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Abstract: This study proposes a new AC/AC “phase hopping” frequency conversion method based on the analyses
of the disadvantages of the conventional cosine wave-crossing method. The advantages of this new method include no
circulating current, no dead time, and an output frequency close to the power frequency. This study also introduces the
basic principles of the “phase hopping” method and analyzes these principles combined with the voltage phase-changing
comparison to that of the cosine wave-crossing method. The “phase hopping” principles are used to analyze the generation
of thyristor trigger pulses, including the generation time and duration. A simulation is conducted in MATLAB, and the
simulation output waveform and harmonic analysis results are then obtained. The proposed approach is verified on an
experimental platform. Consequently, the results are in good agreement with those of the theoretical and simulation
analyses.
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1. Introduction
Electric energy is widely considered a type of clean energy in various fields. However, a large amount of electric
energy is wasted because of inefficiencies in motor loads. For example, statistics published in China showed
that the amount of electric energy consumed by motors accounts for 60%–70% of the national total. Moreover,
AC motors account for approximately 90% of the total electric energy consumption, while motors with pump or
fan loads account for 30% of the total Chinese power consumption. The motors supplying these loads typically
operate at a constant speed. Even so, the liquid or gas flows supplied by these motors change in volume from
time to time. Factories adjust the flows using baffles or valves, which decreases the overall system efficiency, to
ensure that the volumes match. The efficiency of fan loads is approximately 40%, whereas that of pump loads
is approximately 28%, thereby showing the potential to save a significant amount of energy if the efficiency of
these loads can be increased.

The preferred solution for achieving industrial energy savings is the frequency conversion technology
because this approach allows the working characteristics of motors to be fully utilized. An insulated-gate
bipolar transistor (IGBT) is the representative of full-control devices in the frequency conversion field. IGBT
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frequency conversion products, such as AC/DC/AC or matrix converters [1], have advantages of high power
factors and low harmonics, but also have disadvantages of high prices and fragility [1]. Comparing the two most
common methods of AC/DC/AC and AC/AC frequency conversion, the latter has no intermediate DC link and
high conversion efficiency [2]. However, the output frequency is low because of the output voltage consisting of
fragments of input voltages. This method is widely used in fields requiring high power and low speed.

Nowadays most of the related works in the literature focus on frequency conversion technologies based on
fully controlled devices, only very few works discuss converters based on semicontrolled devices. Most of this kind
of works use thyristors based on the conventional cosine wave-crossing method, and make some improvements
on the control method to reduce the harmonics [3] or improve the efficiency [4]. The conventional AC/AC
frequency conversion circuit that uses thyristors as the main devices is composed of either an antiparallel three-
phase zero rectifier circuit or a three-phase bridge rectifier circuit [5]. Only a small number of pulse waves in
each power cycle exist in this circuit’s output waveform (i.e. 20 ms in duration for 50 Hz power frequency). The
output frequency of the circuit is limited to a maximum of approximately 20 Hz to ensure that the harmonic
content in the output waveform is acceptable. With these limitations, the conventional AC/AC frequency
conversion method finds it difficult to adapt to the large frequency ranges required by some applications. The
“phase hopping” frequency conversion method proposed in this paper can overcome the disadvantages of the
existing technologies. Not only can the output frequency be higher, close to the power frequency, but also the
reliability can be obviously improved and the cost can be significantly reduced. It is suitable for fan and pump
applications.

2. Traditional AC/AC frequency conversion and its disadvantages

Since the 1970s, in frequency conversion technology development, the cosine wave-crossing method has been
mainly applied in the core control theory of AC/AC frequency converter, in which the thyristors are used as
switch devices using cosine wave-crossing method to obtain the trigger point [6]. The desired output voltage is
generated with the required output voltage, frequency, and phase by comparing the desired sine wave and the
synchronous voltage wave to determine the generation time of the trigger pulses applied to trigger the thyristors.
However, because thyristors are unidirectional conduction devices [7], the positive and negative half waves of
the sinusoidal output current are output by the thyristors in the positive and negative groups, respectively. A
risk for short circuit exists because a thyristor in the positive group is turned on before all the thyristors in the
negative group are turned off or vice versa.

