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This paper describes the measured harmonics in the load currents of thyristor circuits and shows that with firing
angle control the harmonic amplitudes decrease sharply with increasing harmonic frequency, but that they extend
to very high harmonic orders of around 6000. The amplitudes of the harmonics are a maximum for a firing delay

angle of around 90°.

Integral cycle control produces only low order harmonics and sub-harmonics.

It is also shown that with firing angle control apparently random inter-harmonic noise is present and that the
harmonics fall below this noise level at frequencies of approximately 250 KHz for a switched 50 Hz waveform and
for the resistive load used. The noise amplitude decreases with increasing frequency and is a maximum with 90°

firing delay.

1 INTRODUCTION

Thyristors are now widely used for control of power
in both d.c. and a.c. circuits.! The advantages of
relatively small size, low losses and fast switching
speeds have contributed to the vast growth in
application since their introduction, when they were
basically a solid-state replacement for mercury-arc
rectifier devices. As a result, attention has been
focussed on the inherent problems produced by
thyristor control, some of which are a perpetuation
of those with mercury-arc rectifiers. These are now
giving cause for greater concern owing to the scale of
usage. The majority of applications utilise a.c. line
commutation and only these are considered here.

The switching action of the thyristors (or triac)
results in non-sinusoidal currents being drawn from
the a.c. supply system. Harmonics and noise are
thereby injected into the power supply and give rise
to conducted interference with other electronic and
communications equipment.2-4 Unless the apparatus
is screened, radiated interference also occurs. The
effects of interference are varied, from malfunctioning
of low-level micrologic circuits and triggering of other
separately-controlled thyristors to disturbance of
radio and T.V. reception.5 The elimination of these
effects is an important objective. Ways of suppressing
the harmonics and noise have been devised using, on
the one hand, greatly improved discrete components
and on the other, composite devices containing
within one component resistance, capacitance and
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inductance.5>”7 Literature on the subject tends to
assume that noise is due to the high frequency
harmonics generated by thyristor switch-on and the
design of suppression components is based on this.
This investigation has been performed in order to
establish the validity of this assumption, since it is
believed that there may be a number of perhaps
separate sources of noise in thyristor circuits. Four
well-known circuits have been examined, both
experimentally using a spectrum analyser and by a
theoretical analysis of the waveforms to define the
harmonic spectrum expected. The presence of
random noise, in addition to the expected harmonics,
is demonstrated.

2 EXPERIMENTAL DETAILS

The four single-phase circuits investigated were a
single-thyristor half-wave rectifier, a triac a.c. con-
troller with firing angle control, a thyristor full-wave
rectifier bridge, and a triac a.c. controller with
integral cycle control. The triac functions as two
thyristors in anti-parallel, but has a single gate
electrode. The load current waveforms were ex-
amined and these have the form shown in Figure 1.
From the conducted interference viewpoint, the
supply current is of interest. The supply current is the
same as the load current in all circuits except the
rectifier bridge, in which case it has the same form as
that of the triac with firing angle control.
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(a) Single thyristor, half-wave rectifier.

(b) Vorioble a.c. by triac with firing ongle control,

(c) Thyristor bridge, full-wave rectitier.

(d) vorioble ac. by triac with integral/ cycle control.

FIGURE 1
examined.

OQutput waveforms for the circuits

The basic measuring circuit is shown in Figure 2.
This consists of a resistive load of low inductance
supplied from single-phase a.c. mains through the
thyristor controller. In series with the load is a
sampling resistor of very low inductance, across
which a voltage proportional to load current is taken,
This is fed to a Hewlett—Packard spectrum analyser®
and an oscilloscope. This arrangement is more suit-
able for study of the low frequency harmonics, since
combined symmetrical and asymmetrical radio-
frequency components are indicated. For detailed
study of the radio-frequency voltages, the techniques
of BS 800° are more appropriate. The complete test
circuit is installed in a screened room in order to
reduce external interference,

The principle of the spectrum analyser is that the
waveform under examination is swept by a narrow-
band filter (10 Hz minimum bandwidth) controlled
by a variable frequency oscillator. The output is
displayed on a storage tube whose vertical axis
represents amplitude, and horizontal axis frequency.

