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ABSTRACT 
 

In this paper a three-phase ac-to-dc resonant converter with high input power factor and isolated output is proposed. To 
improve the input power factor of the converter, high frequency current is injected into the input of the three-phase diode 
bridge rectifier. It is injected through an impedance network consisting of a series of L-C branches from the output of the 
high frequency three-phase inverter. A narrow switching frequency variation is required to regulate the output voltage. A 
design example with different design curves is illustrated along with the component ratings. Experimental verification of 
the converter is performed on a prototype of 3 kW, 1000 V output, operating above 300 kHz. Experimental results confirm 
the concept of the proposed converter. Narrow switching frequency variation is required to regulate the output voltage.  
 

Keywords: High frequency current injection, ac-to-dc resonant converter, power factor, zero-voltage switching, voltage 
and current stresses 

 
 

1. Introduction 
 

Resonant converters are now used in many power 
applications. This is because of their higher frequency 
operation, smaller size, lighter weight, reduced 
electromagnetic interference, relatively higher efficiency 
and better dynamic response compared to pulse width 
modulation based converters. Further, by proper design and 
selection of the resonant tank elements, switching losses 
can be reduced drastically [1]-[7]. In [1]-[3], high power factor 
operation of the resonant converter is presented, but the 

converters are also useful for single-phase ac-to-dc 
applications. The advantages of the three-phase dc-to-dc 
resonant converter are given in [4] and [5]. A three-phase 
dc-to-dc resonant converter can be used in high power 
applications. It reduces output and input ripples allowing 
small filter components and requires narrow variation in 
switching frequency to control the output power. The high 
power factor three-phase converter presented in [6] is based 
on a single-phase dc-to-dc resonant converter, which is 
useful for low power applications. In [7], the three-phase 
dc-to-dc resonant converter is used in single-phase applications. 
For high power factor operation of the three-phase converter, 
many schemes such as the active power filter (APF) and third 
harmonic current injection method [8]-[10] are presented. These 
schemes suffer from the following drawbacks: active 
devices in the inverter are hard switched; the load side is 
not isolated from the supply side; they require a line 
synchronized and controllable external third harmonic  
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current source; and the tuned third harmonic filter draws 
excessive fundamental current. In [6] efficiency is reported 
as 85% and THD is reported as 6%. In [8] and [9] THD is 
reported as 4.5% and 12%, respectively. In [11], the power 
factor improvement of the three-phase supply using high 
frequency current injection with a zero-voltage switching 
(ZVS) topology is presented. It has drawbacks such as: it 
is based on a half bridge inverter; to achieve a high 
modulation index, the resonant current must be three times 
the line current. This limits the circuit application to low 
power ranges. 

This paper presents a three-phase ac-to-dc resonant 
converter operated in high power factor mode for high 
voltage dc applications. This configuration is based on the 
high frequency (HF) current injection method. HF current 
is injected into the input of the three-phase input diode 
bridge rectifier, thereby producing HF modulation of the 
rectifier input voltage. It uses a three-phase full-bridge HF 
inverter with a modified series-parallel resonant load 
(MSPRC) [7]. Thus, the proposed converter has all the 
advantages of the resonant converter as discussed above 
with the additional advantages of a three-phase dc-to-dc 
resonant converter [4]. This paper deals with the analysis 
and design of the proposed converter. MATLAB 
subroutines are developed to plot the different design curves. 
A design example is outlined along with the component 
ratings. Experimental results are presented to confirm  

 
the concept and design of the proposed converter. 

 
2. Operation of the Converter  

Fig. 1(a) shows the proposed three-phase ac-to-dc 
resonant converter and Fig. 1(b) shows the phasor diagram 
of the ac input side of the converter. The proposed 
three-phase ac-to-dc resonant converter consists of supply 
inductors sL , a three-phase diode bridge rectifier, a small 

dc link capacitor Crect, a three-phase dc-to-dc modified 
series-parallel resonant converter (MSPRC), and a HF 
current injection network. The MSPRC consists of a 
three-phase HF inverter with a three-phase resonant tank 
circuit followed by a HF transformer, rectifier and load. 
The three-phase resonant tank consists of 2121 ,,, CCLL  

