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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, smaler 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 17 1n M3 high power factor
operation of the resonant converter is presented, but the
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converters are aso useful for single-phase ac-to-dc
applications. The advantages of the three-phase dc-to-dc
resonant converter are given in ¥ and . A three-phase
dc-to-dc resonant converter can be used in high power
applications. It reduces output and input ripples alowing
smal filter components and requires narrow variation in
switching frequency to control the output power. The high
power factor three-phase converter presented in [ is based
on a single-phase dc-to-dc resonant converter, which is
useful for low power applications. In [, 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 ¥1'% 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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Fig.1 (&) Circuit diagram of three-phase ac-to-dc resonant converter
(b) Phasor diagram of the converter at fundamental frequency

current source; and the tuned third harmonic filter draws
excessive fundamental current. In® efficiency is reported
as 85% and THD s reported as 6%. In ' and ! THD is
reported as 4.5% and 12%, respectively. In ™, 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
modul ation 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) . Thus, the proposed converter has al the
advantages of the resonant converter as discussed above
with the additional advantages of a three-phase dc-to-dc
resonant converter . This paper deals with the analysis
and design of the proposed converter. MATLAB
subroutines are devel oped to plot the different design curves.
A design example is outlined aong 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(@) 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 L, , a three-phase diode bridge rectifier, a small

dc link capacitor C,..; 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 Z;,L,,C;,C,

and C, in al three phases. These components in the

three phases have been denoted by subscripts a,b and ¢,
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 C, is
placed on the secondary side of the HF transformer to
include the leakage inductance of the HF transformer into
the resonant inductor L,. Thus, the actual vaue of the
externaly 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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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 (L, ) is designed to remove the six time switching

frequency ripples of the output current, and the capacitor
(C;) 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
L, and capacitor C. 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 180° 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 (w,). 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 al the switches of the HF
inverter is achieved. This reduces the turn-on losses of the
HF inverter. Connecting a small, lossless snubber
capacitor across each switch of the HF inverter can
minimize the turn-off losses. Due to a small snubber
capacitor (C,), the transition period of the IGBTs
compared to the switching period T, is negligible. This
facilitates the HF operation of the inverter.

The input supply current is the instantaneous sum of the
HF injected current (i, 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 m;,
where myis the retio 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 turnson
and off in negative cycle of the input supply voltage at the
rate of frequency modulation index m;,. Fig. 2(a) showsthe
theoretical waveforms of the input supply current (iz),

input diode current (i) and HF injected current (i) in

positive cycle of the supply voltage. The high switching
frequency of the inverter as compared to the supply
frequency resultsin 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 L, 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 L, is greater than the capacitive
reactance of Cj; hence the HF injected current is aso 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 L, decreases

from its positive peak (/,,,) toitsnegative peak (-1 ,;,)
as shown in Fig. 2(b). Thus, in the time period 7,/2,
changein theinjected currentis 2/, ,, and voltage across
L, is held constant a -V,../2, which is approximately

equal to the peak value of the supply voltage. During this

time period 7,/2, the input diode current increases
linearly from zero to its maximum vaue. The

L, releases its energy in the first 7,/4 period and in
thenext T,/4 period it restores energy in the opposite
direction. When L, fully releasesits energy the current

through it becomes zero and the input diode current
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Fig. 2 (a) Operating waveforms (During positive cycle of vj)

Input current (i), diode current (ip;), HF injected current
(iry )- (b) Output phase voltage (v,y) and phase current
(i) Of the HF inverter, Voltage across L,(v,), current
through L, (i, ) in one switching cycle of the HF
inverter

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 L , increases from its negative peak (-1,;) to

its positive peak (/,;), and the input diode current

decreases from its maximum value to zero. During this
period the voltage across L, isheld constant at +V,../2.

The capacitor C; provides dc blocking to the HF injected
current. Hence, the capacitor C; should be sufficiently
large so that voltage across it is held at V,../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 alows full reset of the
diode current, the minimum dc link voltage, V,..; (voltage
across C,..;) must be twice the maximum value of the
supply phase voltage.

