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Abstract 

 

This paper proposes a new single-phase power converter topology for changing the frequency of AC voltage. The proposed 
single-phase frequency converter (SFC) includes a T-type multi-level power converter (TMPC), a frequency decoupling 
transformer (FDT) and a digital signal processor (DSP). The TMPC can convert a 60 Hz AC voltage to a DC voltage and then 
convert the DC voltage to a 50 Hz AC voltage. Therefore, the output currents of the two T-type power switch arms have 50 Hz 
and 60 Hz components. The FDT is used to decouple the 50 Hz and 60 Hz components. The salient feature of the proposed SFC 
is that only one power electronic converter stage is used since the functions of the AC-DC and DC-AC power conversions are 
integrated into the TMPC. Therefore, the proposed SFC can simplify both the power circuit and the control circuit. In order to 
verify the functions of the proposed SFC, a hardware prototype is established. Experimental results verify that the performance 
of the proposed SFC is as expected. 
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I. INTRODUCTION 

The frequencies of distribution power systems include both 
50Hz and 60Hz worldwide [1]-[4]. The frequencies of utilities 
are 60 Hz in North America, Taiwan and Korea, and 50 Hz in 
China, Europe and Australia. There are two frequency systems 
50Hz and 60Hz in Japan. [3]. Some power equipment can use 
AC voltage with frequencies of both 50Hz or 60Hz, while 
others can only use AC voltage with a frequency of 50Hz or 
60Hz. Therefore, a frequency converter that can convert 
power from 60Hz to 50Hz is required in some applications. 
Changes in voltage frequency can be achieved by using a 
motor-generator set or a power electronic based frequency 
converter [5]. However, power electronic based frequency 
converters have the advantages of a high power density, less 
noise, higher flexibility and higher efficiency. 

Air pollution is an important issue today especially in 

metropolitan areas. In conventional ships, an auxiliary engine 
is used for supplying electric power to power equipment 
when the main engine is stopped [6]. Diesel fuel is used in 
most marine engines, and it can result in a lot of air pollution 
when a ship is stopped in a harbor. Unfortunately, most 
harbors are near metropolitan areas. Therefore, the air 
pollution caused by ships is a major source of air pollution of 
harbor areas. This has prompted many countries to try and 
reduce the air pollution when ships are stopped in harbors [6]. 
The frequency of the AC power systems in ships is fixed. 
However, the frequency of AC power systems in a harbor 
may be 50Hz or 60 Hz depending on the country. Hence, 
single-phase frequency converters (SFCs) are required for 
pleasure boats. 

Many AC-AC power converters have been proposed in 
recent years [7]-[18]. This paper focuses on single-phase to 
single-phase AC-AC power converters. Two power electronic 
converter stages are used in typical single-phase AC-AC 
power converters [7]. One power electronic converter stage is 
a rectifier for converting AC voltage into DC voltage, and the 
other power electronic converter stage is an inverter for 
converting the DC voltage into an AC voltage. 

The voltage change of a power switch in a switching 
process determines the switching power loss. The voltage 
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levels of a multi-level power converter’s output voltage have 
more than two levels. Multi-level power converters have the 
benefits of reducing the voltage change in each switching 
process to reduce the switching power loss, lower voltage 
stress of the power switches, lower switching harmonics, 
lower electromagnetic interference (EMI) and a smaller filter 
inductor when compared with conventional power converters 
[19]. Conventional multi-level power converters can be 
divided into diode clamped [20], [21], flying capacitor [21], 
cascade H-bridge [21], ]22], T-type [23]-[25] and the 
combination of a low-frequency DC-AC bridge power 
converter with a dual-buck DC-DC converter [26]. The power 
conversion efficiency of the T-type multi-level power converter 
(TMPC) is superior to that of the diode clamped multi-level 
power converter, especially when the switching frequency is 
lower than 30 kHz [27]. 

