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l f exible and noise immune operation of line-commutated cyclocon- 
verters in circulating current-free mode of control. The major  
feature- of the control circuit are. (1) minimum size and simple 
software and hardware structure, (2) self-starting capability with no 
operating restriction even under resistive or regenerative loads, (3) 
noise immunity through software and hardware features as well as 
optical isolation, (4) dual synchronization to both input and output 
voltages for operation in Variable Speed Constant Frequency Sys- 
tems (VSCF), (5) optimized software which allows satisfactory 
operation with off-the-shelf, I MHz 8-bit microprocessors or micro- 
controllers, (6) capability of interfacing to real world signals for the  
control of output voltage amplitude, frequency and phase angle. 
The hardware and software design details are described in this  
paper. Experimental results are included to show the operation of 
the controller under various conditions. 

 

1. INTRODUCTION 

Line commutated cycloconverters provide variable output vol- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

tage at controllable frequency with minimum number of power com- 
ponents. Figure 1(a) shows a three-pulse cycloconverter which pro- 
vides a single phase output with only six switching devices and no  
forced commutation circuitry. Similarly, a three phase output vol- 
tage is obtained with IS switching devices. By operating the cyclo- 
converter in circulating-current-free mode of control, bulky circulat- 
ing current reactors are avoided. In addition, capability of regen- 
eration is an inherent feature of cycloconverters suitable for indu- 
trial drive applications (I]. However, the control requirements of 
cycloconverters are rather complicated resulting in bulky and intri- 
cate control circuitry. 

In the past decade, microprocessor-based control circuits have  
been used to implement the control requirements of cycloconverters  
 1-91. However, one or more of the following applies to these stu- 
dies: 

( 1) The algorithms for determination of switching instants of the 
SCR's are time consuming and complicated. 

(2) The microprocessor-based control circuits have elaborate 
architecture requiring high speed, high performance 
processors. 

(3)  The discussions on major problems such as noise immunity 
and zero-current detection are insufficient. 

(4) The control strategies involve all the requirements of an appli- 
cation resulting in a dedicated system for a particular applica- 
tion. This, in turn, results in more complication in hardware 
and software requirements. 

In this paper, the design details for controlling a three or six- 
pulse cycloconverter (Fig. 1) are presented. The approach is based 
on dedicating a microprocessor-based controller just for firing pulse 
generation of the SCR's in accordance with well defined real world 
control signals for output frequency, amplitude and phase angle. 
The controller can be used either as a stand-alone, open-loop system  
for variable voltage and frequency control, or as part of a higher 
level closed loop system by accepting the control signals from a 
master controller. By implementing this approach in control stra- 
tegy, the following were achieved with relative ease: 
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Figure I The power circuit of a single phase cyclocunverter 
operating in circulating-current-free mode of control: 
(a) three-pulse, (b) six-pulse. 

 
 
 

(1) Simplicity in the software and hardware. 

(2) Capability of operation under no restriction or starting pro- 
ced u re. 

(3) Noise immunity especially during zero-current detection. 

(4) Capability of synchronization to both input and output vol- 
tages. 

(5) Optimization of the software by minimizing or eliminating 
arithmetic calculations. 

In section 2 of this paper, the general cycloconverter control 
strategy is described along with the problems involved in implemen- 
tation of the control requirements, The design details of the control  
circuit are presented in section 3. Section 4 describes hardware and 
software of the control circuit. The experimental results from a 10  
kW test set-up are presented in section 5. 

 

2. GENERAL CONTROL STRATEGY 

In this section, the general requirements for the control of a  
three or six-pulse cycloconverter (Fig. 1) operating in circulating- 
current-free mode of control are discussed. Since all the control 
requirements for a six-pulse and three-pulse cycloconverters are the 
same, reference is made only to six-pulse operation. 

Assuming initially that the source voltages are used for syn- 
chronization, natural commutation of SCR's of P- or N-converters  
necessitates that six timing signals be synchronized to the source 
voltages as shown in Fig. 2. In this figure, the timing signals are 
half cycle cosine waveforms in order to obtain inverse cosine control 
for minimum output harmonies (I1]. Each timing signal 
corresponds to one of the SCR's as shown. The timing signal for P- 
and N-converters are 180° phase shifted. The firing of each SCR 
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output voltage whereas the amplitude is specified separately 
through an analog channel. Control of the output voltage phase 
angle is essential for VSCF or certain industrial drive applications 
(6]. 

