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A.C. Regulated Power Supplies

By PAUL MUCHNICK / Manager, Advanced Praduct Development Dept,

Sorensen Operation, Raytheon Co.

Characteristics of various types of regulators for
a.c. power lines, including ferroresonant, saturable
reactor, SCR, electromechanical, and fast-response.

tude, frequency, and phase. An 2.c.-regulated pow-

er supply usually regulates only the amplitude
parameter of the incoming a.c. line. If the power supply
also regulates the frequency. then it must almost certainly
mean that the input and output voltages are non-syn-
chronous. Such devices are commonly referred to as fre-
quency-stabilized power supplies. '

The a.c.-regulated power supplies may be divided into
two main categories, depending on whether or not the in-
put and ocutput frequencies are synchronous. Synchronous-
frequency units are called a.c. line voltage regulators, a.c.
voltage stabilizers, or a.c. line conditioners. These devices
regulate the input line for peak, average, or ram.s. ampli-
tude, while retaining the frequency characteristics—but
probably introduce a phase shift.

The non-synchronous types are called inverfers when
the device operates from a de. source or frequeney
changers when the input is a.c. There are specialized types
of frequency changers whose inputs and outputs are har-

_ :N AC. SIGNAL may be defined in terms of ampli-

Fig. 1. With |ust @ 10% over-veltage applied to incandescent
lamps, life expectancy is enly about 30% of the rated value.
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monically related: these sometimes carry the more de-
seriptive  terms  frequency doublers, triplers, ete. This
group of power supplies may be either self-excited or
driven by a low-power oscillator.

The National Electrical Manufacturers Association
{(NEMA) recommends that commercial a.c. supply volt-
age should be maintained to =10%, constancy. Yet there
are a great many applications where such variations are
too great to provide either reliable performance or con-
sistent and reproducible data. In addition, momentary
and intermittent heavy loads cause even wider voltage
variations that result in erratic performance and equip-
ment malfunction. Even relatively small over-voltages
will seriously reduce the life of incandescent lamps or
many other devices that are conneccted to the ac. line
(Fig. 1).

To reduce or eliminate these problems, a.c. line regu-
latars are installed In equipment, power benches or groups
of benches, individual assembly lines, and entire plants,
It 1s therefore not surprising that this type of regulator
occupies a position of prime importance in the power-
supply market,

The size of the a.c. line regulator market is as diffieult
to estimate as is the d.c. regulator market which has re-
ceived considerably more attention. Bearing in mind that
such estimates may vary by as much as 10 to 1, it is
helieved that the market for the electronically controlled
static (non-mechanical) types is in excess of $7 million
per year with a relatively shallow growth of less than 109
a year. The market for ferroresonant a.c. resulators is
possibly half this size.

The Variety of Designs

These a.c. line regulators are made in a great varlety
of eleetrical and mechanical designs for an extremely
broad range of applications. The various designs include:
1. ferroresonant regulator, 2. electronically controlled sat-
urable-core reactor regulator, 3. silicon controlled rectifier
regulator, 4. electronically controlled electromechanical
regulator, and 5. the amplifier or fast-response regulator.

These types are available in capacities that range from
as low as 15 VA in ferroresonant types to several hundred
kVA for electromechanical types. Still larger capacities
are available in induction and tap-changing types. The
output voltage settings of regulators may be fixed, or ad-
justable over either narrow or wide limits. The accept-
able range of input frequency is generally relatively nar-
row with degeneration of setting, regulation, and harmonic
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“distortion occurring around & nominal value. Percent reg-
ulation can vary over the extremely wide range of better
than 0.01% for line and load to almost 109 for load.
Speed of response varies from microseconds to a full sec-
ond response, Qutput distortion is another important
parameter. Some units introduce considerable amounts of
distortion such as peak clipping or other non-linearities re-
sulting from the use of saturable-core inductors, while others
operate on the incoming waveform to actually filter out
harmonics.