In conventional power electronic based frequency 
converters, two power electronic converter stages, an AC-DC 
power converter and a DC-AC power converter, are required 
when the frequencies of the input AC voltage and the output 
AC voltage are different. A new SFC topology is proposed 
for converting a 60Hz voltage to a 50Hz voltage. The 
proposed SFC is composed of a TMPC, a frequency 
decoupling transformer (FDT), a filter set, a DC port, a 60Hz 
AC port and 50Hz AC port. The FDT is used to decouple the 
different frequency AC components that are generated by the 
two T-type power switch arms of the TMPC. The proposed 
SFC can transfer power from a 60Hz utility grid to supply a 
high-quality 50Hz power to the load. In addition, it has the 
advantage that both the power circuit and control circuit for 
the frequency converter are simplified. A hardware prototype 
is established to verify the functions of the proposed SFC. 

 

II. CIRCUIT CONFIGURATION AND OPERATING 
PRINCIPLE 

Fig. 1 shows the circuit configuration of the proposed SFC. 
It can be seen that the proposed SFC consists of two T-type 
power switch arms (S1~S4, S1n~S4n, C1, C2), a filter set (L1, L2, 
L3, Cf1, Cf2), a FDT and a DSP (TMS320F28035) controller. 
The proposed SFC has a DC port, a 60Hz AC port and a 
50Hz AC port. The utility grid is the power source and it is 
connected to the 60Hz AC port. The 50Hz AC port supplies a 
50HZ AC voltage to the load. The DC port is located on the 
DC bus of the two T-type power switch arms. The first and 
second power switch arms of the T-type power converter are 
controlled to generate the currents, i1 and i2, which include 
the components of 50Hz and 60Hz AC currents. The 
switching operation of the power switches generates high 
frequency harmonics. Hence, a filter set is serially connected 
to the arms of the TMPC to filter out the high frequency 
components. The currents of the first and second power 
switch arms of the TMPC after the filter inductors are 

connected to the 50Hz AC port and the FDT. The FDT 
consists of a transformer whose turn ratio in both the primary 
side and secondary side are unity. The un-dotted terminal of 
the primary side is connected to the dotted terminal of the 
secondary side. According to the principle of the transformer, 
the amplitude and phase of the currents flowing into the 
un-dotted terminal of the primary side and the dotted terminal 
of the secondary side must be the same for the unity turn ratio. 
Hence, this connection of the transformer’s windings can 
decouple the current components of 50 Hz and 60 Hz. 
Therefore, currents with 60Hz components flow through the 
FDT to the 60Hz AC port, and those with 50Hz components 
flow to the 50Hz AC port. 

As can be seen in Fig. 1, the two T-type power switch arms 
generate two output currents i1 and i2. In addition, i1, i2 and i3 
can be represented as: 

1c1d1 iii                     (1) 

2c2d2 iii 
                  

(2) 

com213 i)ii(i 
              

(3) 

where icom is the integrated current of the FDT. id1 and id2 are 
the 50 Hz components, while ic1 and ic2 are the 60Hz 
components. The phases of the 50Hz components are out of 
phase. However, the amplitudes must be the same. Therefore, 
id1 and id2 can be regarded as differential-mode components 
[28], and the differential-mode current, idiff, can be 
represented as: 

2d1ddiff iii 
               

(4) 

The phases and amplitudes of the 60Hz components, ic1 
and ic2, must be the same. Hence, ic1 and ic2 can be regarded as 
common-mode components [28], and icom can be represented 
as: 

2c1ccom iii                   (5) 

According to Fig. 1, Eq. (4) and Eq. (5), the currents of the 
50Hz AC port and 60Hz AC port can be written as: 

2cfiffdHz50AC iii              (6) 

1cfcomHz60AC iii 
            

(7) 

where icf1 is the capacitor current of the 60Hz AC port, and icf2 
is the capacitor current of the 50Hz AC port. Then, the utility 
current can be written as: 

1cfcomHz60ACutility iiii 
           

(8) 

From the above analysis, 50Hz and 60Hz equivalent 
circuits of the proposed SFC can be shown as Fig. 2. 

Fig. 2(a) is an equivalent circuit for the 50 Hz component. 
Because the amplitudes of id1 and id2 are the same and their 
phases are out of phase, the proposed SFC can be regarded as 
the two current sources in Fig. 2(a). For the transformer, the 
currents for the two dotted points should be opposite so that 
both id1 and id2 cannot flow through the transformer. Then, the 
voltages of the transformer’s windings, vT1,d and vT2,d, can be  
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Fig. 1. Circuit configuration of the proposed SFC. 
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Fig. 2. Equivalent circuit of the proposed SFC: (a) 50Hz 
component; (b) 60Hz component. 

