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Abstract: The term HF-AC Resonant Link Converters usually denotes a circuit, whose main part is a resonant tank circuit. The main goal of designers
of such circuits is to reach a constant magnitude of output voltage with constant frequency and independence of load conditions. In this paper the
possibility of maintenance of the constant HF-AC voltage on parallel resonant circuits ( frequency 25 kHz) from main supply will be considered. In
the family of AC to HF-AC Resonant Link Converters the proposed circuit is quite new. This goal has been reached by providing the energy from
main supply by using the accordance between the serial and paraliel resonance of the chosen circuit.

Analogna regulacija visokofrekven¢nega AC-AC
resonancnega pretvornika

Kijuéne besede: pretvorniki napetostni, HF-AC AC pretvorniki s povezavo resonanéno, UPS napajalniki brez prekinitve, DC-DC pretvorniki,
modeliranje vezij, analize vezij, metoda toka injiciranega-absorbiranega, modulacija impulzno Sirinska, regulacija analogna, krogi resonanéni,
izkoristki visoki

Povzetek: Pretvorniki. ki so danes v Siroki uporabi, delujejo v stikalnem reZimu ter preklapljajo pri polni napetosti in toku, se pogosto uporabljajo
v mnogih aplikacijah, npr. UPS (viri za neprekinjeno napajanje), v reguliranih elektromotornih pogonih, DC/DC pretvornikih itd. S ciljem eliminacije
nizkofrekvencnih spektralnih komponent v izhodni napetosti sistema UPS, nizkofrekvenénih motenj v momentu elektriénih motorjev in valovitosti
v izhodni napetosti DC/DC pretvornikov, potrebujemo visokofrekvenéni napajaini vir. Tak3en visokofrekvendni vir pa ima zaradi dokaj velikih
frekvenc delovanja znatne stikalne izgube. Problem reSujemo z vpeljavo resonanénih oz. kvaziresonanc¢nih principov delovanja v obstojece
pretvornike. Pri uporabi omenjenega principa so mnogi avtorji prediagali vezja, ki v svojih strukturah vsebujejo dvosmerna stikala. V predlaganem
vezjuresonancnega pretvornika bodo za pretvorbo, ki jo izvede mrezni pretvornik, uporabljena enosmerna stikala. Pretvornik bo deloval s frekvenco
25kHz. Energija bo iz mreznega dela posredovana paraleinemu resonanénemu krogu skozi serijski resonancni pojav. Ob prehodu napetosti in/ali
toka skozi ni¢elno vrednost izklapljamo polprevodnidka stikala v teh pretvornikih. Pretvorniki, zgrajeni na tem principu, se imenujejo “resonanéni
pretvorniki”. S resonanénimi pretvorniki lahko dosezemo izkoristek pretvorbe nad 90%.

1. Introduction

Hard switch converter/inverter technigue with high fre-
quency switch is often utilised for many applications
(UPS, Variable Speed FElectrical Motor Drives, DC-DC
Power Supply ect.). In order to get low harmonics
contains in output voltage for UPS, low harmonics dis-
turbance in torque of Electrical Motor Drive and low
ripple in DC-DC supply units the high frequency is
required. Unfortunately, on the contrary the con-
verter/inverter switching losses increase enormously
with higher frequency. Introducing resonant or quasi-
resonant operation principle into known converters/in-
verters topology represents the possible solution of this
problem. A lot of authors reported about the utility of
such principles in wide at the area of Power Electronics
/1, 2, 3/. The essential idea of our approach to resonant
tank circuit problem is to provide the energy through
serial resonant circuits into parallel resonant tank cir-
cuits in order to maintain the constant value of output
voltage.

2. The novel circuit

The basic scheme for “evolution” of the proposed new
circuits is shown in Fig. 1. The circuit represents a “half

wave” configuration which is known from the rectifier's
theory. Operation of such circuit is not too complicated.
in steady state conditions (the parallel resonant circuits
L1 and Cy operate and provide the energy to the resistor
RL), transistor Q1 should be switched on when the
parallel resonant link voltage crosses zero as shown in
Fig. 5 (not necessary condition). Then L11 with elements
of parallel resonant tank circuits L1 and C1 establishes
serial resonant tank circuits. The current through tran-
sistor Q1 is supposed to be in sinusoidal wave shape.
When the current crosses zero, diode D1 switches off
and transistor Q1 can be switched off as well. The soft
switch operation is evident. ’