and pC  in all three phases. These components in the 

three phases have been denoted by subscripts ba, and c , 
respectively. Three single-phase HF transformers are used 
to isolate the load from the input supply and to obtain the 
desired level of the output voltage. In Fig. 1(a), the Cp is 
placed on the secondary side of the HF transformer to 
include the leakage inductance of the HF transformer into 
the resonant inductor L1. Thus, the actual value of the 
externally required resonant inductor is reduced in the 
tank circuit. The converter is designed for 1000 V output 
dc application. To reduce the voltage stress, switching and 
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Fig. 1  (a) Circuit diagram of three-phase ac-to-dc resonant converter  
      (b) Phasor diagram of the converter at fundamental frequency 
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conduction loss in the diodes of the output bridge rectifier, 
three single-phase diode-bridge rectifiers are connected in 
series at the output HF transformer. The output filter 
inductor )( dL is designed to remove the six time switching 

frequency ripples of the output current, and the capacitor 
)( dC  is designed to remove the six time supply 

frequency ripples of the output voltage. Hence, the 
filtering requirement is drastically reduced. The HF 
current injection network is comprised of a set of inductor 
Lf and capacitor Cf. HF current is injected from the 
three-phase HF inverter into the input of the three-phase 
diode bridge rectifier. Hence, the frequency of the HF 
injected current is the same as that of the frequency of the 
operation of the HF inverter. The HF inverter is operated 
on a 1800 wide gating control scheme. Hence, at any 
instant, three switches, one from each leg, remain in 
conduction. The MSPRC tank circuit is designed at 
resonance frequency )( rω . Therefore, the inverter line 

current (link current) will be in phase with the 
fundamental component of the output phase voltage. To 
regulate the output voltage and to achieve ZVS, the 
proposed three-phase resonant converter is operated above 
the resonant frequency. Hence, the fundamental 
component of the link current lags behind the phase 
voltage. This causes conduction of the anti-parallel diode 
before the conduction of the semiconductor power device 
(IGBT) of the HF inverter. Therefore, at the instant of 
turn-on of the IGBT, voltage across the IGBT is equal to 
the forward voltage drop across the anti-parallel diode. 
This voltage drop will be negligible. Thus, zero voltage 
switching (ZVS) turn-on of all the switches of the HF 
inverter is achieved. This reduces the turn-on losses of the 
HF inverter. Connecting a small, loss-less snubber 
capacitor across each switch of the HF inverter can 
minimize the turn-off losses. Due to a small snubber 
capacitor (Cn), the transition period of the IGBTs 
compared to the switching period Ts is negligible. This 
facilitates the HF operation of the inverter.   

The input supply current is the instantaneous sum of the 
HF injected current (iLf) and the input current of the input 
diode bridge rectifier. HF current injection produces HF 
modulation of the input voltage of the diode bridge 
rectifier. The HF modulated input voltage of the diode 
bridge rectifier has a sinusoidal PWM pattern. This HF 

PWM pattern of the voltage forces the upper diode on the 
leg of the diode bridge rectifier to turn on and off in 
positive cycle at the rate of frequency modulation index mf, 
where mf is the ratio of the switching frequency of the HF 
inverter to the input supply frequency. Similarly, the lower 
diode on the leg of the input diode bridge rectifier turns on 
and off in negative cycle of the input supply voltage at the 
rate of frequency modulation index mf,. Fig. 2(a) shows the 
theoretical waveforms of the input supply current )( Ri , 

input diode current )( 1Di  and HF injected current )( Lfi in 

positive cycle of the supply voltage. The high switching 
frequency of the inverter as compared to the supply 
frequency results in forceful conduction of the diodes over 
the complete cycle of the input supply voltage including 
valley points. Thus, continuous current conduction mode 
(CCM) of the supply inductor Ls is obtained. Hence, 
inherent improvement of the input power factor can be 
achieved. Due to the HF modulation of the input voltage 
to the input diode bridge rectifier, the input diodes are 
operated in discontinuous current conduction mode. 

The current through the input diode is a triangular 
waveform. In the HF current injection branch the 
inductive reactance of Lf is greater than the capacitive 
reactance of Cf, hence the HF injected current is also a 
triangular waveform. triangular waveform. The main 
power circuit shown in Fig. 1(a) passes through 12 
different modes of operation in one switching cycle of the 
HF inverter.  These modes are defined by the switching 
sequence of the devices of the HF inverter. During the 
positive cycle of the link current (inverter line current), i.e. 
when the upper IGBT on the leg is in conduction, the 
current through the feedback inductance fL decreases 

from its positive peak )( LfpI  to its negative peak )( LfpI−  

as shown in Fig. 2(b). Thus, in the time period 2sT , 

change in the injected current is LfpI2  and voltage across 

fL  is held constant at -Vrect/2, which is approximately 

equal to the peak value of the supply voltage. During this 
time period 2sT , the input diode current increases 
linearly from zero to its maximum value. The 

fL releases its energy in the first 4sT  period and in 

the next 4sT  period it restores energy in the opposite 

direction.  When fL  fully releases its energy the current 

through it becomes zero and the input diode current  
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becomes equal to the supply current. In the negative cycle 
of the link current, i.e. when the lower device on the leg is 
in conduction, the current through the feedback 
inductance fL increases from its negative peak )( LfpI−  to 

its positive peak )( LfpI , and the input diode current 

decreases from its maximum value to zero. During this 
period the voltage across fL  is held constant at +Vrect/2. 