The circulating current accident can be prevented in three ways [8]: the no circulating current mode, the
circulating current mode, and the small circulating current mode.

“Dead time” affects the system performance in the no circulating current mode. The minimum “dead
zone” that can currently be achieved is approximately 1.1 ms. The current crosses the zero point twice in each
cycle. Hence, the total “dead time” is greater than 2.2 ms. Each cycle is only approximately 20 ms in duration
when the output frequency is relatively high (e.g., close to 50 Hz). In other words, the system spends more
than 10% of time in each cycle without any output. Therefore, the quality of the output waveform is poor.
Furthermore, the harmonic content is too high to be used in an actual system.

The circulating current mode requires several large capacity reactors with high cost and large circuit
volume. Moreover, the addition of reactors to the main circuit will decrease the total power factor of the
system.
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The small circulating current mode uses small capacity reactors and has advantages in terms of cost,
volume, and power factor impact. Furthermore, no “dead time” exists in the system. However, the circulating
current will be large if the reactor capacity is too small. In contrast, this mode will suffer from disadvantages
similar to those of the circulating current mode if the reactor capacity is too large. The system will work in
two different statuses: circulating current mode and no circulating current mode. Consequently, the working
conditions will be inconsistent, thereby causing a certain amount of waveform distortion. The design and
control of the entire system will also become more complex. Therefore, the three types of control methods used
in the traditional AC/AC frequency conversion method all have insurmountable defects. In addition, the output
frequency of each of the three methods must be lower than 20 Hz, so the application scope is limited.

3. “Phase hopping” frequency conversion theory

This study proposes a new AC/AC frequency conversion method referred to herein as the “phase hopping”
method to address the disadvantages of the existing technologies. This is a new type of frequency conversion
idea, which is further innovated on the basis of the cosine wave-crossing method and has not been described in
any previous literature of AC/AC frequency conversion. The method allows the maximum output frequency to
be close to the power frequency under the condition that the harmonic content is limited to a low level in the
output waveform.

3.1. Basic principle of the “phase hopping” frequency conversion

The three-phase bridge rectifier circuit shown in Figure 1 illustrates the “phase hopping” frequency conversion
method [9]. The circuit structure is identical to that used in the conventional no circulating current AC/AC
frequency conversion circuit [10]. The bridge rectifier circuit comprises six thyristors (i.e. P1, P2, P3, P4, P5,
and P6) in the positive group and six thyristors (i.e. N1, N2, N3, N4, N5, and N6) in the negative group. The
two groups of bridge rectifier circuits are connected in an antiparallel mode. A three-phase power is applied to
points C, B, and A. The single-phase sine wave is output from points E and O.

C  B  A

EO

P4

P6

P2

P1

P3

P5

N1

N3

N5

N4

N6

N2

Figure 1. “Phase hopping” frequency conversion circuit.

The current in the positive group flows out from point E to the load and returns from point O. Assuming
that P1 and P2 are turned on at a certain instant in time, point E is connected to point A; point O is connected
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to point C; and the cycloconverter voltage is output from points A and C. The output voltage is UAC , which
is simplified as AC here and below for simplicity.

As an example, we let P3 turn on and P1 cut off after 33.33 ms from the instant mentioned before. Then,
the cycloconverter output voltage is BC. P4 turns on after another 33.33 ms, P2 cuts off at the same time, and
the cycloconverter output voltage is changed to BA. The conduction of the thyristors changes once every 33.33
ms, which causes the output voltage circulation to change sequentially through CA, CB, AB, AC, BC, and BA.
The negative group operates similarly.

Because a large cycle contains six changes, each change introduces a π/3 phase delay to the output
voltage, and six times can introduce a total phase delay of 2π (one cycle). Therefore, after the completion of
a large cycle, the actual cycle number reduces one relative to the 50 Hz power cycle number. Assuming that a
large cycle is completed within 10 power frequency cycles, which is 200 ms. That is, the total number of output
voltage cycles is 10 − 1 = 9. Thus, the final output voltage frequency is 9/(200/1000 ) = 45 Hz. In other
words, the use of these three-phase bridge rectifier circuits can convert a 50 Hz power to a 45 Hz one. In the
process, each pair of thyristors’ continuous conduction time is 200/6 = 33.33 ms. Output frequencies other
than 45 Hz can be obtained by using similar control strategies.