 

written as: 

2/vvv Hz50ACd,2Td,1T             (9) 

Fig. 2(b) is an equivalent circuit for the 60 Hz component. 
Because the amplitudes of ic1 and ic2 are the same and their 
phases are in phase, the proposed SFC can be regarded as the 
two current sources in Fig. 2(b). As can be seen, ic1 flows into 
the dotted point of the transformer’s primary winding, and ic2 
flows into the un-dotted point of the transformer’s secondary 
winding. Then, these two currents are combined to be icom. If 
the leakage inductor of the transformer is ignored, the 
voltages of the transformer’s windings, vT1,c and vT2,c, are zero. 
By using superposition theory, the voltages and currents of 
the transformer’s primary and secondary windings can be 
written as: 

2/vvvvvvv Hz50ACc,2Td,2Tc,1Td,1T2T1T      (10) 

2/ iii com2T1T                  (11) 

Therefore, the power rating of the transformer is only 
about one fourth of the load power. 

According to Fig. 1, the real power supplied by the utility 
grid is written as: 

lossdcHz50ACU PPPP              (12) 

where PAC50Hz is the real power consumed by the 50Hz AC 
port, Pdc is the real power absorbed by the DC port and Ploss is 
the power loss of the proposed SFC. PU is equal to PAC50Hz 
and Pdc is zero in the steady-state if the power loss of the 
proposed SFC is neglected. In the transient state, Pdc is not 
zero while PU is not equal to PAC50Hz, which leads to a voltage 
change of the DC port. For the normal operation of the 
proposed SFC, regulation of the DC port voltage is required. 
The regulation of the DC port voltage can be implemented by 
adjusting the current amplitude of the utility to control PU to 
approach PAC50Hz. 

The voltage of the 50Hz AC port can be written as: 

diff2cfHz50ACHz50AC i)z//z(v            (13) 

where zAC50Hz is the load impedance of the 50Hz AC port, and 
zcf2 is the impedance of the 50Hz filter capacitor. Hence, the 
voltage of the 50Hz AC port can be controlled by controlling 
idiff. 

From the above, i1 and i2 can be re-written as: 

)i-i(
2

1
iiiii Hz60AC1cf2cfHz50AC1c1d1 

     
(14) 

)i-i(
2

1
)ii-(iii Hz60AC1cf2cfHz50AC2c2d2     

 
(15) 

When compared with a typical single-phase AC-AC power 
converter, which are composed of two power electronic 
converter stages, the number of power electronic devices is 
reduced and the control circuit is integrated in the proposed 
SFC. Although the transformer used in the proposed SFC 
may increase the cost and volume, the power rating of the 
transformer used in the proposed SFC is only about one 
fourth of the load power. Two power electronic converter 
stages are switching in a high frequency in a typical 
single-phase AC-AC power converter. However, only one 
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power electronic converter stage is switching in a high 
frequency in the proposed SFC. Since the proposed SFC uses 
only one power electronic converter stage, both the 
conduction loss and the switching loss are less than those of a 
typical single-phase AC-AC power converter. 

 

III. CONTROL BLOCK 

Fig. 3 shows a control block of the proposed SFC. The 
control targets of the proposed SFC are the voltage of the 
50Hz AC port, the dc port voltage Vdc and the utility current, 
which are controlled by controlling the currents, i1 and i2, of 
the T-type power switch arms. 