Figure 3 shows the mechanism of synchronization of the time  
base generators to output and input voltages. For output syn- 
chronization, three timers are involved as: 

(a) TM1 measures the output frequency or period at the rising  
edge of output synchronization pulses, SYNCO. At each SYNCO  
pulse, the output period, T. , is measured and the timer is initial- 
ized. 

(b) TM2 provides output time base pulses at the period of 
T. /256. These pulses are fed as clock signal to counter TM3. 

(c) TM3 is output time base counter. It is initialized at every  
other SYNCO pulse. The contents of TM3 are used to synthesize  
the output voltage V. from a look-up table. A full cycle is reached  
after 256 counts (0 to 265) as shown in Fig.3(d). 

The method of input voltage synchronization is similar to that  
of the output voltage except that in this case the zero-crossings of 
v., are used to get synchronization pulses, SYNCI. Timers TM4,  
TM5 and TM6 operate similar to TMI, TM2 and TM3 respectively  
with timer TM5 providing input time-base pulses at the period of  
T, /256. TM6 is input time base counter from which the timing 
signals are synthesized in a manner described in the next section. 

 
 
Figure 2 Control strategy for the cycloconverter of Fig. I. (a) 

v1t source voltage, (b) P-converter timing signals, (c) 
N-converter timing signals, (d) output current 
waveform. 

 

starts at cross point of its timing signal and the modulating signal  
which has the amplitude, frequency and phase angle of the output  
voltage. During the flow of positive output current, P-converter  
SCR's are fired, whereas for negative half cycle of the current, only 
N-converter SCR's are fired. This eliminates the need to bulky cir- 
culating current reactors. 

Two major problems in implementing the control require- 
ments are: 

1 - The, calculation of cross section points of the timing and 
modulating signals are time consuming resulting in complica- 
tion of the software (1-9]. 

2- Due to excessive harmonic content of the load current the zero 
current detection of current is subject to noise causing line to 
line short circuit faults. 

To overcome the first problem, a different approach is 
employed to determine the conducting states of the SCR's without 
calculating the cross points of timing and modulating waveforms. 
For noise immunity of zero-current detection, several hardware and 
software features are implemented. 

 

3. DESIGN DETAILS 
 

3.1 Synchronisation 

For synthesis of the timing and modulating waveforms of Fig. 
2, two time base generators (counters) are employed, synchronized 

 
 
 

to input and output voltages (v. and v1) respectively as shown in 
Fig. 3. Alternatively, instead of one time base generator for timing 
signals, six time base generators can be used each synchronised to 
one of the six timing signals. However, in this paper, the former 
option is discussed. Synchronization to source voltage is achieved 
through zero-voltage detection of v1, . The synchronization pulses 
for output voltage Are supplied externally or from a higher level  
master controller. It is noted that the synchronisation pulses for 
output voltage determine both the phase angle and frequency of 

 
 

  
 
 

Figure 3 Timing diagrams showing the method of input and out- 
put synchronization.  
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Figure 5 The gating look-up table showing the conducting 
SCR's as a function of region and section number. 

 
The foregoing method is equally applicable to both P- and N-

Figure 4 The input synchronization voltage, (a), and gating 
regions, (b), showing the conducting SCR's in each 
region. 

8.2 Gating Pulse Generation 

The method of gating pulse generation is schematically shown 
in Fig. 4. Each cycle of input voltage, v., , is divided into six 
identical regions. Each region has four sections. In each section,  
the SCR's which must be conducting are shown in Fig. 1.  An 
expanded view of a single region is shown in Fig. 5. Since all six 
regions are identical, only one region is synthesized in the software. 
The conducting SCR's are then determined as. 

i) The input sync. counter, NI in Fig. 3 (h) determines the 
region oumber and the offset count., NF in Fig. 5. From NF, 
the current section boundaries (al, all, and a3 in Fig. 5) are 
found from a took-up table. 

ii) The output sync. count, NO in Fig. 3(d), and the output vol- 
tage amplitude determine the current value of output vol- 
tage, v, . The section number is then found as: 
 
 
 
 

 
 

 
 
 
 
 
 

 

ii) The conducting SCR’s are found from gating look-up table of Fig. 5. 
 

 
 
 
 
 
 

converters. However, for the N-converter, instead of inverting tin' 
timing signals as in Fig. 2c, the modulating signal is inverted. This 
allows to use the same look-up tables for both converters and  
simplifies software. 