The AC/AC frequency conversion method proposed herein connects the cycloconverter output terminal
to the different phases of the input power using a “hopping” method. Therefore, this method is referred to as
the “phase hopping” frequency conversion method.

3.2. Phase-changing and frequency analysis of the cosine wave-crossing method
The output frequency variation of the cycloconverter controlled by the cosine wave-crossing method was first
analyzed to explain the output frequency variation of the “phase hopping” frequency conversion method. Figure
2 shows the relationship among the input line voltage, output voltage, and the desired sine wave of the cosine
wave-crossing method.

Line voltageU Synchronous input  voltage Expected sine  voltage

Figure 2. Cosine wave-crossing method output voltage.

As shown in Figure 2, the cycloconverter output voltage waveform under the control of the cosine wave-
crossing method consists of many segments of the sine waves. If we take the input power frequency of 50 Hz as
an example, its phase grows with the speed of the 50 Hz frequency when the output voltage follows a certain
line voltage. The phase is reduced by π/3 when the output voltage jumps from a line voltage to the next line
voltage. Clearly, the more times of the voltage jumps during an output voltage cycle, the longer the period and
the lower the corresponding output frequency will be.

The phase reduced by the jumps in each cycle is expressed as follows, assuming that the number of jumps
in a cycle of the output voltage is M:

∆φ = M × π

3
. (1)
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The phase increases by 2π by the time the voltage goes through a complete cycle. The total phase over an
output voltage cycle increases at the speed of 50 Hz power frequency and is given by

φ = ∆φ+ 2π = M × π

3
+ 2π. (2)

The period of the output voltage is presented as follows:

T = (
φ

2π )× 20 =
(M × π

3 + 2π)

2π
× 20 =

10M

3
+ 20(ms). (3)

The output voltage frequency is

f =
1

T
=

1000

( 10M3 + 20)
(Hz). (4)

Clearly, larger M values result in lower frequencies. In this method, M can be a positive integer or a positive
real number. In Figure 2, M is approximately 30, and the output frequency is approximately 8.3 Hz. The
output frequency is generally less than 20 Hz, and the value of M is generally greater than 9 when using the
cosine wave-crossing method because of the symmetry of the positive and negative half waves of the waveform,
harmonics, and other restrictions.

3.3. Analysis of the phase changes and frequency of the “phase hopping” frequency conversion
method

The “phase hopping” frequency conversion method determines the trigger times of the thyristors based on the
conventional cosine wave-crossing method. The cycloconverter output terminal also connects with a certain
phase of the input and switches this connection relationship from time to time. The “phase hopping” frequency
conversion and the cosine wave-crossing methods use the same circuit. Hence, the phase reduces by π/3, each
time the triggering thyristor causes the output voltage to jump to the next line voltage. The relationship
between the output voltage cycle and the number of jumps M in the cycle is given by Eq. (3), while that
between the frequency and M is given by Eq. (4). The value of M is relatively small in the “phase hopping”
frequency conversion method. For example, the output frequency is approximately 42.86 Hz when M is equal
to 1, and the output frequency is 37.5 Hz when M is equal to 2.

As the example used before, the output frequency is approximately 45 Hz when M = 0.667. The time
interval between two consecutive jumps is 33.33 ms, which is greater than one cycle for either 50 Hz or 45 Hz.
Hence, the current will certainly switch between positive and negative during this period. The trigger pulses are
sent to the thyristors both in the positive and negative groups at the same time to ensure the current positive
and negative switching moment with no “dead zone”. The triggered thyristors are connected to the same input
line, which ensures no circulating current between different input lines. For example, the trigger pulses are
only sent to four thyristors (i.e. P1, P2, N4, and N5) when P1 and P2 needed to be turned on, and not to
the others. The positive current loop consists of P1 and P2 when the current is positive, and P1 and P2 are
naturally cut off when the positive current is gradually reduced to zero. N4 and N5 can be immediately turned
on and will then constitute the negative current loop when the current needs to be reversed because they have
been triggered. In this way, no “dead zone” will exist during the positive and negative current switch, which
completely overcomes the biggest disadvantage of the no circulating current frequency conversion method. Point
E is always connected to point A, and point O is always connected to point C regardless of P1 and P2 or N4
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and N5 being turned on in this method. The current will automatically decide to flow through either P or N
group of thyristors depending on the circuit requirements. The current must pass through the load to form a
loop, such that the current will not directly flow between two phases. In this way, the biggest disadvantage of
the circulating current frequency conversion method can be overcome. Figure 3a illustrates the control method
of the 45 Hz output voltage, and a similar method can be used when a different output frequency is needed.
The figure also depicts that the time interval between two jumps in the “phase hopping” frequency conversion
method is greater than that between two jumps in the cosine wave-crossing method.