The feedback control is used in controlling the currents i1 
and i2. The references of the currents i1 and i2 , composed of 
the desired common-mode components and the desired 
differential-mode components, need be calculated first. From 
Eq. (5) and Eq. (8), the desired common-mode components 
are half the desired utility current iutility* which is sinusoidal 
and in phase with the utility voltage if icf2 is neglected. The 
amplitude of the desired common-mode components can be 
obtained by regulating the DC port voltage. The two desired 
common-mode components are the same. According to Fig. 2, 
the capacitor voltages of Vc1 and Vc2 are detected and added.  
The added result is the DC port voltage. Both the added result 
and the setting DC port voltage are sent to a subtractor, and 
the output of the subtractor is sent to PI controller I for 
regulating the DC port voltage. The detected utility voltage is 
sent to a sinusoidal signal generator to generate a sine wave 
whose phase is in phase with the utility voltage. The output of 
PI controller I and the generated sine wave are multiplied. 
The detected values of Vc1 and Vc2 are also sent to a subtractor 
and then sent to P controller I to generate a balancing signal 
to equalize Vc1 and Vc2. The output of multiplier and the 
output of P controller I are sent to an adder. The added result 
is the desired utility current iutility*, and it is sent to an 
amplifier circuit with a gain of 0.5 to get the desired 
common-mode components ic1* and ic2*. 

The desired differential-mode components are used to 
generate a sinusoidal voltage of 50Hz to supply the load. As 
can be seen in Eq. (14) and Eq. (15), the desired differential- 
mode components can be obtained from iAC50Hz and icf2. 
However, to further improve the quality of the load voltage, a 
voltage feedback control is involved. The voltage of the 50Hz 
AC port is detected and then sent to a root-mean-square 
(RMS) circuit to calculate the RMS value. Both the setting 
voltage of the 50Hz AC port and the calculated result of the 
RMS are sent to a subtractor. The output of the subtractor is 
sent to PI controller II. The 50Hz sinusoidal waveform and 
the output from PI controller II are sent to a multiplier circuit 
to generate the desired 50Hz AC voltage vAC50Hz*. The 
detected 50Hz AC voltage and vAC50Hz* are sent a subtractor 

and then to voltage controller I. vAC50Hz* is sent to a 
differential circuit to obtain the 50Hz filter capacitor current. 
The 50Hz filter capacitor current, the output of voltage 
controller I and the detected load current are added. The 
added result is the desired differential-mode current id1*.  
id1* is sent to the inverting circuit to obtain id2*. id1* and ic1* 
are added to obtain i1*. id2* and ic2* are added to obtain i2*. i1 
and i2 are detected. The detected i1 and i1* are the input 
signals of current controller I, and the detected i2 and i2* are 
the input signals of current controller II. 

The detected utility voltage and vAC50Hz* are added in order 
to generate feed-forward signal I. The outputs from current 
controller I and feed-forward signal I are sent to an adder and 
then sent to PWM circuit I. The output from PWM circuit I is 
sent to driver circuit I to obtain the driver signals for S1, S2, 
S1n and S2n. The detected utility voltage and vAC50Hz* are sent 
to a subtractor to generate feed-forward signal II. Feed- 
forward signal II and the output from the current controller II 
are added and then sent to PWM circuit II. The output from 
PWM circuit II is sent to driver circuit II to obtain the driver 
signals of S3, S4, S3n and S4n. 

 

IV. EXPERIMENTAL RESULTS 

A hardware prototype is established to verify the functions 
of the proposed SFC. The main parameters of the hardware 
prototype are shown in Table I. 

Figs. 4 and 5 show experimental results for the proposed 
SFC under linear and nonlinear loads. The utility current, 
shown in Figs. 4 and 5, is a sine wave whose phase is in 
phase with the utility voltage. The voltage of the 50Hz AC 
port is sinusoidal regardless of whether the load current is 
liner or nonlinear. Fig. 6 shows the spectrums of the voltage 
and current for the proposed SFC under a nonlinear load. Figs. 
6(a) and 6(b) show that the THD of the utility voltage and 
current are 2.4% and 1.5%, respectively. Figs. 6(c) and 6(d) 
show the THD of the voltage of the 50Hz AC port and the 
load current are 4.9% and 27.9%, respectively. 

Fig. 7 show experimental results of the two T-type power 
switch arms under a linear load. It can be found that the 
voltage of the DC port is almost constant at 525V. As can be 
seen in Figs. 7(b) and 7(c), i1 and i2 have a 60Hz component 
and a 50Hz component. As can be seen Fig. 7(d), i3 only 
contains a sinusoidal current of 60Hz. 

