= vcc[l—kvj-
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Since P, depends on k, by a parabolic (2" order) function, we must find the worst case
power dissipation, ”pn.y. Differentiating equation with respect to 4, and equating to zero
gives the value of k&, (hamed k,;) that results in a maximum average power dissipation as:
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At this point of maximum power dissipation, the efficiency can be evaluated:

T2 % = 50 %. That means the output power is equal to the dissipated power:

T4
32
Ppymax = Bolkyg )= ;ki??x’ K2P max (Pomax = ;;(; being the maximum output power).
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The maximum dissipated power is: Pp . = kfdPomax =5 Fomax -
/e
The power rating of each transistor must be greater than one fifth of the maximum possible
P 2
output power: Ppimax = % = Pomax = 0.2 Fymax -
i

Class AB Output Stage
Crossover distortion can be virtually eliminated by biasing the output transistors at a small
non-zero current. The result is a class AB output stage. A bias voltage 7735 is applied
between the bases of Oy and Up. For v;=0, v;=0 and a voltage +le
I’gp/2 appears across the B-E junctions of Oy and Op. /
Assuming matched devices, the currents are:

iN=fP =_1TQ =1TS€Xp;BVBT .
The value of I35 is selected so as to yields the required
quiescent current /.

Circuit Operation
When v; goes positive by a certain amount, the voltage at the base of Oy increases by the
same amount and the output becomes positive at an almost equal value:

V
Yo =1 _,_7133 ~VBEN -

The positive v, causes a current iy to flow through £y and the current: iy, =ip +i, must
increase and vgzy increases slightly above 1p/2. Because Iz remains constant vypp
decreases (with the same value that vpzy increases) and ip decreases to zero. With the
exponential model of transistors we get:
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vern tVEgp =Vgg, Vrln N +Vrln r =2-Vrln < that gives: iy -ip =[£22.
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Thus as iy increases, ip decreases by the same ratio (while the product remains constant).

Class AB stage operates in much the same manner as the class B circuit, with one
important exception: for small v;, both transistors conducts and as v; is increased or

decreased, one of the two transistors takes over the operation.

Biasing the Class AB Circuit

A current to voltage converter is used to provide the bias voltage
between the transistor bases; the usual implementations are with
diodes or with the I’z multiplier circuit.

1. Biasing circuit with diodes gives a bias voltage:
Vep =VBEN *VEBP =VD1tVD2 =2V
The current in diodes flows through the resistor Rz. The diode

bias arrangement provides thermal stabilization of the quiescent
current in the output stage. If the diodes are in close thermal




contact with the output transistors, theirs temperature will increase by the same amount as
that of Oy and Op. Thus Izp will decrease at the same rate as vppy +vepp With the result

that /, remains almost constant (a diode and a B-E
junction thermal coefficients are similar: ky=-2mV/°C).

2. The Vzr multiplier bias circuit with 05, R, and &,
provides the designer with more flexibility. If we neglect
the base current of the bias transistor Os:
VBE3
Jp =_LE3
The voltage 155 across the bias network will be:

R
Vg = Ipiw(R +Ry) = VBE3[1+ R_?J :

Thus the circuit simply multiply multiplies 7zg3 by the Jec
factor (1+Ry/Ry), and is known as “Izz multiplier”. The multiplication factor is under the
designer's control and can be used to establish the value of I35 required to yield a desired
current I.

For positive v;, especially near its peak value, the base current of (3 becomes sizable and
reduces the current available for the I'zz-multiplier. Since large changes in i3 correspond
to only small changes in vgz3, the decrease in current will be mostly absorbed by O,
leaving Ip,,, and hence Izz, almost constant.

The Vzg-multiplier circuit provides thermal stabilization of /, if O3 is in close thermal contact
with the output transistors.

= Ipiy —1p3 = Ipjy (for Ips<<Ip;).

Single-Supply Operation

The class B (and AB) stage can be operated from a single supply,
in which case the load is capacitively coupled through C.
For all frequencies of the input signal, the capacitor reactance

On

should be negligible: X-<<R;. - /\\ic ;
For an input voltage (provided by the previous stage): o D °

v1=VC2C+VBE+v1-,We get vO=V§C+vO_ Ry
Without signal: vy =0=1v,=0, vy = VCZC and v =vy —v, = Vgc _ —

For the positive half cycle of the signal, v, 0, Oy is ON and the current path (for iy) is from
I'ee through Oy, C, Ry to ground. The capacitor C is slightly charged (because the
conduction time, 7/2, is much less than the circuit time constant, i, C).

For the negative half-cycle of the signal, v; <0, Op is ON and the current path (for ip) is from
the ground through C, Op, to ground. The capacitor acts as a power suurce and it is slightly
discharged (with the same amount of charge that charges it in the positive half-cycle).



Power BJTs

Power transistors dissipate large amount of power in their collector-base junction. The
dissipated power is converted into heat, which raises the junction temperature and there is
a maximum temperature, T7.,.x, above which the transistor could suffer permanent

damage. For silicon devices Ty, is in the range from 150°C to 200°C (specified in the
transistor data-sheet).

Thermal Resistances
For a transistor operating in free air which is dissipating 7, watts, the temperature of the
junction, relative to the surrounding ambience, can be expressed as:

Ty=Ty=05-Pp
where &y, is the thermal resistance between junction and ambiance, having units of °C per
watt. 4, is usually specified on the transistor data-sheet.