AB AC BC BA CA CB AB AC BC BA CA CB AB AC BC BA CA CB AB AC BC

AB AC BC BA CA CB AB AC BC BA CA CB AB AC BC BA CA CB AB AC BC

(a) 45 Hz (top) (b) 42.86 Hz (bottom)

Figure 3. Illustration of the “phase hopping” frequency conversion output voltage.

3.4. Analysis of different frequency output waveforms
Figure 3 shows the line voltage cycles through AB, AC, BC, BA, CA, and CB. The output voltage at each
“phase hopping” jumps from a line voltage to the next line voltage and causes a π/3 phase delay. The total
phase delay after six times of “phase hopping” is 2π . In other words, a cycle is reduced. Every six times of
“phase hopping” completes a big circulation. The output frequency changes if the interval between two “phase
hopping” changes. As shown in Figure 3a, the interval between each of the two phase hops is 10 line voltage
pulse waves or 33.33 ms, and the output frequency is 45 Hz. Meanwhile, Figure 3b illustrates that the interval
between each of the two phase hops is 7 line voltage pulse waves or 23.3 ms, and the output frequency is 42.86
Hz.

4. Control method
An output voltage frequency of 42.86 Hz is used as an example to analyze the turn-on rule of thyristors. The
line voltage sequence is AB, AC, BC, BA, CA, CB with a delay time of 3.3 ms between two adjacent line
voltages. The output voltage changes from one line voltage to another (i.e. “phase hopping” happens) for every
7 line voltage pulse waves or 23.3 ms. Table presents the thyristor turn-on rule in the case of 42.86 Hz.

The second line in Table represents the input line voltages. Each occupies a duty of 3.3 ms. The third
line shows the line voltage to which the output voltage is equal.

The fourth line shows which thyristor should be triggered to realize the output voltage changing from an
input line voltage to another.
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First, assume that UAB is at the peak (Figure 3b). However, letter U is omitted, and UAB is simplified
as AB here and below for simplicity. The voltages mentioned below are simplified similarly. At this moment, the
fundamental wave content of the output voltage passes the zero point in the upward direction, and the output
voltage switches from AC to BC. The latter letter C remains the same as the output voltage switches from AC
to BC, which means that the conducting thyristor N5 is unchanged according to Figure 1. The former letter
changes from A to B when the output voltage switches from AC to BC, which indicates that the conducting
thyristor switched from N4 to N6. AB is the highest voltage, and A is higher than B. Hence, N6 is positively
biased when N4 is conducting state. N6 will turn on and complete the switching from A to B when N6 receives
a pulse. The output voltage will then remain as BC until the next jump. The time duration between two jumps
covers 7 line voltage pulse waves or 23.33 ms.

Second, the output voltage fundamental wave passes the zero point in the upward direction, and the
output voltage switches from BC to BA when AC is the highest. The former letter B remains unchanged.
Hence, the conducting thyristor N6 remains unchanged. The latter letter changes from C to A. Therefore, the
conducting thyristor switches from N5 to N1. Accordingly, N1 is positively biased when N5 is conducting state
because AC is the highest, and A is higher than C. N1 is then turned on and completes the switching from C
to A when a pulse is received. The output remains as BC until the next jump.

Thereafter, the subsequent steps proceed in a similar fashion and successively trigger N2, N3, N4, and
N5.