Trigger
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FIGURE 2  Basic measuring circuit.

A typical trace is shown in Figure 3, where the
individual harmonics at 50 Hz intervals can easily be
seen. Controls on the analyser enable the bandwidth
of the filter, the swept frequency limits and sweep
time to be controlled. A variable attenuator adjusts the
input signal appropriately. The frequency counter
(Figure 2) gives a direct indication of the frequency
band being swept, thus enabling the specific harmonic
frequencies displayed to be interpreted. It should be
noted that the spectrum analyser indicates the
magnitudes of the harmonics present in the wave-
form, but not their phase in relation to the
fundamental.
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FIGURE 3 Harmonic spectrum trace from the

spectrum analyser.
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3  THEORETICAL CONSIDERATIONS
The current waveforms of Figure 1 can be resolved
into the harmonic components present by use of the

general Fourier Series:—

f(t)= Ao +:§: C,, sin(nwt. + /)

where f(t) is the waveform function under consideration,

n is the harmonic order — 1,23 ... ......
Ay is the direct component
C,, is the amplitude of the nth harmonic
Y, is the phase of the nth harmonic.

The expansion is calculated from:
Ca = (An® +By?)”

where

1 27
A, =— j f(t) cos n wt d(wt)
w0
and
1 2w
B,=— J f(t) sin n wt d(wt)
mo

A
Y, =tan"! —
n

The mean or d.c. level is given by:
1 27
Ap=— f(t) dt
o= |1

The constants A, B, and A, for each waveform are
as follows:

a) Half*wave rectifier:

nth harmonic of the supply frequency (n=2,34,...):

~ L[cos(l + n)oc+ cos(1 — n)a+ 2(~1)“:|

" onl 14n 1—n 1—n?
1 [sin(l +n)a  sin(1 ﬁn)a]
" oon l+n 1—n

d.c. component:

a

|
Ay =—(cosa+1)
27

fundamental:

I rcos2a—1t
oot
2w 2

where a is the firing delay angle,
and Iis the peak value of the sinusoidal current.

b) Triac with firing delay :
nth harmonic of the supply frequency (n=3,5,7,...):
T fcos(n + Da ~1 2
A :_[ os(n + 1) B cos(n )a+ ]
1

n
m

nt+1l n—1 n —

=1 [sin(n + Do sin(n — l)a]

" nt+1l n—1

L

Even harmonics are absent, since A, = B, = 0 with
n=246,...during the derivation.

d.c. component:
A() =0

fundamental:

T[cos2a~1]
Ay =—|—
b 2

I sin 2«
B] ="I:7T—C{+ ]
7r 2

¢) Full-wave rectifier:
nth harmonic of the supply frequency (n=24,6,...):

I 1+2 1-2 2
A =L [cos( I’I)OL+ cos( no . ]

"o 1+2n 1—2n 1 — 4n?

1 [sin(l +2n)a  sin(1 — 2n)o<]
"or 1+2n 1—2n

0Odd harmonics are absent, since Ap=B, =0 with
n=3,57,...during the derivation.

d.c. component:

1
Ay =—[1 +cos a]
w

fundamental:
A] = B1 =0
d) Triac with integral-cycle control:

nth harmonic of the output waveform (n=1,2,3, ...
T,3T,5T,...):

A, IT [cos (2naN) B 1]
) T

Ca(n? -~ T?
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TABLE I
Measured harmonic amplitudes (as a % of mains) with varying firing angle for the
half-wave rectifier circuit.

Firing angle o

Amplitude at the stated harmonic frequency (Hz)

50 100 150 500 1000 2000

(Degrees) (fundamental) (2nd) (3rd) (10th) (20th) (40th)
18 50.0 22.0 1.4 1.0 0.4 0.20
54 43.0 27.0 10.0 2.4 1.0 045
90 28.0 23.0 15.0 3.0 1.2 0.60
126 11.0 10.0 9.0 2.5 1.0 0.45
162 1.3 1.5 1.8 1.0 04 0.20

iT ~ (2naN) a) Thyristor Half-Wave Rectifier

sin
n(n? — T?) T

Putting n =1 gives the coefficients for the funda-
mental frequency at the load; that is, the lowest
subharmonic of the supply frequency (= 1/T x supply
frequency). Other coefficients are given for fre-
quencies up to that of the supply voltage. The coef-
ficients for the supply frequency harmonic of the
load current (n = T):

