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Abstract: This paper proposes a three-phase interleaved high-
frequency transformer isolated ac-dc converter that is suitable 
for small scale wind energy conversion systems employing 
permanent magnet synchronous generators.  This configuration 
is realized by interleaving three identical single-phase single-
stage ac-dc converters obtained by integrating a rectifier, boost 
converter and fixed-frequency dual-tank LCL resonant 
converters. Based on a design example used for illustration 
purpose, a converter is designed and PSIM simulation results are 
presented for various operating conditions, such as balanced and 
unbalanced 3-phase operation; two-phase operation. It is shown 
that the converter maintains soft switching fore wide variation in 
supply voltage with low THD with high power factor. 
. 
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1. Introduction 
 
AC-to-DC controlled rectifiers are used widely in power 
supplies for various applications and in energy systems. 
Direct-driven permanent magnet synchronous generators 
(PMSG) are becoming more attractive for wind energy 
generation system especially in small scale applications 
(up to about 12 kW) such as residential purpose due to 
easy installation and low price, e.g. [1]. Not only the 
generator gives high efficiency because of removing 
magnetizing field excitation circuit, mechanical 
component is also reduced such as the absence of slip 
rings, which increases the system reliability and the ratio 
of power to weight. Power electronic converters are used 
in wind energy conversion system (WECS) to transfer the 
variable-amplitude variable-frequency (VAVF) ac output 
from the wind turbine driven PMSG to desired grid ac 
voltage and frequency. Power converters used in WECS 
consist of two parts: front-end ac-dc rectifier which is 
used to convert VAVF ac voltage to dc bus voltage 
followed by an inverter. Most of the WECS choose line 
frequency (LF) isolated transformer placed between the 
dc-ac inverter and the grid, e.g., [2]-[10]. Some of these 

systems use diode rectifiers to get uncontrolled dc output 
from the generator [2]-[6], whereas, use of controlled 
rectifiers is reported in [7]-[10]. Use of uncontrolled diode 
rectifier [2]-[6] will cause higher armature currents due to 
current harmonics decreasing the generator efficiency. 
Use of controlled rectifiers can achieve high power factor 
with low harmonic distortion will improve the overall 
efficiency of such systems [7]-[10]. There are limited 
reports about high-frequency (HF) transformer isolated 
ac-dc converter used for WECS in the literature, e.g., [11-
12]. Here HF refers to operation frequency above 20 to 50 
kHz. Compared to LF isolated transformer, HF 
transformer isolation has many advantages such as small 
size, low cost, and easy integration with converter. Fixed-
frequency variable voltage source is assumed in [11] 
while VAVF operation is possible in [12]. 
  
Fig. 1 shows the single-phase single-stage ac-dc converter 
utilizing an integrated dual-tank LCL-type series resonant 
proposed in [12]. A fixed frequency phase-shift control 
technique was used for output voltage regulation. This 
dual-tank LCL ac-dc converter achieves a high power 
factor and low ac input current THD at the ac input side. It 
still includes expected HF isolation, power factor 
correction (PFC), and output voltage regulation in one 
single-stage. Soft-switching operation is guaranteed in the 
entire operating range. Objectives of this paper are to 
extend its use in a 3-phase conversion that can be used in 
a small scale wind energy conversion systems (but can 
also be used in other ac-dc power supply applications), 
then to design and simulate the proposed converter to 
evaluate its performance. These objectives are realized in 
different sections as follows: The proposed three-phase 
interleaved ac-dc converter including three identical dual-
tank LCL-type series ac-dc converters is presented in 
Section 2. The circuit description and operation will also 
be briefly presented here. A design example is presented 
in Section 3. PSIM simulation results for various 
operating conditions to evaluate the performance of the 
designed converter are given in Section 4. Section 5 
presents the conclusions. 
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Fig. 1 Single-phase, single-stage ac-to-dc dual-tank LCL resonant soft-switched converter [12]. 