The capacitor Cf   provides dc blocking to the HF injected 
current. Hence, the capacitor Cf should be sufficiently 
large so that voltage across it is held at Vrect/2 throughout 
the switching cycle, which is approximately equal to the 
peak of the supply voltage. 
  The peak values of the HF injected current and diode 
current vary over the cycle of the input supply voltage. 
The peak values depend on the instantaneous value of the 
input supply current. At the peak of the input supply 
voltage, the peak value of the HF injected current is the 
same as peak of the input supply current. For proper 
operation of the converter, which allows full reset of the 
diode current, the minimum dc link voltage, Vrect (voltage 
across Crect) must be twice the maximum value of the 
supply phase voltage. 
 

2.1 AC input line current 
The balanced three-phase input supply phase voltages 

are given by, 

)
3

2sin(),
3

2sin(,sin πωπωω +=−== tVvtVvtVv mBmYmR

                                    (1) 
 

In the absence of a neutral connection to the bridge 
rectifier, the sum of ac currents must be equal to zero at all 
times. 

 
0=++ BYR iii                               (2) 

 
It also applies to the derivative of the sum of the 

alternative currents. The input supply current is as, 
 

rectBLfBBrectYLfYYrectRLfRR iiiiiiiii +=+=+= ,,   (3) 

 
where LfBLfYLfR iii ,, are HF injected currents and 

rectBrectYrectR iii ,, are input currents of the three-phase 

diode bridge rectifier. If  'Rv  is the input voltage to the 

input diode bridge rectifier, then the input current through 
the supply inductor is, 

 

sL

RR
R jX

vv
i

'−
=          (4) 

 
The supply voltages described by (1) contain only the 

fundamental component. Hence, in order for the harmonic 
content in the supply current to exist, the supply must act 
as a short circuit for these harmonic currents. The 
harmonic current components are then solely determined 
by the harmonic voltage of the input voltage to the diode 
bridge rectifier [12]. The HF injected current produces HF 
modulation of the input voltage to the diode bridge 
rectifier. The HF modulated voltage 'Rv  has a HF 

sinusoidal PWM pattern, analogous to a unipolar voltage 
switching scheme. This scheme has the advantage of 
effectively ‘doubling’ the switching frequency as far as 
the harmonics are concerned [13]. Since the switching 
frequency is very high, a small sL can filter out the sets of 

switching frequency sideband present in the input supply 
current due to 'Rv . Fig. 1(b) shows the phasor diagram of 

the ac input side of the converter. The phasor diagram 

Fig. 2 (a) Operating waveforms (During positive cycle of Rv ) 
Input current (iR), diode current (iD1), HF injected current
(iLf ). (b) Output phase voltage (vaN) and phase current
(ilinka) of the HF inverter, Voltage across Lf (vLf), current 
through Lf  (iLf ) in one switching cycle of the HF 
inverter 

(b) (a) 
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includes the ac source voltage RV , the voltage across 

supply the inductor LsV , and the fundamental component 

'1RV of 'Rv . The angle α  is the phase shift angle 

between VR  and '1RV . Therefore, the fundamental 

component of the input line current is given by [13], 
 

Ls

RR
R jX

VV
I

αφ ∠−
=∠

'1
1                  (5) 

 
The real power transfer to the rectifier, 
 

αsin
'1 ⋅

⋅
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Ls
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i X
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From (5), the magnitude of the fundamental component 

of the input line current and the power factor angle φ  are 
given by, 
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From (7) and (8), it is clear that for the given supply 

voltage and the selected source inductor, the magnitude of 
the fundamental component of the input line current and 
the power factor angle φ  can be controlled by 

controlling the 'Rv . To limit the ripples in input line 

current and to obtain high power factor, the converter is 
pulse width modulated at high switching frequency in the 
linear region of modulation index ( )2//( rectp VVm = ). 