 
3.3 Output Zero-Current Detection 

Due to high harmonic content, of the output current of a  
cyrloconverter, particularly at low inductance loads, there are mul- 
tiple zero-crossing points as shown in Fig. 7. False current switch- 
over from P- to N-converter and wire versa results in line to line  
short, circuit faults on the input side. In order to avoid this prob- 
lem, several methods including those suggested in references 191 roll 
1 10) were implemented and experimentally tested. However, sirnul- 
taneous implementation of all the following measures resulted in a  
short-circuit-proof operation: 

i) The output, current from a hall-effect transducer is partially  
littered- The filter corner frequency must, be high above maximum  
output. frequency in order to minimize the phase shift in the sensed  
current signal. 

ii)Two comparators with hysteresis are used to obtain the 
current switch-over pulses, S. and SN in Fig. 7(h). The threshold  
level. V7., [Host be higher than the maximum ripple at zero-crossing 
points and yet, smaller than minimum output current peak. 
 

iii) The high to low transitions of SP and 5N mark thecurrent switchover points  
assuming  the load is inductive, the switch-over is activated only after voltage xero-crossings  

191 (shaded areas in Fig. 7 (b)). This is easily implemented as the voltage 
zero-crossing points are already available through SYNCO pulses  
(Fig. 3). Thus, the first high to low transition of Sr, and 5N signals 
following the voltage zero-crossings marks the switch-over. 

iv) A safety dead zone of less than 100 is, 6 in Fig. 7 (d), is 
allowed between P- and N-converters' switch-over to account for  
the recovery time of outgoing SCR's. 

 
 

iii) The conducting SCR's are lout,,) from the gating look- 
table of Fig. 6. 

 
 
 
 
 
 
 

 
 
 

 

 

Figure 6 The expanded view of a single gating region. 

 

Figure 7 Output current sero-crossing detection: (a) output 
current, (b) hardware generated switch-over pulses, (c) 
software-generated conduction periods for P- and N- 
converters. 
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Figure 8 Output voltage and current waveforms at start-up. 
The harmonic contents of the waveforms have been 
neglected for clarity. 

 
 

3.4 Start-Up 

The output voltage of cycloconverter is built up after the first 
SYNC() pulse as shown in Fig. 8. The output current, however,  
has a transient component for the first few half cycles. It is shown 
in this section that, the transient component dies down quickly after  
start. up. 

Referring to Fig. 1 (a), the following circuit equation holds: 
 

Where I is the time elapsed following the converter switch-over, w, 

is the output frequency and 01 is the voltage phase angle at switch- 
over. At the first SYNCO pulse, ¢1 is zero. 

The output current equation in each half cycle is obtained 
from Eqn. (2) as: 
 
 
 
 
 
 
 

 

Figure 8 shows the output current transients. Referring to 
this ligure, it is seen that: 

i)

 
 

 

 

Figure 9 The basic block diagram of the microprocessor-based 
controller. 

 

4. DESIGN IMPLEMENTATION 
 
 

4.1 Hardware 

The basic schematic block diagram of the microprocessor.  
based controller is shown in Fig. 9. The Motorola's 6809 micropro- 
cessor is implcn[coled in a minimal system architecture. Two 6840  
Programmable Timer Chips, PTM, are used for time base genera- 
tion. teach chip has three independent 16-bit timers. For interfac- 
ing to the real world signals, four 8-bit ports of two 6522 Versatile  
Interface Adaptors, VIA, have been utilized. The only analog con- 
trol input, for output voltage amplitude, is interfaced through an  
Analog to Digital Converter, AD571. Due to the small size of the  
system, no address decoder and bus drivers were required. 

Referring to Fig. 9, the controller operates as follows:  
Reset: The normally low signal on this line, when brought high  
starts the program. 
SYNCO: The low to high transition on this line (Fig. 3) initiates  
an interrupt routine for synchronization of output voltage. The  
digital pulses on this line specify both the frequency and the phase 
angle of output voltage.

There would be no current transients, if at start-up, 
 

ii) The transients die down regardless of the voltage phase angle 
at start-up. 

 
The proof for the first item is clear from Eqns. (2) and (3). 