2.1 ACinput line current
The balanced three-phase input supply phase voltages
are given by,

ve =V, Snar,vy =V, sin(ax—%),vB :Vmsin(aJH%)

@

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

ip +iy +ip =0 2

It also applies to the derivative of the sum of the
aternative currents. The input supply current is as,

Ip :lL_fR +lrectR' ly :lL_fY +lrectY’ lp :lLfB +lrectB (3)

where i, ,iyy.ip @€ HFE injected currents and

Loctm o6 i,.p € input currents of the three-phase

rectY

diode bridge rectifier. If v;' is the input voltage to the

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

VR VR

IR =" 4
: JX

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 *?. The HF injected current produces HF
modulation of the input voltage to the diode bridge
rectifier. The HF modulated voltage v,' 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 ™. Since the switching
frequency isvery high, asmall L, can filter out the sets of
switching frequency sideband present in the input supply
current dueto v '. Fig. 1(b) shows the phasor diagram of
the ac input side of the converter. The phasor diagram
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includes the ac source voltageV,, the voltage across
supply the inductor 7, , and the fundamental component

Ve Of vp'. The angle o is the phase shift angle

between Vi and Vy,' . Therefore, the fundamental

component of the input line current is given by [,

4
Insp=t2"n e ©)
.]XLS
Therea power transfer to the rectifier,
P = M .sna (6)
XLS

From (5), the magnitude of the fundamental component
of theinput line current and the power factor angle ¢ are

given by,

|| = \/ ((VR —V 4y 'cosa)? + (VRl'Sina)z)/( X1, )2 7
6= tan™ Vi =V 'cOsa
Vel'SN o

Vel Sina

\/VRZ +Vpy'?=2-Vy -Vpy-COSQL

pf =cosp = (8)

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 ¢ can be controlled by

controlling thev,'. 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 (m ="V, (V. 12)).

ect

This results in lineto-line input voltage to the diode
bridge rectifier ' as,

V3
Vitims =—= "M V,ee —(m<10)
LL (rms) 2& t
VV(!C[ = 2 ’ Vm (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 vaue of V.., aso
ensures the proper resetting of the input diode current.

A constant S isdefined as,

V27
=—1" 10
/ 27, (0
From (8) and (10),
2 2 4 2 2
¢§=tan_1 Ve _\/,B Ve =BT X (12)

Pi'XLs

The variation of power factor with respect to input
power for various values of S is studied. These plots are
studied for different values of X;,. Study of these plots
shows that when S #1, a high pf can be obtained at a

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

From (6) and (8), pf in terms of P; and X;, when
Ve =1pu, isgiven by,

Pi 'XLS

] \/2—21/1—13,-2 X2

The variation of pf'with respect to P; for different values
of X, is plotted in Fig. 3(a) using MATLAB. These
graphs suggest that at alower value of X3, input pfis high
and varies between 1 and 0.995 for changes in power 0 to
1 pu. A smaller X;, 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 Xz, and high switching frequency. Fig. 3(b) shows
the variation of the angle a with respect to P, for different
values of X;, From this graph, it is clear that for lower
values of X;,the angle o is very small. That means with a
small value of X;,, V5, 'and v, areamost in phase. Thus,

of (12)

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, L;

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

switching time period (T5),

v,
I — Urect dZT 13
where d isthe duty ratio. Referring to Fig. 2(a) and equation

@, wheni,, , =iy =0,1,p=ip=1,snar teefore

rectR
equation (13) gives,
L=t g, (14)
T 2-1,sSnax

The average three-phase input power over one cycle,

3T 3
P==[vg igd(a)==V, 1, (15)
Ty 2

Substituting 7, in terms of P; and using (9), equation (14)
gives

3 7,7

3V e 3
2P snwt

= . d°T (16)
2 Pysinax

N

Ly

where 7 is efficiency. The variation of L, with respect to
ax shows that L, is lowest at the peak of input voltage.
Loading of the converter has maximum value at the peak
of input supply; hence, design of L, is carried out at the
peak of supply voltage, i.e. at wr = 7/ 2. Hence, from (16),

_3 d°T1q,’

L
1T TR

(17)

