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Abstract – Power converters consisting of naturally 

commutated thyristors such as cycloconverters and current 

source inverters were the first used in driving electrical motors 

with variable speed but now due to their inferior performance 

compared to forced commutated converters, their use is restricted 

in the high voltage/high power range where the performance and 

cost of forced commutated switching devices is not competitive 

yet. Hybrid cycloconverters proposed recently are capable of 

improving the performance of cycloconverters by adding an 

auxiliary forced commutated inverter with reduced installed 

power. It will be shown that the new topology is not only able to 

improve the quality of the output voltage, but also to enhance the 

control over the circulating current and therefore, for some of the 

cycloconverter arrangements, to improve the input power quality. 

This paper evaluates the performance of a few standard and 

hybrid cycloconverter arrangements using both simulation and 

experimental results. 
 

I. INTRODUCTION 

 

A cycloconverter [1]-[10] comprises of a network of 

naturally commutated thyristors that bidirectionally connect 

each of the input lines to each of the output lines as shown in 

Fig. 1. There are many topologies in use depending on the 

number of pulses of the thyristor bridges (6-12-18-24 etc) and if 

their operating mode is circulating current mode (CCM) or 

circulating current-free mode (CCFM). The output voltage is 

controlled by modulating the firing angle to generate an AC 

output voltage of adjustable frequency and amplitude. Even 

though the operation is straightforward, there are some 

disadvantages: i) the frequency of the load side voltage can 

only be a fraction, typically 1/3, of the supply frequency 

depending on the number of the pulses due to the high content 

of harmonics present in the output voltage; ii) the poor input 

power factor due to the high content of harmonics, 

inter-harmonics and even sub-harmonics present in the input 

current; iii) poor control over the circulating current when the 

cycloconverter operates in circulating current mode causes a 

large amount of reactive power drawn from the supply and 

further degrades the power quality on the input side. 

Fig. 1. Topology of a standard 3-pulse (or 6-pulse in CCM) cycloconverter. 

A good synthesis of both the output voltage and the input 

current waveform can be achieved by increasing the number of 

pulses. This is realized by employing a multiphase (more than 3 

phase) supply with a small phase displacement between the 

supply phase voltages or by using phase-shifting transformers 

(delta-star or autotransformers) in a standard three-phase 

supply. The drawback of using a high number of pulses is that 

the assembly requires a large number of devices and it is rather 

bulky, as the transformers are designed for full power. 

Although the circulating current can be much reduced by 

employing circulating current reactors (CCR), this is also at the 

expense of increasing the complexity of the whole circuit since  

the size of inductors is dependent on the frequency of the ripple 

(number of pulses). However, the cycloconverter is still used in 

the very high power range (tens-hundreds MW) drives, where 

there is no other type of semiconductor switch available. 

A new topology based on the hybrid approach [11]-[12], the 

hybrid cycloconverter, has been proposed [13]-[14] to mitigate 

these problems by connecting an auxiliary inverter with lower 

voltage rated devices in each of the output phases of the 

cycloconverter. This paper further validates the feasibility of 

the hybrid approach by evaluating the standard and the hybrid 

cycloconverter arrangements (in CCM & CCFM) through the 

implementation of both the simulation model as well as the 

experimental prototype. 

 

II. THE HYBRID CYCLOCONVERTER 

 

The key to reduce the size of magnetic components is to 

increase the frequency of the ripple by employing an auxiliary 

forced commutated power converter operating in a similar way 

to a series connected active filter [13]-[14]. The auxiliary 

converter will reduce/cancel the low frequency ripple present in 

the output voltage and facilitate accurate control over the 

circulating current by switching faster whilst being rated at only 

a fraction of the supply voltage. 

 

A. Hybrid Cycloconverter in Circulating Current Mode 

Cycloconverters operating in circulating current mode are 

known to offer better output voltage waveform, because of the 

filtering effect provided by the CCR. Fig. 2a shows the 

topology of a 3-phase/1-phase hybrid cycloconverter using an 

asymmetric H-bridge inverter with a split DC-link capacitor. 

Each leg of the H-bridge inverter handles one direction of the 

load current and the circulating current. The topology will 

result in low number of forced commutated devices, but since 

now the load current, having typically a low frequency, passes 

through the split DC-link capacitors, will maximize their size.  