For the proof of the second item, the following equation is derived  
from Eqn. (3): 
 
 
 
 
 

 

 
 

SYNCI: The low to high transition on this line (Fig. 3) initiates an 
interrupt routine for synchronization of input voltage. The digital  
pulses on this line specify the input frequency and synchronize gat.  
ing pulses. 

SW: The high to low transition on this line (Fig. 7(b)) initiates the  
fast interrupt routine which performs the task of converter bank 
selection. It is also applied to bit 7 of port B of VIA for flagging that 
current is above threshold level. 

          C PCONV and NCONV: The first six LSB's of ViAI and VIA2 B 
where ¢„+t and S■ are the voltage phase angles at two subsequent 
half cycles. 

From Eqn. (4), it is seen that the voltage phase angle 
approaches 0, after a few half cycles as 
 
 
 

 
 
 

 

ports supply the gating pulses for the six SCR's of P- and N- 
converter respectively. Only one set of gating pulses is generated at  
a time, i.e. no external bank selection blanking signal is required 
and the software performs bank selection task. 
All The analog input signal on this line controls the amplitude of 
the cycloconverter's output voltage. 
 
All the interface signals shown in Fig. 9 are optically isolated  
and level translated (from  5V TTL to 15V CMOS) before being 
amplifier stage (24 Vdc VMOS) is required. Fig. 10 shown the con- 
ditioning circuit for the output current switch-over signal, SW in 
Fig. 7(b).  
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Figure 10 Reconditioning and isolation circuit for output current 
signal, i,, to obtain current switch-over pulses, SW of 
Fig. 7 (b). 

 
 
4.2 Software 

The flowchart of the program for the microprocessor-based 
controller of Fig. 9 is shown in Fig. 11. Most of the program rou- 
tine is self-explanatory (refer to section 3) and only the following 
points need to be made: 

i) A software flag, PS, decides on PCONV and NCONV. 
When PS is set, PCONV is gated. When PS == 0, NCONV is 
gated. At start-up, PS is set. In the fast interrupt routine, PS is  
set if TM3 > 127, i.e. if v, is in positive half cycle (see Fig. 3 (d)). 
PS is reset if tt is in negative half cycle (TM3 127). This is 
valid for resistive or inductive loads. 

. 
ii) Maximum inverting limit is set by the output voltage 

amplitude at fast interrupt routine after new value of amplitude Al 
is read. 

iii) FI is a software flag set at the zero-crossings of output vol- 
tage (in interrupt routine) and reset at the current zero-crossings 
(fast interrupt routine). Fast interrupt is enabled when both Fl and  
PB7 (SW) are high (set). This allows synthesis of shaded regions of  
SW in Figs. 7(b) and 8 (a) and was experimentally found essential 
for fault-proof start-up and current switch-over of cycloconverter. 

5. EXPERIMENTAL RESULTS 

Figure 12 shows the output current of the cycloconverter of 
Fig. 1 (a) obtained from a 10 kW test set-up using the 
microprocessor-based controller of Fig. 9 running at 1 MHz cycle 
frequency. From these results and referring to design details of Section 
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i) The current switch-over takes place smoothly with no 
appreciable dead-time. 

ii) Even at a purely resistive load current with multiple zero- 
crossings (Fig. 12 (a)), the current switch-over is performed success- 
fully. 

iii) The maximum response daily to the changes in input com- 
mands (frequency in Fig. 12 (d)) is less than half of the output 
period. 

In addition, extensive heat run test of the test set-up in noisy 
environment proved the noise immunity of the control circuit. 

6. CONCLUSIONS 
A different approach was taken to implement the control  
requirements of line-commutated cycloconverters operating in 
circulating-current-free mode of control. Emphasis was placed on  
the gating sequence algorithm and provisions for safe converter 
switch-over at current-zero-crossings. An optimized software was 
developed which successfully performed the control task on a 
minimal system 1 MHs, 8-bit microprocessor-based circuit. Despite 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

the simplicity of the circuit architecture and software, the following  
features were implemented: 

i) 
synchronization both input and output voltages, 

ii) control of output voltage amplitude, frequency and phase 
angle, 

iii) self-starting capability and safe current switch-over even at 
load currents with multiple sero-crossings. 

The results suggest that by dedicating a microprocessor-bssed 
control circuit to only firing of the SCR's, both simplicity and relia- 
bility are achieved. More work needs to be done to investigate the 
performance of the controller in modern at drive applications. 

 
 
 
 



 
 
 
 
 
 
   

 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