Fig. 3(c) and Fig. 3(d) show the variation of L, with the
duty ratio and input supply peak voltage under different
loading conditions. From Fig. 3(c) it can be seen that to
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Fig. 3 (a) Variation of power factor with the per unit input
power for various values of X;, (b) Variation of phase

angle of VRl'(a) with the per unit input power for

various values of X;; (c) Variation of normalised L,
with the duty ratio d (d) Variation of normalised L,
with the normalized input peak voltage 7,

regulate the output voltage with the designed value of L,
theduty 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
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regulate the output voltage with the designed value of L,
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. Thisis
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 ™ and is given by
(19). For n™ harmonics, the HF inverter output current is
represented by equation (20), where 6, is the phase angle
of Z, for the n™ harmonic. The Z,, is the per phase
equivalent load impedance for the HF inverter and it is
given by,

. .1
JnX 5 'J;Xcz

Zseriesn = JnXLl -

1
J=Xc1—
n

. .1
JnXLZ_J;XCZ

1 .1
Zparalleln == j;XCpRac /(Ruc - j;ch)
Zeqn = Zseriesn + Zparalleln (18)

Yy = i %-sin(néj sm( 2”) sinn(a)st) (19)

n=157.... N7 2

where 0 is the pulse width of the gate voltage gpplied to the
HF inverter switching devices and it is given by,
0=(1-d)-2r and @ istheswitching frequency inrad/sec.

) & Ve n5 . (nrx
Linka = ——sin — |-sin — sm(na)t Heqn)
—l5 7. ﬂ|Zcqn 2

(20)

The expressions for other phase voltages and link
currents can be written using (19) and (20), respectively,
with a phase shift of 120°. The Fourier series expressions
for the output line voltages of the HF inverter are written
in (21), using equation (19), as

e 4. no nrw nr) . V4
V= Y —sinl —|-sin| — |.co§ — |-sinn| ot +—
n=15,7..... N7 2 2 6 6

(21)

The other line voltages, v, and v, can be expressed
using (21) with a phase shift of 120° Instantaneous
voltage stresses over the series elements (L,,C;,L,,C5)
of the MSPRC are derived from the expression for the link
current (20), and are given by,

— 2., X . .
Vi = Z M.Sn[ﬁj.sn[ﬂj.co na)xt_aeqn)

n=157...... nﬂ.Zeqn 2 2
— VX .
Ver = Z_ Zrect 2 Cln Sn["§] Sn[ﬂj.co na)st_aeqn)
n=157...... nﬂ-Zeqn 2 2

< Wor Xiocon . (n0) . (nrx
= reet 712 g 7% | g 22 |. co w,t—6,
Vea z 2 2 n eqn)

n=L57...... nrw| Zeqn

Vi2 =Vc2 (22)

where, X,,, X, arethereactances of the series elements,
Lyand Cy, and X, o0 is the equivalent reactance of the

parallel combination of L, and Co.

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 y is the phase angle between the
fundamental component of the HF inverter output phase
voltage and the HF transformer primary winding voltage.

V prim = i ZV’“’sn(n(Sjsn( jsm(na)t 7,)(23)
n=15..... nrw 2 2

The current through the capacitor C, can be derived from
the primary voltage of the transformer and is given by,

icy = 3 hsn("jjsn(zjcos(nwt 7,)

n=15,...... nr- XCpn

(24)

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 L, and C,of the other two
phases can be written using equations (25) to (28).

iym = i 8£pr2 -(1— COS(%)J-COS(}MOSI)

n=1357...10 7

lom = Iy 29

where 7., is the peak value of 7, . . Thisvalue varies over

the cycle of the input supply voltage. The 1,4, isequal to 7,
at the peak of the input supply voltage (Fig 2(a).
Equations (13) and (16) give the value of 1,4, as

2 P, .
Ipr =§n7$n(()t (26)

m

The instantaneous voltages across L, and C; of the HF
current injection branch of phase R are given by,

o 8l X,
Vg = X %[1—cos(%nsin(nwst) (27)

n=135,.... n-r’w
= 81, X
Vor =— X %[l—cos[%nsin(nwst)
n=1,357..... n-7w
(28)

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 (w,/w,) isstudied 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 decreasesin Q.