 

(a) 

(c) (d) 

(b) 

Fig. 2. Topologies of 3-phase/1-phase hybrid cycloconverters operating: a), b) in circulating current mode; c, d) in circulating current-free mode and                             

using a), c) a split DC-link capacitor; or b), d) a single DC-link capacitor 

By adding an extra full inverter leg to the auxiliary inverter, as 

shown in Fig. 2b, the split DC-link capacitors can be merged as 

only one capacitor, resulting in half of the DC-link capacitor 

voltage compared to the H-bridge. Moreover, it is also possible 

to reduce the size of the DC-link capacitor since only a fraction 

of the load current amplitude at much higher frequency needs to 

be handled.  

 

B. Hybrid Cycloconverter in Circulating Current-Free Mode 

Cycloconverters operating in circulating current-free mode 

are known to offer a poorer output voltage waveform quality 

mainly because at any time, one of the thyristor half bridges 

(THY1 or THY2) is disabled. However, the lack of a CCR and 

the circulating current means that the size can be kept small and 

the input power quality (mainly the reactive power consumed 

from the power grid) is improved compared to a cycloconverter 

in circulating current mode with an identical number of pulses. 

In a similar way, it is possible to derive two hybrid 

cycloconverter topologies that operate in circulating 

current-free mode: the topology using a half bridge inverter 

with split DC-link capacitors as shown in Fig. 2c, since a full 

inverter leg is able to handle both the positive and negative load 

current; the topology using a full bridge inverter with a single 

DC-link capacitor as shown in Fig. 2d. By comparing Fig. 2a, 

2b with Fig. 2c, 2d, it is clear that the circulating current-free 

mode hybrid cycloconverter will have a simpler topology but 

only evaluating the load side and supply side performance will 

clarify which of the hybrid cycloconverters is actually better.  

 

C. Control of the Hybrid Cycloconverters 

 The control structure to fit both types of hybrid 

cycloconverters is presented in Fig. 3. The control circuit 

mainly comprises four parts: 

i) Differential Mode Voltage Control 

 

The differential mode voltage control, as shown in the 

blue-background block in Fig. 3, is only needed if the hybrid 

cycloconverter operates in circulating current mode. By 

injecting a counter component of the differential mode voltage 

between the two halves of the thyristor bridge with the 

auxiliary inverter, the low frequency harmonics contained in 

the differential mode voltage can be cancelled, resulting in 

only high frequency ripple added on the circulating current. A 

fast PI controller is used in order to accurately control the 

circulating current, which in this approach is measured but an 

important issue in future research will be the removal of this 

current transducer. In order to produce the actual differential 

mode voltage reference (VDM) that needs to be synthesized by 

the auxiliary inverter, the output of this controller (Vcir) which 

estimates the amount of voltage drop that will appear across 

the two inductances (Lcir1/Lcir2) in order to make the 

circulating current (Icir) follow its reference (Icir_ref) is added to 

the differential mode voltage (Vdiff) produced by the two 

thyristor half bridges which is measured or can be estimated 

based on supply voltage measurements and instantaneous 

switching state of the thyristors.  

 

ii) Common Mode Voltage Control 

  

The common mode voltage component produced by the two 

thyristor half bridges (VTHY1 & VTHY2), which in a normal 

cycloconverter will be its output voltage (Vout), contains both 

the desired output frequency component as well as the low 

order harmonics caused by the way the thyristor devices are 

commutated. In order to minimize these harmonics, as shown 

in red-background block in Fig. 3, the output voltage of the 

standard cycloconverter is subtracted from the reference 



 

Fig. 3. Principle diagram of the control structure of the hybrid cycloconverter: K1,2: inverse transfer function of  the thyristor bridge (cos-1); Kd: transfer ratio for 
the differential mode voltage feedforward compensation; Kc: voltage ratio between the fundamental output voltage of the standard cycloconverter and its reference 

(the whole control diagram is for circulating current mode and the diagram other than the blue-background block is for circulating current-free mode).    
 ripple-free waveform (Vo_ref), producing the common-mode 

voltage (VCM) that needs to be injected by the auxiliary 

inverter in order to remove all the unwanted low frequency 

voltage distortions.  