This results in line-to-line input voltage to the diode 
bridge rectifier [14] as,  

 

)0.1(
22

3
)( ≤⋅⋅= mVmV rectrmsLL  

mrect VV ⋅= 2                   (9) 

 

Due to the HF current injection, the input diodes are 
operated in discontinuous current mode. The diode current 
is a triangular waveform. The above value of Vrect also 
ensures the proper resetting of the input diode current.  

A constant β  is defined as,  

 

R

R

V
V
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From (8) and (10), 

Lsi

LsiRR
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XPVV
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22422
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The variation of power factor with respect to input 

power for various values of β is studied. These plots are 
studied for different values of XLs. Study of these plots 
shows that when 1≠β , a high pf can be obtained at a 

particular value of Pi and not for any value of Pi.. β =1 
maintains the high pf throughout the loading conditions, 
i.e. at any value of Pi, with a selected value of XLs. 

From (6) and (8), pf in terms of Pi and XLs when 
1=RV pu, is given by,  

 

22122 Lsi

Lsi

XP

XP
pf

⋅−−

⋅
=                 (12) 

 
The variation of pf with respect to Pi for different values 

of XLs, is plotted in Fig. 3(a) using MATLAB. These 
graphs suggest that at a lower value of XLs, input pf is high 
and varies between 1 and 0.995 for changes in power 0 to 
1 pu. A smaller XLs implies a higher switching frequency. 
Hence, a high switching frequency of 300 kHz is selected. 
Hence, high power factor operation is achieved by using a  
small XLs and high switching frequency. Fig. 3(b) shows 
the variation of the angle α with respect to Pi, for different 
values of XLs, From this graph, it is clear that for lower 
values of XLs the angle α is very small. That means with a 
small value of XLs, '1RV and Rv  are almost in phase. Thus, 

with HF current injection and a small source inductor, 
high power factor operation of the converter is achieved.  
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  2.2 HF current injection inductor, Lf 

High power factor operation of the converter depends 
on HF current injection which is, in turn, decided by the 
HF current injection inductor Lf. HF current injection 
increases with a decrease in Lf. In this section the value of 
Lf required to maintain high power factor is decided.  
Equating the volt-second area of the current and voltage 
waveforms )( Lfi and ),( Lfv  shown in Fig. 2(b), over the 

switching time period (Ts), 
 

s
f
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L
VI 2
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⋅=           (13) 

 
where d is the duty ratio. Referring to Fig. 2(a) and equation 

(3), when 01 == DrectR ii , tIiI mRLfP ωsin==  ,therefore, 

equation (13) gives,  
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The average three-phase input power over one cycle, 
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Substituting Im in terms of Pi and using (9), equation (14) 
gives 
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where η is efficiency. The variation of Lf with respect to 
ωt shows that Lf is lowest at the peak of input voltage. 
Loading of the converter has maximum value at the peak 
of input supply; hence, design of Lf is carried out at the 
peak of supply voltage, i.e. at 2/πω =t . Hence, from (16),     
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Fig. 3(c) and Fig. 3(d) show the variation of Lf with the 

duty ratio and input supply peak voltage under different 
loading conditions. From Fig. 3(c) it can be seen that to 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
regulate the output voltage with the designed value of Lf, 

the duty ratio has to be reduced. The variation of the duty 
ratio required is about 40% over the load range of full load 
to 25% of load. Similarly, from Fig. 3(d), it is clear that to 

(a) 

(b) 

(c) 

(d) 

Fig. 3 (a) Variation of power factor with the per unit input 
power for various values of XLs (b) Variation of phase 
angle of '1RV (α) with the per unit input power for 
various values of XLs  (c) Variation of normalised Lf 
with the duty ratio d  (d) Variation of normalised Lf 
with the normalized input peak voltage Vm 
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regulate the output voltage with the designed value of Lf 

under different loading conditions, the input voltage 
should be reduced. Circles on the graphs indicate 
operating points. 

The output voltage of the converter is regulated by 
decreasing the input voltage to the HF transformer. This is 
achieved by increasing the switching frequency of the 
operation of the inverter and keeping the input voltage to 
the converter constant. 
 