3.3 Turn off stresses of the switching devices
of the HF inverter
The instantaneous current through the switching device

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

iswitch = ilink - iLf (29)

To determine i, (using (20) and (25)), only the
fundamental component of the link current is used. Since
the converter is operated at above resonance freguency,
the link current lags the respective phase voltage by 6,,.
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
6., on the time axis. Hence, applying the shifting of time
reference theorem to the Fourier series of the HF injected

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

maintained constant throughout the loading conditions,
where d =50%. Hence, 6 =z rad. For leg ‘a of the

HF inverter,
ixwitcha = % -sin ((UX t— Heq )

d - ( (””D
- =--| 1-cos -cos n\w,t -6,
;1:1,3,25:,7...... n?r? 2 ( ' 4 )

when (O<wg<z) ad

when (z < w,t < 27) (30)

11 = Lswitcha Lsa = Lswitcha

Similarly, using equations for the link current and the
HF injected current for phases Y (iswiens) aNd B (igyiiene) CaN
be obtained with the phase shift of 120°.

i53 = iswichb when (O < (Usf < 7[) and i56 = iswitchb when
(n <@, <2m) (31)
is5 = iswitchc when (0 < CUSI < ﬂ') and isZ = iswitchc when

(n <@, <2m) (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 caculated. The turn-on current of S; is
equal to the turn-off current of S,;. Similarly, the turn-on
current of Ss is equa to the turn-off current of Ss and the
turn-on current of Ss isequal to the turn-off current of S,
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Hence, a w =, equations (30) to (32) give the
turn-off stresses of Sy, S; and Ss, respectively. Where as
at w;t =27, equations (30) to (32) give the turn-off
stresses of Sy, Se and Sy, 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 S; can be derived
from equation (30),

2
. =\/21”[’f Vit gin (0,i-0,, )—M] dot

o Zeq
where,
o 81,
M = > %(1—@5 [ﬂj}cos (na)‘,t—é",q)
_ 2 A
n=1,3,5,7.... 17

I Slpeak = \/El Slrms (33)

Similarly, using equations (30) to (32), the rms and the
peak current conducted by the switches S, to Sg 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 isgiven by,
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Switch VA rating =V, - I spear (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, V =115V, 50 Hz

Output DC voltage, ¥, =1000 V/
Output Power , By = 3kW

Resonant frequency , f, =290kHz
Minimum switching frequency , f, = 300kHz
Selecting the following base values,
Viase =V =200V =1 pu, P, = Py =3kW =1 pu
Opase = @, =1 pit, Lo = Pre [Viase =15 4,
Tyase = Ppase / Viase =194, Zyyge =Vipgge / Ty =13.33Q,

Lbase = Zbase/wbase = 73],1,[[‘[, Cbase = :I/(Zbase : wbase) =4117

4.2 Output current and inverter output voltage
Output current, I, = Py /V, =3=0.2 pu
Load Resistance , R; =Vy/Iy =333.33Q2 =25 pu

From (9) and (19) the rms vaue of the fundamental
component of the HF inverter phase

voltage, Vo= QV
V4

rectpu

=0.727 pu

4.3 HF Transformation ratio

o From(22), y ZQV
T

primpu rectpu

=0.727 pu .

e 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,
Vee = (3337)/(24/2) = 369 =1.84 pu .

e Transformation
ratio,N; : N, =n, =0.727:1.84=12:31

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
0. Hence, after studying Fig. 4(a) to 4(e), 0 =18 is
selected. Using the design procedure given in [, the
resonant components values are calculated. The values of

the reactive components of the tank circuit are obtained as,
L, =50.58uH = 6.92 pu,C, = 6.55nF = 0.159pu, L, = 505.8uH = 69.2 pu,
C, =65.5nF =1.89pu,C,, = 0.655nF = 0.0159 pu,C,'= 4.3nF = 0.104 pu.

4.5 Design of feedback branch element
Assuming that the efficiency 7=92% for the

converter, equation (17) gives L, =10.03uH =1.37 pu.

