
Half-Controlled Rectifier

▼

Voltage/Current Regulator

▼

RC Snubber Circuit

▼

Three Boards in One

▼

Compact and Economical

H a l f - C o n t r o l l e d  R e c t i f i e r ,

R e g u l a t o r ,  a n d  

S n u b b e r  B o a r d

The Enerpro FRS300 firing/regulator/
snubber board triggers the thyristors of a
three-phase half-controlled (3-thyristor/3-
diode) rectifier, provides RC snubber
circuits, and allows for voltage and current
regulation. The compact circuit board
replaces the three boards that usually
provide these functions. This economical
and flexible triple-purpose board replaces
the diode rectifier in applications such as 
ac motor drive, dc bus capacitor charging,
battery charging, corrosion protection 
and others.

Firing Circuit
The firing circuit portion of the FRS300 is
based on the biased detector phase locked
loop (PLL) principle. The key elements of
the firing circuit are:

• Phase Reference Sensing 
without Transformers

• Equidistant Gate Delay Determinator
• Transformer-Coupled Gate Drive
• Phase Loss Sensing
• 50/60 Hz Operation
• Soft-Start Circuit

Regulator Circuit
In general, the board is in the voltage
regulation mode when the voltage error is
greater than the current error, and in
current regulation mode when the voltage
error is less than the current error. Seamless
transition from voltage to current
regulation is achieved by diode-summing
the voltage and current error signals to
form the input to a proportional plus
integral gain amplifier. 

Snubber Circuit
The snubber circuit consists of three series
RC circuits connected to the anodes and
cathodes of the three thyristors.  
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Gate Delay Determinator
The voltage controlled oscillator (VCO)
and the logic circuitry of the delay
determinator PLL are contained in a 24-pin
CMOS LSI device.  Inputs to the device
include the three-phase reference signals
described above and the VCO control
voltage.  This control voltage is the output
of an op amp that sums the three EX-OR
phase detector outputs of the LSI device
with a signal proportional to the gate delay
command voltage.

When the PLL is in lock, the average VCO
control voltage is constant and proportional
to the mains frequency.  This requires that
the sum of the three-phase detector outputs
and the delay angle command be
accompanied by an equal change in the
voltage output of the phase detectors.
Since the input to the phase detectors is the
difference between the phase of the mains
voltage and the phase of the delayed gate
command signal, the gate delay angle (the
difference between these two angles) is also
proportional to the delay angle command
voltage.

The delay determinator VCO creates a
clock frequency that is 384 times the mains
frequency.  The high frequency clock is first
divided by 64 to produce a lower frequency
clock at six times the mains frequency.
This clock is then divided by six and split
into three delayed 120° spaced square waves
at the mains frequency.  These square waves
are ANDed with the two clock frequencies
to produce two bursts of 32 thyristor gate
command pulses, each typically 22 µs in
width (at 60 Hz) and spanning 30° of the
mains voltage cycle.  The first burst begins
at the thyristor gate delay angle. 

TH Y R I S T O R FI R I N G CI R C U I T
The half-controlled rectifier circuit of the
FRS300 is based on the phase locked loop
(PLL) principle. The key features of the
firing circuit, such as phase reference, gate
delay determinator, gate pulse amplification
and isolation, phase loss sensing, soft-start,
and 50 Hz operation, are described in detail
below.

Phase References
Three-phase reference signals are taken
from the voltages appearing on the snubber
circuit resistors. These voltages are
identical to the mains voltages except for
microsecond wide voltage drops caused by
the three-per-cycle snubber current pulses.

Three on-board 2.00 MΩ reference sensing
resistors, together with three 15 kΩ
resistors and three 30° phase shift low pass
filters, attenuate the ac mains voltages to a
level suitable for input to the non-inverting
input of the phase reference differential
comparators. Additional RC components
create a low level analog of the mains
neutral voltage.  This neutral signal is
applied to the inverting inputs of the three
comparators.  This allows the firing circuit
to function properly when the mains
voltage has a substantial voltage imbalance
from line to ground.

The low pass filter creates the 30° phase
shift needed to define zero gate delay angle.
The filter also removes the distortion in
the attenuated reference signals caused by
the snubber circuit and high frequency
distortion in the mains voltage.  The three
comparator outputs are 50% duty cycle
square waves and are 30° from the mains
voltage line to neutral zero crossings.
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Gate Pulse Amplification and Isolation
The thyristor gate command signals are
amplified by transistors to energize the
primary windings of the three 2:1 step-
down pulse transformers.  An RC circuit
supplied from unregulated +30 Vdc
accentuates the first pulse in the gate
current burst relative to the succeeding
pulses.  The peak thyristor gate current for
the first pulse and for the 31 succeeding
pulses typically exceed 1.3 A and 0.5 A,
respectively.