1. Ferroresonant Regulator: The constant-voltage trans-
former or ferroresonani regulator iz a relalively simple
open-loop regulator depending solely upon saturation of
iron-core material for regulating action. They are extreme-
ly economical and reliable, and are self-protecting for
overloads in that short-circuit current is limited to abont
2009 of rating. They have no moving parts or external
adjustments.

While this type of regulator is excellent for fixed loads
that do not require extremely rapid response (e.q. fila-
ment power), it has some disadvantages. The saturation
of some of its components results in considerable distor-
Lion of the output-voltage waveform (unless special low-
distortion types are used—FEditor}, load regulation is
generally poor, and output voltage setting is heavily de-
pendent on input frequency. ‘

‘The equivalent circuit for the regulator is shown in
Fig. 2A. L1 and L2 are linear chokes while L3 i1s self-
saturating. The L3-C'1 combination has a current-voltage
relationship as shown in Fig. 2B, Over the region A-B (on
the curve of total shunt current) this network draws a
capacitive current that produces a drop across L1 of such
a polarity as to make E_ greater than E,. Qver the region
B-C the current drawn is induetive, resulting in E, being
smaller than E,. This correction is by no means perfect,
50 a compensation winding L2 coupled to L1 is added to
the eireuit to improve its operation,

The output voltage level of this regulator may be varied
by several means. These include: variation of L3-C1 pro-
duct; variation of turns or the amount of iron used in L3;
and variation of core material of L3. A variation in the
impedance of the linear ehokes will shift the input op-
crating range. . i

Special ferroresonant designs with low harmonie distor-
tion are available, but other characteristics may suffer.

2. Electronically Controlled Saturable-Core BReactor
Type: The circuit in Fig. 3A is typical of the basic design
of thiz closed-loop regulator. Regulated output is ob-
tained by controlling the de. current through the con-
trol winding of the saturable-core reactor, thereby varying
its induetanee. The result is that corrcctive voltages are
produced at the autotransformer which add or subtract
vectorlully from the input voltage. The entire closed-loop
system consists of an r.ms. voltage detector on the out-
put, comparison to a reference, generation of an error
signal, and amplification to generate reactor drive power.
Since the circuit is non-linear in operation, distortion is
generated in the system. This is reduced by the addition
of harmonic filters across the autotransformer. Only odd-
harmonic filters are required.

This regulator has a response time of 0.02 to 0.15 sce-
ond. Tis output setting is only slightly affeeted by fre-
quency, and line and load regulation can be 1 or 2 orders
of magnitude better than the ferroresonant type. The
output is easily adjustable. Disadvantages include, in
addition to the 3% or 4% of generated harmonic distor-
tion, an appreciable phase shift that varies with line and
load setting.

3. Silicon Conirolled Reclifier Regulator: These regu-
lators are all-solid-state versions of the saturable-core
reactor type just described. The major difference is the
substitution of SCR’'s for reactors. Inasmuch as the SCR
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Fig. 2. (A} Equivalent circuit of constant-veltage trons-
former or ferroresonant regulator. {B) Current-veltage
characteristics of the shunt components C1 and L3 used.
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Fig. 3. (A) Autetransformer-reactor regulator. (B) Electro-
mechanical regulator uses motor-driven autetransformer,

S

Ej
[1 X [t
FOWER
SUPPLIES
FOR SUMMING
a¥YSTEM = JUNCTION
PHASE
COMPARATOR
SINE-WAVE
i REFERENCE
Ryt s PHASE- SQUARE-WAVE LOW-PASS
CONTROL |a=l GEWERATOR [  ACTIVE |—o
COMPARATOR (CLIPPER} FILTER
AMPLITUDE
- -
COMPARATOR

Fig. 4. A fast-response a.c.
line regulgtar is shown here.

is not as rugged as the reactor for overloads, this regu-
lator usually has an over-current protection system in-
cluded in the form of special protective ecircuitry and/or
fuses. The temperature-limited vacuum-diode ram.s. de-
teetor used in saturable-reactor systems is replaced by a
solid-state detector which may not perform as well, so
performance may sufler in some areas (e.g., E, vs fre-
quency) . In the larger sizes, these units are less expensive,
more relinhle, and smaller than the previcus design.