 

iii) DC-link Capacitor Voltage Control 

 

In order to ensure proper operation of the auxiliary inverter, as 

shown in the green-background block in Fig. 3, the average of 

the capacitor voltages Vcap1 and Vcap2 of the H-bridge (or only 

Vcap for the three-leg bridge inverter) are monitored by a slow 

PI controller (as only the average, not the instantaneous 

capacitor voltage, has to be controlled), which generates a 

smooth offset signal (VHC) that is added/subtracted from the 

reference voltage that produces the firing angles for the two 

thyristor half bridges THY1 and THY2. When the hybrid 

cycloconverter operates in circulating current mode, the 

DC-link capacitor voltage is controlled by controlling the 

differential mode voltage of the thyristor half bridges as the 

controlled DC circulating current can charge or discharge the 

capacitor(s). However, if the cycloconverter operates in 

circulating current-free mode, the DC capacitor voltage can 

only be controlled by the common mode voltage as there is no 

differential mode voltage between the two thyristor half 

bridges and therefore no circulating current.  

 

iv) PWM Generation 

 

If the cycloconverter operates in circulating current mode, the 

differential mode voltage reference VDM and the common 

mode voltage reference VCM are used to generates the 

references for the voltage between each leg of the auxiliary 

inverter and the output of the load side, VHB1_ref and VHB2_ref , as 

shown in the yellow-background block in Fig. 3. However, if 

the cycloconverter operates in circulating current-free mode, 

the VDM will be no use and therefore the differential mode 

voltage control can be easily isolated by using an operating 

mode control switch S1. The duty-cycles of the Q2 & Q4 can 

be determined by dividing the reference voltage of each 

inverter leg by the DC-link capacitor voltage. The gate pulses 

are then produced by the PWM pulse generator block by 

multiplying the two duty-cycles with the switching period and 

arranging the switching states of the auxiliary inverter 

accordingly. The duty cycles of Q5 & Q6 can be decided by 

the states of Q2 & Q4 as well as the direction of the load 

current and the common voltage reference VCM for the 

auxiliary inverter.  

 

III. SIMULATION RESULTS 

 

Simulation models of the standard and hybrid (only Fig. 2b 

and 2d) cycloconverters in both operating modes (CCM & 

CCFM) have been implemented in SABER. The circuit 

parameters used in the simulation models are given in the 

Appendix A.  

 

A. Standard/Hybrid Cycloconverter in Circulating Current 

Mode 

Fig. 4a and 4b shows respectively the output voltage 

generated by the two thyristor half bridges and Fig. 4c and 4d 

shows their spectra, revealing a 225Vpk@5Hz common mode 

component. Due to the difference between the instantaneous 

output voltages of the two thyristor half bridges, a large 

differential mode voltage shown in Fig. 4e is generated. Fig. 4f 

shows the spectrum of the differential mode voltage, having the 

largest harmonic components (187Vpk and 161Vpk) around 150 



 

Fig. 4. Simulation results of a standard cycloconverter operating with 

circulating current: a), b) output voltage on each thyristor half bridge and c), 

d) the spectrum; e) the differential mode voltage and f) the spectrum. 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Hz. This will cause circulating current that needs to be limited 

by the CCR. 

 
 

Fig. 5 compares the load side performance of the standard vs. 

the hybrid cycloconverter operating in circulating current 

mode. Fig. 5a and 5c shows that by using the CCR, the output 

waveform of a standard cycloconverter can obtain a better 

harmonics performance. However, since the hybrid converter 

has added functionality, it can further reduce the low order 

voltage harmonics, such as the largest component from approx. 

78Vpk (around 150Hz) to 15Vpk (Fig. 5b and 5d). Another 

improvement is obtained through the hybrid cycloconverter 

when analysing the circulating current (Fig. 5e and 5g), which 

can now be reduced and maintained around a pre-set DC level 

(Fig. 5f and 5h). The minimum value of the circulating current 

is dictated by the thyristor’s holding current given in the 

datasheet and this improvement may provide a more 

straightforward way of designing the CCR. Due to the highly 

inductive load, the improvement on the output voltage quality 

is not very obvious when comparing the waveform of the load 

current (Fig. 5i and 5j). 