3. AC Analysis of the Proposed Circuit 
 

3.1 Expressions of the voltage and current for 
the MSPRC tank 

The output phase voltage of the HF inverter can be 
expressed in terms of a Fourier series [15] and is given by 
(19). For nth harmonics, the HF inverter output current is 
represented by equation (20), where θn is the phase angle 
of Zeq for the nth harmonic. The Zeq is the per phase 
equivalent load impedance for the HF inverter and it is 
given by, 
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where δ  is the pulse width of the gate voltage applied to the 
HF inverter switching devices and it is given by, 

πδ 2)1( ⋅−= d  and ωs is the switching frequency in rad/sec.  
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The expressions for other phase voltages and link 
currents can be written using (19) and (20), respectively, 
with a phase shift of 1200. The Fourier series expressions 
for the output line voltages of the HF inverter are written 
in (21), using equation (19), as 
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The other line voltages, vbc and vca can be expressed 
using (21) with a phase shift of 1200. Instantaneous 
voltage stresses over the series elements ( 2211 ,,, CLCL ) 

of the MSPRC are derived from the expression for the link 
current (20), and are given by, 

 

( )eqns
eqn

nLrect

n
L tnnn

Zn
XV

v θωπδ
π

−⋅⎟
⎠
⎞

⎜
⎝
⎛⋅⎟

⎠
⎞

⎜
⎝
⎛⋅

⋅
= ∑

∞

=

cos
2

sin
2

sin
2 1

......7,5,1
1

( )eqns
eqn

nCrect

n
C tnnn

Zn
XV

v θωπδ
π

−⋅⎟
⎠
⎞

⎜
⎝
⎛⋅⎟

⎠
⎞

⎜
⎝
⎛⋅

⋅
−= ∑

∞

=

cos
2

sin
2

sin
2 1

......7,5,1
1

( )eqns
eqn

nCLrect

n
C tnnn

Zn
XV

v θωπδ
π

−⋅⎟
⎠
⎞

⎜
⎝
⎛⋅⎟

⎠
⎞

⎜
⎝
⎛⋅

⋅
= ∑

∞

=

cos
2

sin
2

sin
2 22

......7,5,1
2

22 CL vv =                                    (22) 
 

where, 11, CL XX  are the reactances of the series elements, 

L1 and C1, and 22CLX  is the equivalent reactance of the 

parallel combination of L2 and C2. 
The instantaneous voltage of the primary winding of the 

HF transformer can be expressed using the expression for 
the output phase voltages of the inverter (19). It is given 
by (23), where γ  is the phase angle between the 
fundamental component of the HF inverter output phase 
voltage and the HF transformer primary winding voltage.  
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The current through the capacitor Cp can be derived from 
the primary voltage of the transformer and is given by, 
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3.2 Expressions of the voltage and current for 
the HF injection network 

The frequency of the link current and the HF injected 
current is the same. In the positive cycle of the link current, 
the HF injected current decreases from its positive peak to 
negative peak and in the negative cycle of the link current, 
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the HF injected current increases from its negative peak to 
positive peak. The instantaneous current through the HF 
current injection branch of the R phase is expressed in 
equation (25), using a Fourier series. Expressions for the 
instantaneous current through the HF current injection 
branch and the voltage across Lf and Cf of the other two 
phases can be written using equations (25) to (28). 
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LfRCfR ii =                 (25) 
 

where ILfp is the peak value of LfRi . This value varies over 

the cycle of the input supply voltage. The ILfp is equal to Im 
at the peak of the input supply voltage (Fig 2(a)). 
Equations (13) and (16) give the value of ILfp as   
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The instantaneous voltages across Lf and Cf  of the HF 
current injection branch of phase R are given by, 
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To find the VA stresses on the reactive elements the 
equations for the link current (20) and the HF injected 
current (25) are used. The total kVA/kW rating of the 
converter is calculated using these VA stresses. The 
variation of kVA/kW with respect to normalized switching 
frequency ( )rs ωω  is studied and plotted in Fig. 4(a) for 

various values of quality factor Q. It shows that kVA/kW 
decreases with an increase in switching frequency. The 
kVA/kW depends on the quality factor Q and it decreases 
with decreases in Q.  

 
3.3 Turn off stresses of the switching devices 

of the HF inverter 
The instantaneous current through the switching device 

(iswitch) of the HF inverter is the instantaneous sum of the 
link current and the HF injected current.  

 

Lflinkswitch iii −=                          (29) 
 

To determine iswitch (using (20) and (25)), only the 
fundamental component of the link current is used. Since 
the converter is operated at above resonance frequency, 
the link current lags the respective phase voltage by θeq. 
As the frequency of the HF injected current and the link 
current become equal, from Fig. 2(b) it is clear that the HF 
injected current also shifts through the same phase angle 
θeq on the time axis. Hence, applying the shifting of time 
reference theorem to the Fourier series of the HF injected 

current, Lfi  is written in (30). The duty ratio d is 

maintained constant throughout the loading conditions, 
where %.50=d Hence, πδ =  rad. For leg ‘a’ of the 
HF inverter, 
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when switchas ii =1 )0( πω ≤≤ ts and switchas ii =4  
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Similarly, using equations for the link current and the 
HF injected current for phases Y (iswitchb) and B (iswitchc) can 
be obtained with the phase shift of 1200. 