The primary and secondary windings of the
gate pulse transformers are wound side-by-
side on a 3-flange bobbin.  This
construction results in a 3500 Vrms
isolation rating.  The primary-to-secondary
pin spacing is 10.2 mm (.40 in) with a
creepage distance between the pad edges of
8.2 mm.  This exceeds the required 8.0 mm
creepage distance specified in the pertinent
UL and VDE Standards for operation from
630 Vac mains.

Phase Loss Sensing
The phase loss (PL) circuit operates from
an input signal formed by summing and
filtering the three 120° spaced square wave
outputs of the reference comparators.  In
normal operation, the filtered square waves
sum to a dc level with a superimposed 180
Hz (for 60 Hz mains) triangle wave.  When
one phase voltage is abnormally low, the
comparator outputs deviate from the
correct 120° phase shift and 50% duty
cycle. As a result, the filtered composite
comparator signal shows a shift in dc level
along with 60 Hz and 120 Hz frequency
components.  These changes are detected
by a window comparator.  When the PL
input signal peaks exceed the upper or
lower comparator threshold or fall below
the lower comparator threshold, the
comparator output goes low to signal a PL
fault a reset the soft-start circuit.  The soft-

start circuit activates the PLL delay
determinator to ramp the gate delay out to
its maximum angle before inhibiting the
thyristor gating.

Gating remains inhibited until the phase
loss condition is cleared.  At that time, the
PL comparator output goes high, allowing
the gate delay angle to ramp down to its
normal value and bring the rectifier dc
output back up to its pre-fault level.  The
response time of the phase loss detector is
approximately five ms (6 ms at 50 Hz). 
A PL fault is reported to the board I/O
connector via an open collector transistor.
The transistor sinks current from a
customer-supplied pullup resistor when 
a PL fault is present.

Soft-Start
The soft-start circuit responds to an
externally applied ENABLE signal as well
as to the PL fault signal as described above.
The soft-start time is factory-set at
approximately 200 ms as suitable for
charging a dc bus capacitor bank. Soft-start
times in the range of 50 ms to 3.0 s can be
specified.

The soft-start circuit includes an enable
status output transistor.  The transistor
collector is brought out to the board I/O
connector for connection to a customer-
supplied pullup resistor.

50 Hz Operation
The following circuit modifications are
required for operation with 50 Hz power:

1. The 115 kΩ VCO timing resistor is
omitted.

2. The phase reference filter resistor
network is changed from 150 kΩ to 180
kΩ.

RE G U L AT I O N CI R C U I T
Voltage Regulation
The rectifier positive and negative dc
output voltages are sensed by two off-board
2.00 MΩ sensing resistors which form the
input resistors of a first differential
amplifier.  The two 2.00 MΩ resistors can
be supplied by Enerpro in a potted module
as P.N. M2EM1147.

The voltage command is also summed by
the differential amplifier to form an output
signal representing the difference between
the voltage command and the net
attenuated rectifier output voltage.

Current Regulation
Rectifier dc output current is sensed by two
open-delta connected current transformers
operating on the rectifier input current.
The three CT secondary currents are
converted to a dc level with a diode
rectifier and burden resistor to form a
current feedback signal that mimics the
actual rectifier output current waveform.
The current feedback signal is filtered with
a 44 ms time constant low pass filter.  A
second differential amplifier subtracts the
filtered current feedback signal from the
current reference signal to form the current
error signal.

Auto Crossover and Gain Amplifier
The voltage and current error signals are
diode summed to form the input to the
non-inverting proportional plus integral
amplifier.  This arrangement gives a
seamless transition from voltage to current
regulation.  In general, the regulator is in
the voltage regulation mode when the
voltage error is greater than the current
error and is in the current regulation mode
when the voltage error is less than the
current error.



SN U B B E R CI R C U I T
The snubber section consists of three series
RC circuits connected to the anodes and
cathodes of the three thyristors.  The
standard value of the 3.0 watt resistor is 
30 Ω and the standard capacitance is .022
µF with a voltage rating of 650 Vac.  The
small snubber capacitance and the low
resistor power rating are due to the mild
dV/dt transient imposed by the half-
controlled rectifier compared to the full-
controlled version.