. Unidirectional switch

____fﬁﬁml.__/c >t
L1 Qq D1

— Vd L1 C1 RL

Fig. 1: The "half-wave” resonant link converter con-
figuration
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Operation of the circuit from Fig. 2is quite similar. In that
case the conducting losses are lower. In that circuit the
energy is providing from DC supply to paraliel resonant
link in both half periods of AC high frequency voltage.
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! .;;,L'\unidirectional switch
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Fig. 2: The “full-wave” resonant link converter con-
figuration

The 3rd circuit (Fig. 3) has been done like the last step
of “evolution” of the first circuit (Fig. 1) which we would
like to present in this paper. The voltage sources Vd1
and Vdz have been simply replaced by diode bridge and
main supply. The new circuit consists of a diode rectifier,
two serial inductance (L11 and Lgp), two transistors (Q4
and Qg2) and two serial diodes which are not necessary
for circuit operations because their functions can be
taken over by diodes from rectifier bridge.

The converter which in first step operates like DC to HF
Resonant Link Converter, in the last step becomes the
converter which converts Three Phase Main supply into
AC-HF voltage. For tests and operations the voltage of

b

*..“§ unidirectional switch
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Bli==Cy| Ry
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Ly Q D
o g 0, o —

Fig. 3: The AC to HF-AC resonant link converter con-
figuration

HF link, Vout = 1000 Vp-p, frequency, fout = 22 kHz and
Pout = 500 W has been chosen.

3. The start-up procedure

The most convenient way to analyse the start-up behav-
iour is to find out the equivalent circuit from circuit in Fig.
3. It is not difficult to see that the circuit in Fig. 1.
represents that circuit. The circuitin Fig. 1 can be cailed
a DC/(half wave) HF-AC resonant converter, because of
the similarity in structure with AC/DC diode rectifier. The
only difference between these two circuits is in wave
shape of supply voltage. In regard to simplify analysis,
the response of DC voltage will be discussed. The DC
voltage on “+" terminal of diode bridge (Fig. 3) can be
computed from the following equation.

Vg =;V1 0]

The original circuit (Fig. 1) will be described by a set of
equations (2). These equations describe the behaviour
of circuitin Fig. 3 as well. Let us suppose that the voltage
V4 is constant and the step response of the circuit can
be observed. The current responses are shown in Fig.
4.

The response where zero current crossing has been
reached is very interesting because there is any free-
wheeling diode needed which should correspond with
the energy in inductance L11. If the zero crossing con-
dition trough L11 has not been reached there can be a
voltage spike on the transistor Q1 and the circuit can not
operate.

digqy 1

=—(Vy-v
dt Lﬂ( a=ve)
diiy 1

e 2
dt "L, ' )
dip;y, 1

. ) 1
at E‘(‘m =l —’§Vc)

The above system can be solved for two different time
intervals. Equations (3), (4) and (5) represent the solu-
tion of system of equations (2) in time interval (to, t1),

(Fig. 5)

Vg [ Li4 te

L1y = Dog
®osbi1lLig+1lq

t
L11 TARE
m‘e 2RC sm(mostﬂp)}— (3)
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L4 “5RE
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t
Lqq “5RC
Vo = Vy Lo+l [1 —e 2RC cos(wygt +cp)jl

t

g 2RC sin(oggt + @)

+
Wos
and equations (6) and (7) represent the solutions of
system of equations (2) in time interval ({1,t2) (Fig. 5):

t t
ity = Imef?RC cos(ogpt +¢) - VgCogpe 2RC sin(wypt+ o) (6)
t t
——— i o
Vg = Vge RC cos(mopt+cp)+;c—1ce RC sin(oopt +9) (7)
. op

where;

1 Lgls 1

Mo = , by = , Wop = ==
s e N Lusl TP c

_ Zs LN
(p—arctg{ﬂ) Zg = C

If the appropriate value for L11 has been chosen, the
currentiL11 should not exceed the transistor current limit
and the parallel resonant tank circuit gets enough en-
ergy and oscillation starts with its own paraliel resonant
frequency.

The currenti_11 starts to flow when the switch Q1 is ON.
That current has a sinusoidal wave-shape because of
the resonance behaviour of serial resonant tank circuit
(L11//L4, Cy, RL). When current crosses zero the diode
D1 switches OFF the serial resonant tank circuit. The
paraliel resonant tank circuit (L1, C1) relaxes itself on
resistor RL. When the output voltage v crosses zero the
diode D1 becomes switched ON (it has been supposed
that triggering puise on Q1 is present all the time). The
wave-shapes of currents i_11 are shown in Fig. 4.

The values of L11 and L1 have been chosen with inten-
tion that the parallel resonant frequency mustbe 21 kHz,
andthe serial resonant frequency should assure the soft
switching operation in start up procedure.

Fig. 4: The soft start analysis.