The fifth line of Table is explained as follows: when a thyristor is triggered, a pulse will be simultaneously
sent to the thyristor connected in antiparallel with the new triggered thyristor. Thus, the current can freely
switch between positive and negative because the thyristors in both the positive and negative groups are triggered
at the same time. Therefore, no dead zone exists around the zero current. In addition, no circulating current
is present even though the two triggered thyristors are simultaneously conducting because they are connected
to the same line.

The sixth line of Table shows that the thyristors (e.g., N5 and P2) are triggered at the same time when
the new triggered thyristors (e.g., N6 and P3) are triggered to ensure that the current loop is complete.

The seventh line of Table is explained as follows: the delay time of the trigger pulse can be calculated from
the synchronization point of the moment when AC is moving upwards and crossing the zero point is considered
to be a synchronization point. For example, the moment of the first jump when AB is at the peak is 1.67 ms
after the AC upwards crosses the zero point.

The eighth line of Table is explained as follows: the duration of the four trigger pulses, which start from
the moment determined by the seventh line.

5. Simulation and experimental analysis

5.1. Simulation model
Figure 4 shows the simulation model. The thyristor module is denoted as “Convt” and comprises two groups of
thyristors connected in an antiparallel bridge formation. The “Pulse” block generates the thyristor pulses that
trigger thyristors in block “Convt” and is shown as a single block because of the large number of devices and
the complexity of the connections. “A, B, C” represent the three-phase power. Its peak voltage is equal to 180
V. The element “Z” represents a resistance–inductance load (simulate a fan load), its inductance is 0.03 H, and
its resistance is 5 Ω .

The main circuit consists of six pairs of thyristors in reverse parallel connection. Therefore, only six
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Figure 4. Simulation model.

different trigger pulses are needed to implement the control. The internal structure of the pulse module is
shown in Figure 5, a pulse controls a pair of thyristors. Take 42.86 Hz as an example in Table, the period of
P1 to P6 are 0.14 s and the pulse width of P1 to P6 are 33.33%. The phase delay time of P1 is 0.095 s, P2 is
0.11833 s, P3 is 0.00167 s, P4 is 0.025 s, P5 is 0.04833 s, and P6 is 0.7167s.

4
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1
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6

6P
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3N

11

5N
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10

4N

12
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8

2N

Figure 5. Pulse module.

5.2. Experimental platform
The main parts of the experimental platform include an FPGA master control board, a drive board, a “phase
hopping” frequency conversion main circuit, an autotransformer, and a fan load (Figure 6).

The FPGA main control board marked with “L” in Figure 6 uses an ALTERA Cyclone Series FPGA
model EP3C16Q240C8 (Altera Corp., San Jose, CA, USA) as the control kernel. The main control board is
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Figure 6. Experimental platform.

used to output the pulse signals required by the thyristors. A drive circuit is required because the trigger signal
generated by the main control board is weak and cannot trigger the thyristors in the main circuit. The driver
board marked with “G”, “H”, and “I” performs the required power amplification of the pulses to trigger the
thyristors. The driver board also performs any required auxiliary functions, such as synchronous detection,
current detection, resistance capacitance absorption, etc. The autotransformer connected to the wires marked
with “M” and is not in the figure, is used to adjust the grid voltage to the appropriate experimental voltage.
The fan marked with “K” is the load for the frequency conversion circuit. Furthermore, the output frequency
of the cycloconverter can be directly observed by monitoring the changes in the fan speed. The regulated power
supply marked with “N” is used to power the control circuits.

The “phase hopping” frequency conversion main circuit comprises two three-phase bridge rectifier modules
marked with “A” and “B” and mounted on an aluminum radiator. The trigger pulses of the inside thyristors
are driven by the part of the driver board marked with “G” and “H” and mounted on the side of the aluminum
radiator. The part of the driver board marked with “I”; the other four three-phase bridge rectifier modules
marked with “C”, “D”, “E”, and “F”; and another driver board mounted on the other side of the radiator pointed
by the arrow marked with “J” are used for the experiments with multiple technology and can be omitted here.