 
2.  Proposed Converter Description and 

Operation 
 
In the proposed single-phase configuration (Fig. 1) [12], a 
dual-switch boost converter (Dr1, Dr2, S1, S2, L1) is 
integrated with a half-bridge resonant converter (S1, S2, C1, 
C2, Lr1, Cr1, T1). The other half-bridge resonant converter 
(S3, S4, C1, C2, Lr2, Cr2, T2) shares the dc bus capacitor 
(Cbus) with the first half-bridge converter. Two identical 
HF transformers (T1, T2) are connected in series on 
secondary-side to form a dual-tank configuration. An 
external inductor (Lt) is connected in parallel with the 
terminal of secondary-side of T1/T2 to achieve LCL-type 
series resonant circuit. The magnetizing inductances of 
each transformer can be considered as parts of the 
paralleled inductor. A high PF and low THD are achieved 
by discontinuous current mode (DCM) operation in L1 
over the entire line frequency cycle at the ac input side. 
Since T1 and T2 are connected in series on secondary-side, 
irT1 and irT2 are always identical (irT1 = irT2). 
 
Fig. 2 shows a Y-connected three-phase interleaved 
configuration scheme used for three-phase application. As 
can be seen, each single-phase converter handles a single-
phase output. The dc output of each single-phase converter 
is connected in parallel so that the combined output 
voltage is the same as single-phase circuit output, but the 
output power is three times of the single-phase output and 
the ripple frequency will be higher. The power generated 
by PMSG can be transferred to the load or the grid through 
three identical paths, so the components stresses of each 
single-phase converter are reduced. Operation of each 
single-phase converter is independent, but gating signals 
need to be phase-shifted by 120o between each other. The 
operation of each single-phase converter has been 
illustrated in [12], and is not repeated here. The power 
factor and THD at the input side remains the same as those 
used for single-phase input. Main advantages of 
interleaved configuration are:  (a) the total power is 
transferred through three identical paths, so power 
components stresses are reduced; (b) distribution of 
thermal stresses; (c) such a configuration still works under 
an unbalance input condition, i.e., if amplitudes of phases 
are different or if one or two phase inputs fail, the other 
one can still work; (d) easy to replace a module in case of 
any failure. 
 

 
Fig. 2 Three-phase ac-to-dc converter realized by using 

interleaved connection of three single-phase converter of Fig. 1. 

3. Design Example  
 
To illustrate design procedure, a low power 3- design 
example is given with the values: Input voltage (line-to 
neutral, peak value) √2 ܸ: 60 V, 40 Hz to 80 V, 60 Hz 
(e.g., in a WECS); output power, Po = 300 W; and dc 
output voltage, Vo = 100 V. Switching frequency is 100 
kHz. Design procedure steps are the same as given in 
[12] and are summarized below: 
(a) Front-end dual-switch boost converter part, the boost 
inductor L1 for DCM operation is determined by the 
minimum ac input voltage and the value obtained is L1 = 
40 H. (b) The LCL converter is designed at the 
minimum ac input voltage, and the optimal design 
parameters are chosen as (based on design curves given 
in [12]): switching frequency ratio, F = 1.1; normalized 
load current, J = 0.5; converter gain, Mf  = 0.955; and the 
base voltage, VB = 120V. Load resistance corresponding 
to power supplied by each module, RL = Vo

2/Po = 100 , 
Io = Vo/RL = 1 A, V’o = Mf VB = 114.6V, nt = V’o/Vo = 
1.146. The resonant inductance and capacitance for each 
module can be calculated as [12]-[13]: 
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Parallel resonant inductance (including magnetizing 
inductance of HF transformers) referred to secondary 
side is Lp 

 = 923 H (for a ratio of primary-side Lp/Lr = 
20). The load resistance is RL = 33.3  for 300 W output. 
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4. Simulation Results 
 
The proposed three-phase interleaved circuit is simulated 
using PSIM simulation package. The generated gating 
signals are such that three groups of complementary gating 
signals have 120o of phase-shift between each phase in 
order to match 3- application operation. In this example, 
two groups of simulated results are obtained based on both 
balanced and unbalance ac input, respectively. One phase 
voltage with 90% of amplitude is used to demonstrate the 
proposed circuit operation for the unbalanced input 
condition. 