The wave forms of iL11 in Fig. 4 which are marked with
“a, b, ¢, and d” enable the soft switching operation with
respect to transistor’s current limitation. In steady state
there are no problems with soft switching operation
because the HF AC link voltage is pregsent. The results
inFig. 4 have been computed by using'SPICE simulator.

4. The energy balance cosideration

Equations (3) to (7) which describe currentiL11, iL1 and
v are very complex. Because of that the design proce-
dure based on energy balance will be described in next
lines.

4.1. The Load Requirements

Let us suppose the load is resistance whose power is
denoted by P. The peak value of the output voltage is

denoted by Vm, the frequency of the output voltage is
fp and the peak value of the current through inductance

L1 is denoted by I,. The energy which will supply the
load for half of period of the output voltage can be
expressed by the next formula;

-
Wigad = PE

(8)

where T = 1/fp.

v

Fig. 5: The waveforms of current and voltage in reso-
nant link converter

That amount of joules has to be stored in parallel reso-
nant tank circuit and in ideal case the energy store in
capacitor is:

We = IVcic = Wicad (9)
0

We can calculate the capacitance C1, by using (4):

0:2%20— (10)

m

The inductance L1 has been calculated by using the
expression:

1

=y 11
4n?Cf? an

Ly
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If the parallel resonant tank circuit has been relaxed (no
power supply is connected on circuit), the resistor RL
would be connected on parallel resonant tank circuit.
The energy which will be dissipated on the load, can be
computed by formula:

T Tsj
B 12
Woiss P(z 5 (12)
At the some time that amount of joules is exactly the
quantity which has to be provided from DC power
supply to parallel resonant tank circuit for each half of
period of the output voltage (Fig. 5) in order to get
constant output voltage on parallel resonant tank circuit.
That yields:
WiN = Woiss (13)
where W_n describes the energy stored in serial equiva-

lent inductance. This energy WiN has been computed
by using the expression:

t

Wiy = j‘VLNiLNdT

0

(14)

For current which will be flown into serial equivalent
resonant tank circuits a sinusoidal wave-shape has
been supposed (Fig. 5). After time t=Tgs/2 the energy
flow has been stooped.

Expressions for inductor current and voltage yield from
next formulas:

N = b Sin(ogt) (15)
VLN = Oshiln COS{wgt) (16)

The equations (15) and (16) have been substituted into
(14) and yields:

72

\NLN:LN% (17)

From eq. (17), the equivalent inductance can be de-
fined:

2WiN

Ly=—= (18)
b
Using (18) we can express the inductance L11:
Latg
= 19
Ly [ -Ln (19)

Such computed values for all elements of circuits (Fig.
3) has to be proofed by equations (3) to (7) in order to
get soft switch behaviour for current iL11. In the case
when the soft switch operation has not been reached, it
is necessary to change the ratio between inductance
L11 and Ly, which means changing of ratio between
energy WiN and We.

10

4.2. The Power Supply Requirements

The above sections show the way of designing the
elements of serial and parallel resonant tank circuit from
load requirements. In many applications the DC power
supply voltage has been forced by mean supply, eq.

(1). On the other hand the peak value of current fm has
been proposed for energy balance consideration.

b = f(Va) (20)

This two facts can not be considered together because
of connection between that two quantities. The expres-
sion (10) has to be found in regard to get a small signal
model of such converter as well /5/.

iD= msin(o)
e

Vo oo Lg% R
o . T l
Fig. 6: The equivalent circuit for injected-absorbed

current method

Let us suppose that the current iL11 and vc have the
wave-shape as shown in Fig. 5. The main current injec-
ted from L11 into parallel resonant tank circuit (L1-C4-R0)
is supposed to be sinusoidal.

1= I’nsm(wost) (21)

where wos is the serial resonant frequency.

On the other hand the derivative of inductance current
iL11 should be described with the next set of equations:

gy _ -1—[vd — Vg sin(wgst)] (22)
t Ly
{ T4 ;
Tdiw - —L—[Vd—vdsin(most)]dt (23)
11
0 0
Which gives us the expression forfm:
w2
= Vgl 1-— (24)
“n 4[.11 d n

The equation (14) connects the supply voltage Vg with

the magnitude of inductance current Tm
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5. The small signal model

According to the classification of analysing methods /5/,
the injected-absorbed-current method belongs to the
class of the simplest linear methods whose validity is
limited to low-frequency, small-signal phenomena. The
basic idea that leads to linearization is the introduction
of the notation of average values of quantities of interest
(usually voltages and currents). Their average values
are determined by averaging over a period (duration T)
of the switching frequency:

1
Gav =7 J At)at (25)

{1

where q represents any quantity of interest and t1 rep-
resents the time at which the averaging process begins.
The averaging eliminates the influence of the exact wave
forms during the period of the switching frequency, on
mathematical relationships among averaged quantities.
The result is a dramatic simplification of mathematical
expressions in the analysis. Fig. 7 shows the switching
cell as a black box.