 

swichbs ii =3  when )0( πω ≤≤ ts  and switchbs ii =6  when 

)2( πωπ ≤≤ ts                                                (31) 

switchcs ii =5 when )0( πω ≤≤ ts and switchcs ii =2 when

)2( πωπ ≤≤ ts                                       (32) 
 

Due to ZVS, the turn-on stresses of the switching 
device are reduced to zero. Connecting a loss-less snubber 
across the switching devices reduces the turn-off stresses 
of the switching devices. In this section the turn-off 
stresses are also calculated. The turn-on current of S1 is 
equal to the turn-off current of S4. Similarly, the turn-on 
current of S3 is equal to the turn-off current of S6 and the 
turn-on current of S5 is equal to the turn-off current of S2.  
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Hence, at πω =ts , equations (30) to (32) give the 

turn-off stresses of S1, S3 and S5, respectively. Where as 
at πω 2=ts , equations (30) to (32) give the turn-off 
stresses of S4, S6 and S2, respectively. The variation of 
normalized stress with respect to the normalized switching 
frequency is studied for all six switching devices of the 
HF inverter. Turn off stress is reduced by an increase in 
switching frequency or an increase in quality factor Q. 
The turn-off stress is highest at the full load and at the 
peak of the input supply. The variation of the turn-off 
stresses with respect to the normalized switching 
frequency is plotted in Fig. 4(b) for various values of 
quality factor Q. This shows that as the switching 
frequency increases, stress decreases. Similarly, with an 
increasing value of Q, stress decreases. Fig. 4(c) shows the 
variation of the turn-off stress with respect to the output 
power for various values of quality factor Q. It shows a 
decrease in stress with a decrease in output-power at 
resonance frequency.  
 

3.4 Calculation of the switch peak current 
The rms current through the switch S1 can be derived 

from equation (30),  
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rmsSpeakS II 11 2=                  (33) 
 

Similarly, using equations (30) to (32), the rms and the 
peak current conducted by the switches S2 to S6 can be 
derived. The peak value of the HF injected current varies 
over the time period of the input supply. It has maximum 
value at the peak of the input supply. Variation of the 
normalized switch peak current with respect to the 
normalized switching frequency at the peak of the input 
supply is studied and plotted in Fig. 4(d) for various 
values of the quality factor Q and at full load. The switch 
peak current reduces with an increase in switching 
frequency or quality factor Q. 

This suggests selection of a higher value of the quality 
factor to reduce the switch peak current. The volt-ampere 
rating of the switch is given by, 

 

 

(b) 

(c) 

(d) 

(a) 

(e) 

Fig. 4  Design curves (a) plot of kVA/kW against normalised
switching frequency (Ys) (b) Variation of turn-off stress of S1

with Ys (c) Variation of turn-off stress of S1 with the Po (d) 
Variation of iswitchp of S1 with Ys (e) Variation of Ys required to 
regulate the Vo under different loading conditions
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Speakrect IVratingVASwitch ⋅=                (34) 
 

The design curves plotted in this section give guidelines 
for designing MSPRC components, HF current injection 
network components and for selecting switching devices 
of the HF inverter. 

 

4. Design of the Converter  
 

In this section the design of the proposed three-phase 
ac-to-dc resonant converter operating in high power factor 
mode for a high-voltage dc application is outlined. The 
specifications of the proposed converter are as follows: 
 

4.1 Specifications of the three-phase ac-to-dc   
resonant converter  

The ac input phase voltage 115, =V V, 50 Hz  

Output DC voltage VV 1000, 0 =  

Output Power 3, 0 =P kW 

Resonant frequency 290, =rf kHz 

Minimum switching frequency 300, =sf kHz 
Selecting the following base values; 

pukWPPpuVVV baseLLbase 13,1200 0 ====≅=
,15,1 AVPIpu basebasebaserbase ==== ωω

,33.13,15 Ω==== basebasebasebasebasebase IVZAVPI   

17.41)(1,31.7 =⋅=== basebasebasebasebasebase ZCHZL ωµω
 

4.2 Output current and inverter output voltage 
Output current, puVPI o 2.0300 ===  

Load Resistance puIVRL 2533.333, 00 =Ω== . 
From (9) and (19) the rms value of the fundamental 
component of the HF inverter phase 

voltage, puVV rectpurms 727.02
1 ==

π
 

 
4.3  HF Transformation ratio 

• From (22), puVV rectpuprimpu 727.02 ==
π

. 