AP P L I C AT I O N S
DC Bus Capacitor Charging
The majority of present-day variable speed
ac motor drives utilize an uncontrolled
(diode) bridge rectifier to create an
unregulated dc supply for the variable
frequency IGBT inverter.  For drives of this
type rated at more than a few kW, the large
dc bus capacitor must be pre-charged to
avoid excessive inrush current from the
mains.  Conventionally, the bus capacitor
is charged from the diode bridge through a
resistor that is contactor bypassed when the
capacitor bank is fully charged.

A full-controlled thyristor rectifier or a
half-controlled thyristor/diode rectifier can
limit the capacitor inrush current by
ramping the dc link voltage up to the final
value over a period of a few hundred ms.  A
controlled rectifier also offers the
possibility of voltage regulation and current
limiting.  Primarily because of its simplified
gate trigger and snubber circuits, the half-
controlled version is the lower cost
solution. 

Even-harmonic current in the ac mains is
the chief drawback of the half-controlled
rectifier.  However, when charging a bus
capacitor, the even-harmonics appear only
briefly and vanish as the dc link voltage
approaches 100% of maximum.

The conduction mode of the half-
controlled rectifier changes from 3-pulse to
6-pulse as the gate delay angle becomes less
than 30°.  This allows the dc link voltage
to be regulated from about 94% to 100% of
maximum without creating excessive even-
harmonic currents.

Battery Charging
The half-controlled three-phase rectifier is
often used for low cost battery chargers.
The charger generally operates in current
limit during the first portion of the charge
cycle with a transition to voltage limit for
the equalizing charge.

Corrosion Protection
Galvanic protection of marine structures
and underground pipelines is often
accomplished by injection of regulated dc
current into the water or earth in the
vicinity of the object to be protected.  The
semi-converter is an economical choice for
the rectifier in situations where the
presence of even-harmonic current in the
ac mains is acceptable.
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M A X I M U M R A T I N G S

AC Mains Voltage (Vac) 630   

Pulse Transformer 3500
Hipot (Vac) / 60s

Operating Temperature (°C) -5 to +85

Storage Temperature (°C) -65 to +85

E L E C T R I C A L C H A R A C T E R I S T I C S

Board Supply Voltage (Vac) 24 ±3
AC Demand (VA) 10

Board Supply Voltage (Vdc) 30 ±4
DC Demand (W) 4

Mains Voltage Sensing/
Isolation Resistances (MΩ) 2.00

Load Voltage Sensing/
Isolation Resistances (MΩ) 2.00

Gate Delay Command Range (Vdc) 0/5 or 0/10

Delay Angle Range (deg) 13 to 168

Voltage Command Range (Vdc) 0/5 or 0/10

Current Command Range (Vdc) 0/5 or 0/10

Delay Angle Tracking (deg) 120 ±1.0

Soft-Start Time-Standard (ms) 200

Soft-Start Time-Special (ms) 50 to 3000
Gate Pulse Profile two 30° bursts

of 32 pulses

Gate Pulse Width (µs):
50 Hz 24 to 29
60 Hz 20 to 24

First Gate Pulse:
Short Circuit Current (Apk) 1.3
Short Circuit Rate of Rise (A/ms) 0.9
Open Circuit Voltage (Vpk) 13

Sustaining Gate Pulse (Pulses 2 to 32):
Short Circuit Current (Apk) 0.5

M E C H A N I C A L S P E C I F I C A T I O N S

Dimensions (mm) 165 x 152
Thickness (mm) 1.6
Material SR FL-GF (FR4)

C1/1 IPC 4101

A typical 50 A FRS300  Assembly

CI R C U I T BO A R D POW E R
The FRS300 board is powered with 24 Vac /
10 VA.  The board can also be powered with
30 Vdc / 4 W.

OP T I O N S
The FRS300 board can be supplied without
current and voltage regulator components.
The gate delay command is connected by a
jumper to the voltage command pin of the
I/O connector for open loop operation.

The half-controlled rectifier imposes a modest
dV/dt stress on the thyristors.  Thus, in many
applications, the snubber power resistors and
ac capacitors can be omitted without
exceeding the thyristor dV/dt rating.  With
the snubbers omitted, the phase reference
attenuator resistors are connected by jumpers
to the phase reference voltage inputs.