5.3. Simulation waveforms and experimental results analysis

The trigger moment and the duration of each trigger signal when the output frequency is 45 Hz depend on similar
trigger relationship as that outlined in Table. Figure 7a shows the simulation voltage and current waveforms
of load. The trigger moment and the duration of each trigger signal when the output frequency is 42.86 Hz are
determined based on the trigger relationship also outlined in Table. Figure 7b presents the simulation output
voltage and current waveforms. In order to analyze the influence of harmonic on the system and the ability of
frequency conversion in the intermediate frequency area, the third harmonic with 10% of the fundamental wave
is injected into the input of three-phase power, and a 20°phase offset is set relative to the fundamental wave.
Based on that condition, a simulation of 37.5 Hz is made, and the voltage and current waveforms are shown in
Figure 7c. To make it clear, the current waveforms are expanded eight times.
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Figure 7. Simulation output voltage (red) and current (black) waveforms.

In the experiments, the cycloconverter uses the “phase hopping” method. The output terminal is
connected with a single-phase fan. Figure 8a shows the experimental output voltage and current waveforms of
the 45 Hz frequency. Figure 8b presents the experimental output voltage and current waveforms of 42.86 Hz.
The output frequency can be read out by 1/∆T shown in the figure. The pictures show that the theoretical
analysis is consistent with the simulation results described in the previous section.

(a) 45 Hz (b) 42.86 Hz

Figure 8. Experimental output voltage (blue) and current (yellow) waveforms.

A comparison of Figure 8a with Figure 7a shows a “phase hopping” happening for approximately every
1.5 cycles of the power voltage. The analysis in Section 3.4 implies that the interval between each of the two
“phase hops” is 10 line voltage pulse waves. The time of 1.5 cycles of the power voltage is 1.5 ×20 = 30 ms, while
that of the 10 line voltage pulse waves is 10 ×3.3 = 33 ms. Therefore, the results of the theoretical analysis,
simulation, and experiments are in good agreement with each other. We can obtain the same conclusion by
comparing Figure 8b with Figure 7b. An interval of approximately 1 cycle of the power voltage or 20 ms or 7
line voltage pulse waves can be observed between two “phase hops”.

Figure 9 presents the harmonic simulation analysis results with a 45 Hz output current and voltage based
on the “phase hopping” frequency conversion circuit. Figure 9 shows that the total output harmonic distortion
rate of the “phase hopping” frequency conversion circuit is 16.94% for current and 31.64% for voltage under the
condition that the output is a higher frequency (i.e., 45 Hz) close to the power frequency (i.e., 50 Hz). The value
allows it to be used in less demanding situations. The multiple techniques used in the conventional frequency
conversion can be combined with the “phase hopping” frequency conversion technique proposed herein if the
actual application needs to further reduce the total harmonic distortion of the output. In this way, the total
harmonic distortion can be reduced significantly. For example, according to the similar simulation analysis,
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the total voltage harmonic distortion can be reduced to 9.87% if the triple technology, where three groups of
“phase hopping” frequency conversion circuits are connected in series or in parallel, is used. These specific
circumstances will be detailed in another paper.
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Figure 9. 45 Hz output current and voltage harmonic simulation results.

6. Conclusion
The “phase hopping” frequency conversion method is realized based on the traditional cosine wave-crossing
method by properly arranging the trigger pulses of the thyristors, connecting the cycloconverter output terminal
with a certain phase of the input, and changing the connection between the input lines from time to time. The
cycloconverter uses a “phase hopping” frequency conversion method to overcome the disadvantages of traditional
cycloconverters. Moreover, the output frequency can be a higher frequency close to the power frequency. Hence,
the technique can be applied in a wider field. We verified the feasibility of the proposed “phase hopping”
frequency conversion method by a simulation and an experimental analysis. The output of the cycloconverter
based on the “phase hopping” frequency conversion method will have a relatively low harmonic content and
can be directly used in applications where the harmonic content requirement is not very high. The addition of
multiple technologies can further reduce the harmonic content, thereby expanding the range of applications.

We point out that the present study is based on the simplest design, it has the ability of changing
frequency but cannot change the output voltage; thus, it temporarily cannot be put into application in practical
production. However, if the “phase hopping” method is used together with the multiple technology, according
to the method of voltage vector superposition, the overall output voltage is the vector combination of all output
voltages of all circuit stages, so the output voltage can be changed as desired when the frequency is changed.
The pertinent theory, specific experimental procedures, and phenomena will be detailed in another article.
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