B. Standard/Hybrid Cycloconverter in Circulating Current- 

Free Mode 

Fig. 6 shows by comparison the output performance of the 

standard vs. the hybrid cycloconverter that operates in 

circulating current-free mode. Fig. 6a and 6c reveal that the 

output voltage waveform looks worse than that of the standard 

cycloconverter in circulating current mode (104Vpk compared 

to 78Vpk @150Hz). However, the auxiliary inverter is able to 

improve the spectrum by reducing the harmonics around 150Hz 

to a negligible level, such as 1.47Vpk@130Hz and 

1.43Vpk@140Hz, etc (Fig. 6b and 6d), which is better than the 

previous case since only the common mode voltage needs to be 

handled. This improvement is also clearly visible in the shape 

of the load current (Fig. 6e and 6f).  

Fig. 7 shows the PWM voltage and its low-pass filtered 

component injected by the auxiliary inverter of the hybrid 

cycloconverter when it operates in circulating current mode 

(Fig. 7a, only the voltage injected between the midpoint of one 

asymmetric leg and the output of the symmetric leg is shown) 

or in circulating current-free mode (Fig. 7b). It can be seen 

from these two figures that the DC-link capacitor voltage in the 

auxiliary inverter is around 300V since it is equal to the 

amplitude of the injected PWM voltage.   

 

C. Input Side Performance 

 

Fig. 8 shows the waveform and the spectrum of the input 

currents for all these four situations: operation of the standard 

vs. the hybrid cycloconverter with and without circulating 

current. The only noticeable difference is that the standard 

cycloconverter in circulating current mode (Fig. 8a and 8c) 

seems to draw a much larger input current at the fundamental 

frequency than the other three cases, which in conjunction to 

having the same load, and a very similar input current shape 

and harmonic profile, reveals that it consumes much more 

reactive power than the other three cycloconverter 

arrangements and therefore results in the worst displacement 

power factor. 



 

(a) (b) 

(h) 

(c) (d) 

(e) (f) 

(g) 

(i) (j) 

Fig. 5. Simulation results evaluating the performance of the standard vs. the hybrid cycloconverter that operates in circulating current mode:  

a), b) output voltage and c), d) its spectrum; e), f) circulating current and g), h) its spectrum; i), j) the load current. 

 



 

(a) (b) 
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(e) (f) 

(d) 
Zoomed 

Fig. 6. Simulation results evaluating the performance of the standard vs. hybrid cycloconverter operating in circulating current-free mode:  

a), b) output voltage and c), d) its spectrum; e), f) the load current. 

(a) (b) 

Fig. 7. PWM voltage and its low-pass filtered component injected by the auxiliary inverter of the hybrid cycloconverter operating in: a) circulating mode current 

(only the voltage between one asymmetric and the full leg is shown) and b) circulating current-free mode. 
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Fig. 8. Simulation results comparing the input side performance: a), b), e), f) the input current and c), d), g), h) its spectrum of the standard (left side) vs. the hybrid 

(right side) cycloconverters operating with (upper row)/without (lower row) circulating current. 

IV. EXPERIMENTAL RESULTS 
 

In order to further verify the improvements achieved by the 

hybrid solution, an experimental prototype was built by using 

the identical parameters as those in the simulation model 

(Appendix. A). Fig. 9 shows the operation of the standard vs. 

hybrid cycloconverter in circulating current mode. The 

improvements on the output voltage, the circulating current and 

the load current waveforms are very similar to the simulation 

results: the voltage harmonics around 150Hz present in the 

standard cycloconverter (Fig. 9a and 9c) has been significantly 

reduced (less than 1/3) in the hybrid topology (Fig. 9b and 9d) 

and the presence of a more harmonic-free sinusoidal load 

current waveform (Fig. 9i and 9j) proves that the control of the 

hybrid cycloconverter is operating properly; the circulating 

current (Fig. 9f and 9h) measured in the hybrid cycloconverter 

by disconnecting the load, is maintained around the 

1.5A.set-point with apparently reduced ripples compared to 

that of the standard cycloconverter (Fig. 9e and 9g). 

Fig. 10 shows the experimental results comparing the 

operation of the standard vs. hybrid cycloconverter in 

circulating current-free mode. Again, the output voltage 

waveforms (Fig. 10a and 10c) and their spectra (Fig. 10b and 

10d) are very similar to the simulation results, showing an 

important reduction of the most dominant harmonics around 

150Hz, such as from 108.4Vpk  to 10.34Vpk@140Hz. This 

improvement is also verified by the load current waveform of 

the hybrid cycloconverter (Fig. 10f), where there is no obvious 

ripple superimposed on the fundamental component compared 

to that of the standard cycloconverter (Fig. 10e). However, 

some low order harmonic distortions caused by the errors in 

firing the incoming thyristors near the zero crossing of the load 

current are still visible for the hybrid situation. 