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

carry the maximum input line current safely. Magnetic
components of the proposed converters (including Z; and
L, in the tank circuit, the HF transformer, the filter
inductance L, and the HF current injected inductor L))
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 C, provides dc blocking

for the HF injected current, therefore C, 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%, Viy =V, /2.

rect
C, =1uF isselected.

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

v, =2V (35)
™ 4.n%2-1

The 6" harmonic is
The vaue of the filter inductance is calculated using the
peak-to-peak ripple specification of the output current
(1,-,) asbelow.

where n is a multiple of 2f, .

dominant and its rms value is given by, 7,

%

_2(2v,/35) v, (36)

d — =
60,0, , 10571

p-p

The vaue of the output filter capacitor needed for the
specified peak-to-pesk ripple specification of the output
voltage is calculated as follows. The magnitudes of the
harmonic components of the rectified output current are
given by,

1, =2 37
4nc-1

The sixth harmonic is dominant; the rms value of this
component isgivenby, /,; =2-1,/35. Theoutput filter
capacitance C,, which is required to limit the six times
line frequency () component of the rectifier output

voltage to the ripple specification V,_, is determined by,

c, = 2(21,/35) _ 1, (38)
6oV, 1057z fV,.,

For/, ,=+5%o0of Ilqand V, ,=%10%of V,, L, =
33.68uH, C; =1.03 uF.

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 DSEI 60—-12 4 , and IGBTs HGTG 20N6044D .

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(TMS320F2812) 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.

L, =05mH, C,,., =10uF, L, =S0uH,C, = 6.5nF, L, = 500uH ,

C, =65nF,C,'=4.7nF, L, =10uH,C, =1uF,L, = 33uH ,C, = 2.51F

. 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 3.1% and the efficiency is92% . From
FFT analysis (Fig. 5(d)) it is clear that the amount of fifth
harmonic current is significantly reduced. The line current
THD a 25% load is 11%. From the experimenta
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
rectifiervy' for R-phaseis shown in Fig. 6(a). The output
voltage of the input diode bridge rectifier, i.e. the voltage
across C,.,, isshown in Fig. 6(b). V.., has low frequency
ripples of 300 Hz as C,.., is very small. With the selected
value of L, the phase angle of the fundamental component
of vy' is,a=tan"t(V,, /V)=0.77°. 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, al 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. 6 Experimenta waveforms of input and output voltage
of the input diode bridge rectifier at me 2mg</div.
Voltage: 100 V/div

(©)
: | THD=3.1%
i @ —
[ S U U SUUE DU FUU DURUE SUURE SEDRE DR
DO KK
S NS N AN A e : . T T
[ X iV A X (b)
JN !
- (€
Fig. 7 Experimental waveforms of voltage and current of
. the three-phase HF inverter at full load. Scae:
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Fig. 5 Experimental waveforms of input voltage and input

current at full load. (a) phase R, (b) phase Y, (c) N (T™% Y 7 iy,

phase B. Scale: Time 10 mg/div. Voltage: 100 V/div. [ | Ve ]

Current 5 Amp/div. (d) FFT of Phase R current at f ] j E ] \

full load, Scale X axis: 50 Hz/div. Y axis: Current 2 M 3 =

Amp/div. (€) Waveforms of input currents at 50% E: €)

load, current scale: 2 Amp/div. (f) Waveforms of
input currents at 25% load, current scale: 1 Amp/div
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Fig. 8 Experimental waveforms of voltage and current of
HF current injection inductor L at full load. Scale:
Time 1ug/div., Current 10 Amp/div., Voltage 100
Vl/div. (a) Voltage across L, and current through
Ly (b) Current through L; of PhasesRand Y
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Fig. 9 Experimental waveforms of output voltage and output
current of the converter at full load. Time scale 2
mg/div., Current 1 Amp/div., Voltage 200 V/div

Table 1 Performance of the converter

Percentage of load Full 50% 25%
load load load
Frequency required | 300 kHz | 351 kHz | 372 kHz
THD 3.1% 4.2% 11%
Power factor 0.99 0.99 0.98
Efficiency 0.92 0.93 0.89

6. Conclusion

In this paper, an anaysis 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
ZV'S, 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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