A.  Balanced AC Input  
 
Since PMSG provides a balanced 3- output, two different 
input voltages are applied to the proposed 3- interleaved 
circuit for simulation. When √2 ܸ  = 60 V, 40 Hz and 
phase-shift ( between LCC modules is  = 0, the ac input 
voltage and current, the corresponding FFT of the ac input 
current, and boost inductor current are captured, shown in 
Fig 3. The tank HF key voltages and currents are shown in 
Fig. 4. In Fig. 3(a) and Fig. 3(b), a 0.99 of power factor 
and 10% of THD are obtained for each phase. The boost 
current is in DCM as shown in Fig. 3(c). The output 
voltage ripple (97 to 100.5 V, peak-to-peak) is shown in 
Fig 3(d). The HF tank inverting voltage (vab) and resonant 
current (irT1), and HF diode rectifier input voltage (vrect) 
and current (irect) for each phase are shown in Fig. 4. Fig. 
4(a) shows lagging resonant current nature proving zero-
voltage switching (ZVS) operation for the switches. Fig. 
4(b) shows that resonant converter rectifier voltage is 
clamped at the output voltage. All waveforms for each 
phase are identical and 120o of phase-shifted by each 
other, which agrees with the theory. 
 
When √2 ܸ= 80 V, 60 Hz,  = 108o, the ac input voltage 
and current, the corresponding FFT of the ac input current, 
and boost inductor current are shown in Fig 5. Several key 
HF tank voltages and currents are shown in Fig. 6. A unity 
of power factor and 12.5% of THD are obtained based on 
Fig. 5(a) and (b) for each phase. The boost current is still 
in DCM (Fig. 5(c)). The output voltage ripple (97.55 to 
97.72 V, peak-to-peak) is shown in Fig 5(d). The key HF 
waveforms on primary-side, and secondary-side of HF 
transformers are shown in Figs. 6(a) and 6(b), respectively 
for each phase. Based on waveforms obtained, all 
waveforms for each phase are identical and 120o of phase-
shifted by each other, which also agrees with the theory. 
 

 
Fig. 3(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3 Balanced input condition at√60 = ࢂ V, 40 Hz,  = 0: 
(a) ac input voltage and current in each phase; (b) FFT spectrum 

of ac input current; (c) boost current for each single-phase 
converter, for each phase; (d) output voltage ripple. 

 

 
(a) 

 
(b) 

Fig. 4 Balanced input condition at √2 ܸ = 60 V, 40 Hz,  = 0: 
(a) HF tank inverting input voltage (vab) and tank resonant 
current (irT1); (b) HF diode rectifier input voltage (vrect) and 

current (irect), for each phase circuit. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5 Balanced input condition at √2 ܸ = 80 V, 60 Hz,  = 
108o: (a) ac input voltage and current in each phase; (b) FFT 

spectrum of ac input current; (c) boost current for each single-
phase converter for each phase; (d) output voltage ripple. 

B. Unbalanced AC Input 
 

For an unbalanced 3- input from PMSG, such as Phase A 
with 90% of amplitude (54 V, 72V) and the other two 
phases with 100% of amplitude (60 V, 80V). Two 
different input voltages (√2 ܸ, = 60 V and √2 ܸ,௫ 
= 80 V, peak value of line-to-neutral) are also applied to 
the proposed three-phase circuit, shown in Fig. 7 and Fig. 
8, respectively. The ac input voltages and currents of the 
interleaved 3- ac-dc converter are shown in Fig. 7(a) and 
Fig. 8(a), and the corresponding FFT spectrum of the ac 
input current are given in Fig. 7(b) and Fig. 8(b). 
According to Fig. 7(b), when √2 ܸ = 60 V, 40 Hz, we 
obtain 10% of THD at phase A, and 12.5% of THD at 
phase B and phase C.  The dc output voltage ripple is  

 

 

 
(a) 

 
(b) 

Fig. 6 Balanced input condition at √80 = ࢂ V, 60 Hz,  = 
108o: (a) HF tank inverting input voltages (vab, vbc) and tank 

resonant current (irT1, irT2 ); (b) HF diode rectifier input voltage 
(vrect) and current (irect), for each phase circuit. 

 
shown as Fig. 7(c). The peak-to-peak voltage ripple is 
about 91.5 to 97.5 V. In Fig. 8(b), when √2 ܸ = 80 V, 
60 Hz, we also obtain 8.5% of THD at phase A, and 9% 
of THD at phase B and phase C. The dc output voltage 
ripple is shown as Fig. 8(c). The peak-to-peak voltage 
ripple is about 88 to 94 V. 
 