AT=0

Br

N
T

For higher frequencies:
A, =B, =0

for harmonics which are even multiples of the supply
frequency (n =2T, 4T, 6T, .. ).
d.c. component:

A0=0

where T is the number of supply cycles in a period of
integral-cycle control, and N is the number of ‘ON’
cycles in a period of integral-cycle control. The
individual harmonic amplitudes C, and phases, ¥,
{when required) were calculated with the aid of a
computer for assumed values of n and firing delay o
or onfoff cycle ratio, as appropriate.

4 RESULTS AND DISCUSSION

It is appropriate to consider the low frequency and
high frequency harmonic components of the current
waveforms separately. The individual thyristor circuits
are taken in order.

The results of measurements of specific low
frequency harmonics generated with the single
thyristor control are given in Table 1. They are shown
as a function of firing angle and it is apparent that the
harmonics are a maximum with a firing delay of 90°
A detailed representation of the harmonics present up
to 1900 Hz with a firing delay of 90° is shown in
Figure 4. Both measured and computed values are
given; it can be seen that these agree very well.
Measurements of the high frequency components
up to 300 kHz were made. the spectrum analyser
indicated the presence of random noise between the
predicted lines of the harmonic spectrum. Table II
summarises the measured amplitudes of the har-
moumics at 50 kHz and 100 kHz, together with the
interharmonic noise level near these frequencies, both
as a function of firing angle. As is to be expected
from the low frequency harmonic results, the high
frequency harmonics have a maximum amplitude
with the firing angle set at 90°. However, the same is
true of the noise, within experimental error, though
the effect is not so pronounced. Table III shows
measurements of harmonics and noise up to the

TABLE I
Dependence of high frequency harmonics and noise on firing
angle for the half-wave rectifier circuit.
(Values in pV across a 1 ohm sampling resistor; 0.7 V obtained

with full mains applied)

Firing angle At frequency S0 kHz At frequency 100 kHz
(Degrees) Harmonics Noise Harmonics Noise

18 20 8 2 2

54 60 15 20 8

90 80 15 30 8
126 70 15 25 10
162 35 8 12 5
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TABLE III
Measured high frequency harmonic amplitudes and noise for
the half-wave rectifier circuit with 90° firing delay.
(  (Amplitudes in uV across a 5 ohm sampling resistor:
3.7V obtained with full mains applied).

Frequency Harmonic  Harmonic  Noise
(kHz) order amplitude  amplitude
10 200 4000 100
30 600 1000 30
60 1200 300 25
100 2000 150 20
130 2600 110 20
160 3200 70 20
200 4000 50 15
230 4600 40 15
260 5200 0 10
300 6000 - 10

Low-frequency harmonics from the half-wave rectifier circuit (90° firing delay).

highest frequencies considered. Both harmonics and
noise decrease with increasing harmonic order,
though the noise decreases at a much lesser rate. At
about 300 kHz the harmonic amplitudes are such that
they cannot be distinguished from the noise.

b) Triac with Firing Delay

Measurements similar to those made with the single
thyristor were repeated for the triac a.c. controller
and the results are shown in Tables IV and V, Table
IV demonstrates again that the harmonic amplitudes
are a maximum with 90° firing delay. As predicted by
the Fourier Analysis, only odd harmonics are present
owing to the symmetry of positive and negative
half-cycles (Figure 1b). Table V again illustrates the
decreasing harmonic and noise amplitudes with in-
creasing harmonic frequency and the merging of the
harmonics into the noise around 300 kHz.

TABLE IV
Measured harmonic amplitudes (as a % of mains) with varying firing angle for the
triac circuit.