Fig. 8 shows experimental results for the voltages of the 
FDT under a linear load, and Fig.9 shows experimental 
results for the currents of the FDT under a linear load. It can 
be seen that the amplitude of vt1 and vt2 is a half that of the 
50Hz AC port voltage, and that the phase of vt1 is out of 
phase with that of vt2. As can be seen in Fig. 9, both the 
amplitudes and phases of ic1 and ic2 are the same. It also can 
be seen that the summation of ic1 and ic2 is icom. 
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Fig. 3. Control block diagram of the proposed SFC. 

 

(a)
250V/div

(b)
20A/div

(c)
250V/div

(d)
20A/div

10ms/div  
Fig. 4. Experimental results of the proposed SFC under a linear 
load: (a) voltage of the 50Hz AC port; (b) Load current; (c) 
Utility voltage; (d) Utility current. 

(a)
250V/div

(b)
20A/div

(c)
250V/div

(d)
20A/div

10ms/div  
Fig. 5. Experimental results of the proposed SFC under a 
nonlinear load: (a) Utility voltage; (b) Utility current; (c) Voltage 
of the 50Hz AC port; (d) Load current. 

 

 
(a)                         (b) 

 
(c)                         (d) 

Fig. 6. Spectrums of the voltage and current for the proposed 
SFC under a nonlinear load: (a) Utility voltage; (b) Utility current; 
(c) Voltage of the 50Hz AC port; (d) Load current. 

(a)
400V/div

(b)
20A/div

(c)
20A/div

(d)
20A/div

25ms/div  
Fig. 7. Experimental results of two T-type power electronic arms 
under a linear load: (a) Voltage of the DC port; (b) Output 
current i1; (c) Output current i2; (d) Output current i3. 

 

(a)
250V/div

(b)
100V/div

(c)
100V/div

10ms/div  
Fig. 8. Experimental results for the voltages of the FDT under a 
linear load: (a) Voltage of the 50Hz AC port; (b) vt1; (c) vt2. 
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(a)
20A/div

(b)
10A/div

(c)
10A/div

10ms/div  
Fig. 9. Experimental results for the currents of the FDT under a 

linear load: (1) icom; (b) ic1; (c) ic2. 

 

TABLE I 
MAIN PARAMETERS OF THE HARDWARE PROTOTYPE 

60Hz AC port AC110V, 60Hz 
50Hz AC port AC110V, 50Hz 
voltage of DC port  525V 
Filter inductor 
(L1, L2 and L3) 

1.75mH 

Filter capacitor 
(Cf1 and Cf2) 

10μF 

capacitor of DC port  4700μF 
frequency decoupling 
circuit 

transformer with unity turn ratio 

switching frequency 20kHz 

 
 

(a)
200V/div

(b)
20A/div

(c)
250V/div

(d)
20A/div

100ms/div
 

Fig. 10. Experimental results of the proposed SFC under 
transient of an increasing load: (a) DC port voltage; (b) Utility 
current; (c) Voltage of the 50Hz AC port; (d) Load current. 

 
Fig. 11. Picture of a hardware prototype of the proposed SFC. 

 
 

Fig. 10 shows experimental results of the proposed SFC 
under the transient of a load change. The load increases from 
750VA to 1500VA in Fig. 10. The experimental results of Fig. 
10 show that the utility current can effectively trace the load 
variation of the 50Hz AC port, and the voltage amplitude of 
the 50Hz AC port is not affected by the load variation. Hence, 
the transient performance of the proposed SFC is good. 

Fig. 11 shows picture of a hardware prototype of the 
proposed SFC. 

 

V. CONCLUSION 

A new SFC topology based on a TMPC and a FDT is 
proposed for converting power from a 60Hz utility grid to a 
50Hz high-quality power for the load. The TMPC is used to 
generate two currents including both 60Hz common-mode 
components and 50Hz differential-mode components. The 
FDT has the function of decoupling the 50 Hz differential- 
mode components and the 60 Hz common-mode components. 
Hence, the proposed SFC requires only one power electronic 
converter stage. Accordingly, both the power circuit and 
control circuit of the proposed SFC are simplified when 
compared with conventional power electronic based 

frequency converters where two power electronic converter 
stages are required. Experimental results validate that the 
THDs of the input current and output voltage are low 
regardless of whether the load is linear or nonlinear. Finally, 
experimental results also verify that the transient response of 
proposed SFC is good. 
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