4. Electronically Controlled Electromechanical Regu-
lator: The simple design philosophy of this buck-boost
system yields a regulator ihat produces almost negligible
distortion and phase shift, insensitivity to frequency, and
very high efficiency. The disadvantages are slow response
and recovery time, rather poor regulation of 1% to 2%,
and some maintenance required due to moving parts and
contacts. Economic advantages over the SCR type units
appear only above 5 to 10 kVA fevels. The unit consists
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Saturable Electro- Fast-
_ =|l_Ferroresonant Reactor SCR _|__mechanical Response
ILrRegl.!laticu'l—line 1 % .61-—.2_% .1-.259, | 1-29 1-19%
2. Regulation—load 1.59 .01-.29% .1..259 1-29, 119,
3. Distortion, output 20% 39 3.59 Negligible .25-.59% max.
4. Temp. Coefficient 03%/°C .01-03%/°C | .01-.039%/°C .. 01-.039%/°C
5. Efficiency 82939 82929, 85-959, 95-999, 60-759,
6. Response Time 02-07 s 02-15 s _-02-.15s .02-.4 s/voit 50-100 pus
7. Capacity .015.-10 kVA .25-15 kVA .5-15 kVA 2-200 kVA .5-5 kVA
8. Output Adjustability No Yes Yes Yes Yes
9. E,vs Frequency 19 fHz .03..059% /Hz | .03-.059% [Hz None .01-.039 /Hz
10. Distortion vs Freguency ‘- - i_fn??n;?l;‘rlegﬁén%f; None -
11. Cost: ($/VA)/unit size 1271 kVA 3471 kVA 36/1 kVA .08/6 kVA 1.40/1 kvA
12. Weight: (Ibs/VA) /unit size .08/1 kvA .08/1 kVA .08/1 kVA 02/6 kVA 171 kVA

Table 1. Summary of the most important characteristics of the a.c. line regulators describad here.

of a voltage-sensitive bridge, a control cireuit, and a
molor-driven variable autotransformer (Fig. 3B). The
system is quite easily adapted to three-phase regulation hy
mounting three antotransformers on a common shaft.

3. Fust-Response Regulator: These units use vacuum-
tube or solid-state amplifiers to add to or subtract power
from the incoming a.c. line. They have very fast reaction
time, approaching 50 ps, hence the ability to not only
regulate run.s. levels but reduce incoming harmonics by
acting as a filter.

A typical block diagram of such a regulator is shown in
Fig. 4. A sumple of the input voltage first has its phase
compared to the sine-wave reference and corrected to an
180° eut-of-phase condition. It is then squared and clipped
to develop a symmetrical square wave. The amplitude
is kept constant. Piltering then follows to produce a
stable, pure a.c. sine-wave reference signal. This refer-
ence and the output are compared and the error is ampli-
fied to correct the output level. Regulators of this type
are most advantageous where incoming transients or dis-

tortion is great enough to affect measurements adverselv.

A sommary of the characteristics of the various a.c,
line regulators is given in Table 1.

Non-synchronous power supplies generate their output
by first rectifying the input power and then applying the
resultant d.e. to some type of power oseillalor and/or
amplifier. These systems are discussed in other articles in
this Speeial Section. Regulation schemes include high-
gain feedback amplifiers; rm.s. detection of the output
to control the d.c. voltage level feeding the inverter; and
controlled variable loads, such as SCR’, on the output
of the power supply.

The generation of three-phase regulated volluge is a
particularly interesting problem. Because of the vaniable
naiure of phase shift through the inverters (duc 1o
changes in line and load), two voltages are usually gen-
erated and regulated. A third circuit regulates the phase
angle between them. The third output voltage is generated
by adding these two voltages and shifting the resultant
by 180 degrees. A