The operation of the auxiliary inverter in both circulating 

current and circulating current-free mode are revealed in Fig. 

11a and 11b respectively by showing the injected PWM voltage 

waveform and its low-pass filtered component, which is similar 

to the simulation results. 

Table. 1 below summarizes the WTHD (Weighted Total 

Harmonic Distortion) of the output voltages generated by 

different topologies. As it can be seen from this table, the worst 

situations appear at the thyristor half bridge in circulating 

current mode and the standard cycloconverter in circulating 

current-free mode whilst a better performance can be achieved 

by the standard cycloconverter in circulating current mode. 

With the added auxiliary inverter, the hybrid cycloconverters in 

both operating modes are able obtain the best performance at 

the output side.  
 

Table. 1. WTHD comparison between output voltages in different topologies 

Operating Mode Topology WTHD (%) 

 

CCM 

Thyristor Half Bridge 3.64 

Standard Cycloconverter 2.18 

Hybrid Cycloconverter 0.82 

 

CCFM 

Standard Cycloconverter 4.34 

Hybrid Cycloconverter 0.73 

 
Table. 2. Input side comparison between different topologies 

Operating Mode Topology DPF DF PF 

CCM Standard 0.309 0.965 0.298 

Hybrid 0.395 0.963 0.380 

CCFM Standard 0.490 0.954 0.467 

Hybrid 0.502 0.945 0.474 



 

 

 

Fig. 9. Experimental results evaluating the performance of the standard vs. the hybrid cycloconverter that operate in circulating current mode:  

a), b) output voltage and c), d) its spectrum; e), f) circulating current and g), h) its spectrum; i), j) the load current. 

(a) (b) 
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(e) (f) 

(g) (h) 
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Fig. 10. Experimental results evaluating the performance of the standard vs. hybrid cycloconverter operating in circulating current-free mode:  

a), b) output voltage and c), d) its spectrum; e), f) the load current. 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 11. PWM voltage and its reference injected by the auxiliary inverter of the hybrid cycloconverter operating in: a) circulating mode current (only the voltage 

between one asymmetric and the full leg is shown) and b) circulating current-free mode. 

(a) (b) 



 

The input current waveforms and their spectra for four 

situations mentioned above are shown in Fig. 12. Similar to the 

simulation results, the standard cycloconverter in circulating 

current mode draws the largest fundamental input current 

compared to the other three situations and therefore consumes 

the most reactive power from the supply by assuming the same 

amount of the output power are delivered to the load in all 

situations. This fact can also lead to a worse input displacement 

power factor (DPF) for this situation as shown in Table. 2, 

where an input side comparison between different topologies is 

presented. Moreover, the input distortion factor (DF) remains 

more or less the same for all the topologies due to the 

similarities in the harmonic profile of the input power. 

Therefore, the hybrid cycloconverters in circulating current- 

free mode are able to obtain the best input power factor. 

 

VI. CONCLUSIONS 

 

This paper evaluates two standard and two hybrid 

cycloconverter topologies that operate in circulating current 

and circulating current-free mode through both the simulation 

and experiment. The results show that the performance of the 

cycloconverter can be obviously enhanced by the hybrid 

cycloconverter approach compared to their standard 

cycloconverter counterparts. Although the circulating current 

can be accurately controlled (and therefore the better input 

power quality can be obtained) through the hybrid solution, the 

hybrid cycloconverter topology in circulating current-free 

mode is still more in favour of due to its better input power 

quality, less power devices in the auxiliary forced commutated 

inverter as well as no requirement of additional magetics for 

limiting the circulating current. 
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APPENDIX A. 
 

Circuit parameters for both simulation and experiment: 

Vin-line = 415 VRMS, fin = 50 Hz, fout = 5 Hz, cycloconverter 

modulation depth (r) = 0.8; Lload = 0.4 H, Rload = 20; LCCR = 

2x100mH (coupled), RCCR = 2x0.8;     fsw-HB = 5kHz, VHB-DC = 

295V, Cdc-HB = 8200uF. 
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