• To obtain the output voltage of 1000 V, the average 
output voltage of each single–phase diode bridge 
rectifier should be 333.33 V. The rms value of the 
voltage at the input terminal of single-phase HF diode 
bridge rectifier, i.e. at the secondary of the HF 

transformer, is required to be, 
puV 84.1369)22()333(sec === π . 

• Transformation 
ratio 31:1284.1:727.0:, 21 ≈== tnNN  
 

4.4 Design of the MSPRC tank circuit  
  The output voltage of the converter is regulated by the 
variable frequency control (fixed duty ratio) method 
keeping the input voltage constant. Fig. 4(e) shows the 
variation in switching frequency required to regulate the 
output voltage for various values of quality factor Q. It 
reveals that a narrow variation in switching frequency is 
required to regulate the output voltage for lower values of 
Q. Hence, after studying Fig. 4(a) to 4(e), Q =1.8 is 
selected. Using the design procedure given in [7], the 
resonant components values are calculated. The values of 
the reactive components of the tank circuit are obtained as, 

.104.03.4',0159.0655.0,59.15.65
,2.698.505,159.055.6,92.658.50

2

211

punFCpunFCpunFC
puHLpunFCpuHL

pp ======
====== µµ  

 

 4.5 Design of feedback branch element 
Assuming that the efficiency %92=η  for the 

converter, equation (17) gives .37.103.10 puHL f == µ  

At the peak of the input supply voltage, the peak of the 
injected current is equal to the maximum input line 
current )( mI . Hence, fL  should be designed so that it will 

carry the maximum input line current safely. Magnetic 
components of the proposed converters (including L1 and 
L2 in the tank circuit, the HF transformer, the filter 
inductance Ld and the HF current injected inductor Lf) 
need to be designed to minimize the core and winding 
losses. The ferrite materials provide very high volume 
resistivity, which minimizes the eddy current losses. 
Hence, the ferrite cores are selected. To reduce the copper 
loss in winding at high frequency due to the skin effect, 
litz wire is used. The capacitor fC  provides dc blocking 

for the HF injected current, therefore fC  should be 

sufficiently large enough so that it has a constant voltage 
over the switching cycle depending upon the duty ratio. 
Since the duty ratio is maintained at 50%, 2/rectCf VV = . 

FC f µ1= is selected. 

 

4.6  Design of the output filter components     
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The output dc voltage of the converter has harmonics. 
This voltage has a ripple frequency six times the minimum 
inverter switching frequency. The rms value of each 
harmonic is given by, 

 

14
2

2
0

−⋅
⋅

=
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V
V rn

                         (35) 

 

where n  is a multiple of sf2 . The 6th harmonic is 

dominant and its rms value is given by, 352 03 VVr ⋅= . 

The value of the filter inductance is calculated using the 
peak-to-peak ripple specification of the output current 

)( ppI −  as below. 
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  The value of the output filter capacitor needed for the 
specified peak-to-peak ripple specification of the output 
voltage is calculated as follows. The magnitudes of the 
harmonic components of the rectified output current are 
given by, 
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The sixth harmonic is dominant; the rms value of this 
component is given by 352, 03 II r ⋅= .  The output filter 

capacitance ,dC which is required to limit the six times 

line frequency )( f  component of the rectifier output 

voltage to the ripple specification ppV − is determined by,  
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For %5±=− ppI of 0I and %10±=− ppV of Vo, Ld = 

33.68µH, Cd  = 1.03 µF. 
 

5. Results  
 

In this section, the experimental results of the 3 kW, 
1000 V laboratory set up of the three-phase ac-to-dc 
resonant converter are presented. To verify the theoretical 
performance and design procedure of the converter, the 
circuit is simulated using ‘PSIM’. The operating 
waveforms shown in Fig. 2 are studied and verified at the 

peak as well as at the valley point of the supply voltage. 
An experimental prototype is fabricated, using HF 
diodes ADSEI 1260 − , and IGBTs DANHGTG 46020 . 