Table 1 summaries input current THD under unbalanced 
input voltage condition. Based on values in this table, the 
proposed three-phase interleaved ac-dc converter brings 
low input current THD for each phase, even under 
unbalanced input voltage condition.  
 

TABLE 1 Unbalanced inputs for three-phase interleaved ac-dc 
converter 

 
(90% of amplitude in Phase A, 100% of amplitude in Phase B 

and Phase C) 
 Phase A  Phase B  Phase C  

√2 ܸ = 60 V 54V 60V 60V 

√2 ܸ = 80 V  72V 80V 80V 

THD at √2 ܸ = 60 V 10% 12.5% 12.5% 

THD at √2 ܸ = 80 V 8.5% 9% 9% 
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(a) 

 
(b) 

 
(c) 

Fig. 7 Unbalance input conditionሺ√2 ܸ, = 60 V): (a) ac input 
voltage and current in each phase (90% of amplitude in phase A); 

(b) FFT spectrum of ac input current; (c) output voltage ripple. 

C. Two-Phase Operation 
 
In this section, some simulated results show the 300 W of 
three-phase interleaved circuit operating under two-phase 
operation (i.e., one phase circuit fails). Two different input 
voltages (√60 = ,ࢂ V and √80 = ࢞ࢇ,ࢂ V) are 
also applied to the proposed three-phase circuit, shown in 
Fig. 9 and Fig. 10, respectively. The ac input voltages and 
currents of the interleaved three-phase ac-dc converter are 
shown in Fig. 9(a) and Fig. 10(a), and the corresponding 
FFT spectrum of the ac input current are given in Fig. 9(b) 
and Fig. 10(b). According to Fig. 9(b), when √60 = ࢂ 
V, 40 Hz, we obtain 25% of THD at each phase. The dc 
output voltage ripple is shown as Fig. 9(c). The peak-to-
peak voltage ripple is about 90.25 to 93.25 V. In Fig. 
10(b), when √80 = ࢂ V, 60 Hz, we also obtain 10% of 
THD for each phase. The dc output voltage ripple is shown 
as Fig. 10(c). The peak-to-peak voltage ripple is about 81.7 
to 82.5 V. Since each sing-phase converter work 
independently, the HF waveforms will not change in two-
phase operating condition, and they will not be repeated 
here. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Unbalance input conditionሺ√2 ܸ,௫ = 80 V): (a) ac 
input voltage and current in each phase (90% of amplitude in 

phase A); (b) FFT spectrum of ac input current; (c) output 
voltage ripple. 

 
5.  Conclusion 
 
In this paper, a three-phase interleaved ac-dc converter is 
proposed for PMSG-based wind generation system. 
Three identical single-stage dual-tank LCL-type series 
resonant ac-dc converters are connected as the proposed  
three-phase interleaved configuration circuit. The 
proposed interleaved configuration is recommended for 
PMSG based WECS and other ac-to-dc applications. A 
design example and simulation are given to show 
performances of the interleaved configuration for various 
operating conditions. This configuration brings a high 
power factor and low line-current THD at the ac input 
side under the balanced ac input, full-load condition. If 
amplitudes of phases are different or if one or two phase 
inputs fail, the performances of the three-phase 
interleaved configuration are still acceptable even though 
ac input current THD increases from 10% to 24%. This 
converter maintains ZVS for all the switches. Future 
work will concentrate on implementing an experimental 
converter to verify the performance and also to reduce 
the THD further. 
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(a) 

 
(b) 

 
(c) 

Fig. 9 Two-phase operation at √2 ܸ = 60 V, 40 Hz: (a) ac input 
voltage and current in two phases (Phase C fails); (b) FFT 

spectrum of ac input current; (c) output voltage ripple. 
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