Firing angle o

Amplitude at the stated harmonic frequency (Hz)

50 150 250 550 1050 2050
(Degrees) (fundamental) (3rd) (5th) (I1th)  (21st)  (41st)
18 98 4 3.0 2.0 1.0 0.4
54 90 18 10.0 3.5 1.8 1.0
90 58 30 10.0 9.0 35 1.2
126 48 18 10.0 4.5 1.5 1.0
162 2 2 25 1.9 0.5 0.4
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TABLEV
Measured high frequency harmonic amplitudes and noise
for the triac circuit with 90° firing delay. (Amplitudes in
4V across a 5 ohm sampling resistor; 3.7 V obtained with
full mains applied).

Frequency Approx. harmonic Harmonic  Noise
(kHz) order amplitude  amplitude
10 200 3500 100
30 600 800 50
60 1200 250 40
100 2000 140 40
130 2600 80 40
160 3200 80 30
200 4000 50 25
230 4600 30 25
260 5200 - 20

¢) Thyristor Full-Wave Rectifier

The low-order harmonics measured in the d.c. load
current waveforms (Figure 1¢) are shown in Table VI
as a function of firing angle. Only even harmonics of
the supply frequency are present, 100 Hz being the
fundamental ripple frequency. The harmonics of this
ripple frequency exhibit their maxima at 90° firing
delay. As mentioned earlier, the a.c. line current
drawn has the same waveform as is produced by triac
control (Figure 1b), so that Tables IV and V provide
the relevant information for the rectifier supply
current.

d) Triac with Integral-Cycle Control.

The zero-voltage switching of integral-cycle control
results in the absence of high frequency harmonics,
and herein lies the advantage of the method. This is
illustrated in Figure 5 which shows results obtained
with equal on and off periods. Change in the ratio
on/off cycles will produce a variation in harmonic
amplitudes, but the general pattern of a predomi-
nance of low order harmonics and subharmonics of the
supply frequency is well demonstrated. The presence

of subharmonics is disadvantageous with loads of a low
thermal time constant, for which this method of
control may be inappropriate. No measurements have
been taken at the high frequency end of the spectrum.

Only measured results have been quoted in most
cases since Figure 4 shows that these agree fairly
closely with those computed from the Fourier
Analysis. An infinite rate of current rise at thyristor
turn-on with firing angle control has been assumed
for the analysis though this is not attained in practice.
For this reason the correlation is less good at the
higher frequencies. The presence of the interharmonic
noise with firing angle control is the most outstanding
feature observed. The fact that this exceeds the
harmonics at frequencies above about 260 kHz is very
significant. Tests with the single thysistor in circuit,
with the triggering signal removed, and carrying d.c.
revealed only minimal noise, showing that most of
the noise is generated by the thyristor control and
not the sampling resistor or other peripheral equip-
ment.

5 CONCLUSIONS

The measurements have confirmed the presence of
harmonics in the load currents of the thyristor
circuits examined and have defined their pattern. With
firing angle control the harmonic amplitudes decrease
sharply with increasing harmonic frequency but they
extend to very high harmonic orders or around 6000.
The amplitudes of the harmonics measured are a
maximum for a firing delay angle of around 90°,
though this does not necessarily apply to all
the harmonics present.!® Integral cycle control
produces only low-order harmonics and sub-
harmonics. Computed results have not heen given in
every case as correlation with measurements is good,
though this is less so at the highest frequencies. With
firing angle control, apparently random, inter-

TABLE VI
Measured harmonic amplitudes (as a % of mains) with varying firing angle
for the full-wave bridge circuit.

Firing angle «

Amplitude at the stated harmonic frequency (Hz)

100 200 300 500 1000 2000
(Degrees) (2nd) (4th) (6th) (10th)  (20th)  (40th)
18 50.0 12.0 6.0 2.0 1.5 0.6
54 60.0 12.0 11.0 5.5 3.5 14
90 45.0 20.0 12.0 7.0 4.0 1.5
126 18.0 15.0 11.0 4.0 2.5 1.5
162 2.5 2.5 2.5 2.0 1.2 0.5
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harmonic noise is present, the harmonics falling
below this noise level at frequencies of approximately
250 kHz—300 kHz, for the resistive load used. The
noise amplitude decreases with increasing frequency
and is a maximum with 90° firing delay. Investigation
into the causes of noise generated by thyristor
control is continuing.
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