The resonant magnetic components, feedback inductor, 
and output filter inductor are built using a ferrite core and 
litz wire. The output voltage of the converter is regulated 
by varying the frequency of the HF inverter. A 
DSP )2812320( FTMS  program is developed to control 

the switching frequency of the three-phase HF inverter. 
For the experimental prototype, the following actual 
values of components are selected. 

FCHLFCHLnFCnFC
HLnFCHLFCmHL

ddffp

rects

µµµµ
µµµ

5.2,33,1,10,7.4',65
,500,5.6,50,10,5.0

2

211

======
=====

 

.  Fig. 5 shows the waveforms of the input voltage, input 
current at full load, %50  load and %25  load. The line 
current total harmonic distortion (THD) is studied. The 
full load THD is %1.3  and the efficiency is %92 . From 
FFT analysis (Fig. 5(d)) it is clear that the amount of fifth 
harmonic current is significantly reduced. The line current 
THD at %25 load is %.11  From the experimental 
waveforms it can be seen that the proposed converter has 
high power factor throughout the loading conditions. The 
HF modulated input voltage of the diode bridge 
rectifier 'Rv  for R-phase is shown in Fig. 6(a). The output 
voltage of the input diode bridge rectifier, i.e. the voltage 
across Crect, is shown in Fig. 6(b).  Vrect has low frequency 
ripples of 300 Hz as Crect is very small. With the selected 
value of Ls, the phase angle of the fundamental component 
of 'Rv  is, 01 77.0)(tan == −

RLs VVα . The instantaneous 
voltage and current waveforms for the HF full bridge 
inverter at full load condition are shown in Fig. 7. Here, 
the instantaneous values of the phase voltages along with 
the link currents are shown. Fig. 7(b) shows the ZVS 
operation of the converter. 

From these waveforms, it can be noted that at the 
instant of turn-on of the switch, the voltage across the 
switch is almost equal to zero. Therefore, all the switching 
devices are turned-on with ZVS. This eliminates the 
turn-on losses. Fig. 8 gives the experimentally obtained 
current and voltage across the HF current injection 
inductor. It was observed that the switch peak current and 
injected current decreased with the load maintaining high 
partial load efficiency. The output voltage and current are 
shown in Fig. 9. 

Table 1 shows the performance characteristics converter. 
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Fig. 5  Experimental waveforms of input voltage and input
current at full load. (a) phase R, (b) phase Y, (c)
phase B. Scale: Time 10 ms/div. Voltage: 100 V/div.
Current 5 Amp/div. (d) FFT of Phase R current at
full load, Scale X axis: 50 Hz/div. Y axis: Current 2
Amp/div. (e) Waveforms of input currents at 50%
load, current scale: 2 Amp/div. (f) Waveforms of
input currents at 25% load, current scale: 1 Amp/div 

(a)

(b)

(c)

(e)

 
(d)

(f)

(a) 

(b)

Fig. 6  Experimental waveforms of input and output voltage 
of the input diode bridge rectifier at me 2ms/div.
Voltage: 100 V/div 

 (a)

(b)

Fig. 7  Experimental waveforms of voltage and current of 
the three-phase HF inverter at full load. Scale: 
Time 1µs/div. (a) Output phase voltage and link 
current of three phases a, b, c Voltage: 100V/div., 
Current 10 Amp/div.  (b) Voltage across switch 
S1 and current through S1, Voltage: 200V/div. 
Current 10 Amp/div 

(a)
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6. Conclusion 

 

In this paper, an analysis of a three-phase ac-to-dc 
resonant converter with high input power factor and 
isolated output is presented. To improve the input power 
factor of the converter, high frequency current is injected 
into the input of the diode bridge rectifier. The operation 
of the converter is analyzed. To study the relationship and 
variation of the parameters, MATLAB subroutines are 
developed and different design curves are plotted. The 
design example is summarized along with the component 
ratings. 

Since the high frequency switches are turned on under 
ZVS, the converter has less losses and high efficiency. To 
reduce voltage stresses and switching and conduction 
losses in the diodes of the output bridge rectifier, three 
single-phase diode bridge rectifiers are connected in series 
at the output HF transformer. The concept presented in the 
paper is verified by simulation using the ‘PSIM’ package. 
Finally, to verify the theoretical and simulated 
performance of the converter, experimental results from 
laboratory tests on a prototype of 3 kW, 1000V output, 
operating above 300 kHz are provided. The input currents 
of the converter have practically sinusoidal waveforms for 
large variations of the load resistor. The proposed 
three-phase ac-to-dc resonant converter requires narrow 
variation in switching frequency to regulate the output 
voltage from full load to 25% load.  
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