The equation that describes the thermal-conduction process is analogue to Ohm's law,
which describes the electrical conduction process. In this analogy, power dissipation
corresponds to electrical current, temperature difference corresponds to voltage difference
and thermal resistance corresponds to electrical resistance. Thus, we may represent the

thermal-conduction process by an electric circuit. P
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On the right graph there is represented the maximum allowable power versus ambient
temperature for a transistor in free air (based on the previous equation).

Power Dissipation versus Temperature

The maximum power dissipation is specified on the transistor data-sheet for an ambient
temperature bellow 7, (usually 25°C). If the device is to be operated at higher ambient
temperature, the maximum allowable power dissipation must be derated (according to the
straight line in the previous figure). From the previous equation, one can compute:

_ Lymax =T0 _Lymax—T4

or PDmax =

014
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Heat Sink

The heat sink is a piece of metal which the transistor is in thermal contact with. For a
transistor with heat sink, the thermal resistance between junction and ambient consists on
the thermal resistance between junction and transistor case plus the thermal resistance
between case and ambiance:

For a given transistor ;- is fixed by the device design and packaging. The designer can

reduce .4 below its free air value if a heatsink is utilized. In this case: 64 =0-¢+8g,.



The electrical analog of the thermal-conduction process when a heatsink is employed can
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be drawn using the formulae: T; -7, = Pp (00 +005 +0gy). T
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The Ppmax level of power dissipation cannot be achieved in practice; it would require an
infinite sink and 7, <25°C). Normally Pp . wWatts transistors can dissipate about 0.4Pp .«
for a reasonable heatsink.

Applications e

S9 - P1. For the class B output stage in figure let Ii--=6V and
Ry =4Q. If the output is a sinusoid with 4.5 V peak determine:
a) The output power,

b) The average power drawn from each supply.

¢) The power efficiency obtained at the given output voltage.
d) The peak currents supplied by v; assuming that Sy =/£6p=50.
e) The maximum power that each transistor must be capable of dissipating safely.
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S9 - P2. It is required to design a class B output stage to deliver an output power of 20 W
to an 8 Q load. The power supply is selected such that 7 is about 5 V greater than the
peak output voltage. Determine the supply voltage required, the peak current drawn from
each supply, the total power supply and the power conversion efficiency. Also determine
the maximum power that each transistor must be able to dissipate safely.

52
Since P, = ;3, then 1, = \2P,R; =+2-20-8=179V; Weselect: Voo =V, +5=23V.
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% =2.24A.

~

The peak current drawn from each supply is:  /, =

tEU ‘S’

The average power drawn from each supply is:

Ppcy=Ppe_ = l;:-VCC = 2':624-23 =16.4W; and Ppe =Ppe, +Ppe. =2:16.4=32.8W;

Fo 2 20 _h61=61%
Ppe 32.8

The power conversion efficiency is: =

. - . L 2 V. 223
The maximum power dissipated in each transistor is: P« = —2ﬂ =—
7= 2R 728
S9 - P3. A BJT is specified to have maximum power dissipation P, of 2 watts at an
ambient temperature 7; of 25°C and a maximum junction temperature 77, of 150°C. Find
the following:

a) The thermal resistance 6y,

b) The maximum power that can be safely dissipated at an ambient temperature of 50°C;
¢) The junction temperature if the device is operated at 7,=25°C and it is dissipating 1 W.

_Trmax —Ta0 _ 150-25

=6.7W.

@ O = = 62.5°C/W; ;
! “ PDO 2 —o 1}
B $0
D max QJA 625 . ; | .7,
¢) Ty =Ty+6,Pp =25+62.5=87.5°C. (Ty =T, = 0,,Pp)

S9 - P4. A BJT is specified to have 7j.x=130°C and to be capable of dissipating the
following power: Ppyug=40W at 7-=25°C and Ppy=2W at 7,=25°C. Find the following:
a) The thermal resistances ¢, and &,

b) The maximum power that can be dissipated safely by this transistor when it is operated
in free air at 7,=50°C;

¢) The maximum power that can be dissipated safely by this transistor when it is operated
at an ambient temperature of 30°C, but with a heatsink for which g-¢=0.5°C/W and
t51=4°C/W. In this case find the temperature of the case and of the heatsink.

d) If the transistor is connected to a heatsink using an insulated washes for which the
thermal resistance is and for an ambient temperature of 0.6°C/W, what heatsink thermal
resistance is required to obtain safe operation at 10 W power dissipated.

Trmax —T40 _ 150-25

a) QJAZ =62.5°C/W,;
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0 = max =140 150725 _ 515003+ (as with an infinite heatsink) 0,3
T p 4 I
Dmax 0 + o C

— o7 P 4
b) Py = Lomax ~Ta 15050, o J D@ Hcs;:_ci,:q
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¢) 814=050+00g+0g,=3.1240.5+4=7.62°C/W;

Py = max =14 13973045 4wy 7o g g Py = 50+4-13.1=102.45C;
014 7.62
T~ =102+0.5-13.1=109°C; (77 =109+3.12-13.1=150°C).
T -T4 150-40
d) 014 = Jmax —+4 _
Pp 0

= IIOC/W, QSA = QJA —QJC—QCS = 11—312—0627280C/W