A . . A I
i Switchig Cell o
Y e i % T ¢R
+ .
2 i1 i iay
Vo = Vn

Fig. 7: The switching cell

Five quantities are marked at it's ports: the input voltage
and current, the output voltage and current and a fifth
quantity x, which is a controlled quantity. Assume now
that the average values of the input current iL11 can be
expressed as functions of the average value x of con-
trolled quantity and the average values of the cell input
voltages. The relations:

LAV = iLAV(X,Vd) (26)
define these functions.

The average value of currentiL11 will be denoted by iLav.
From Fig. 5 and 6 follows the next expression:

Ts2
=2 T 3002
LAV = T o 4L11 T s

DV (1 gj
 Lyq(k+ Do T

(27)

11

In a linear model of the cell, a simple proportional
relation among small quantities exists:

, 3 hav 9 av
diay =5 9D+ Ve (28)

= AdD +BdVy

Coefficients A and B are:

o dav _ Vy (1 gj
T D Lyg(k+ Mg T

i .
B= AV _ D (1—3)
Ng  Lig(k+Toes L

where k = 2Ty/T (fig. 5).

Unfortunately there is no term to connect the small
changing of average value of the input current with the
peak value of the output voltage in eq. (28). An inaccu-
rate method is published in /4/. The more accurate
method requires that the average vaiue of the output
voltage on resonant tank circuit has to be introduced in
analyses procedure. From Fig. 5 the half period average
value of the output voltage can be evaluated:

’ Tsi2 T
T f\?dsin(most)dw f\?msin(mopmp)dt (29)
o Te/2
2Vgb Vin 2 2 2
md M4 2kD +D
n(k+1)+2n(K+1)[ w2 +2k0+ )]

where ¢ =wopTx, is a phase angie.

The total differential of the output average voltage was
calculated by (30):

d Veay dVy + d Veav oV,

dVeav =57y, 2V,
0 Veavy
dD 30
30 (30)
=DdVy +EdV,, +FdD

Where the coefficients D,E, and F are as follows:

oo Meav _ 2Vy
vy | mk+1)
Neay 1 2 2
=B e 14 2k“ +2kD-D
v 27t(k+1)( w2 + )
v 2V, v
F o YCAV d m™ (k+D)

D mk+1) (k+1)

Instead of diferential quantities dx the small perturba-
tions X has been introduced.
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In Fig. 8 the connection between the changing of aver-
age current iLay and it's response - changing of the
output voltage vcav is shown wich means that there is
connection between the small perturbations as well.

The Parallel resonant circuit excited by cur-
rent generator instead of voltage source, se-
rial inductance and semiconductor switch

Fig. 8:

The voltage on the parallel resonance tank circuit is:

~ sL. ~
Veav(s) = ﬂL Lav(s)
sZL11C+s(41~j+1 (31)
R
= Z(s){av(S)
After taking the Laplace transform of eq. (28) and (30)

and eq. (28) into (31), regarding to eliminate T ,, and
Vea » We get the following equation:
(32)

Vi = =[(Ad+BVy)Z (s)~DVy—Fd]

ml_x

Vi (s)

The transfer function -
d(s)

was calculated by using eq.

(32) with presumption that V, =0 , which yields:

FLCs? (L AL ]+1
~ 1 S + = 1
T 1 1R .

B )
&) . 52L1C +SL§1J+1

From eq. (33) the magnitude and phase of the transfer
function can be computed. Fig. 10 (a), (b) show the
magnitude and phase frequency responses.

The control object (Fig. 9) consist of PWM block as well.
A frequency responce of PWM was published in /4/.

From eq. (34) the magnitude and phase of the PWM
transfer function can be computed. The frequency re-
sponse of PWM and of whole object are shown in Fig.
10 (¢},(d) and (e),(f) respectively. A design of control
parameter has been done in frequency domain.

12

d(s) _ K
Uer(S) Vi sT +1 (34)
where K——~cos [ J

5. The experimental results

The experimental results confirm our theoretical model
of the AC to HF-AC Resonant Link Converter where a
control of the peak value of the high frequency output
voltage was achieved. The proposed control scheme is

described in Fig. 9.
Ly % Ci Ve

f
i
sinhronizaion ||

’ OL‘IWJ\—C/D—{>§

[

Liz
mom,o\,_m_

zero |

current
b PWM G crossing
=
%"9951!.( ............. - Voo v
| L i <+—~{sample|
“{controller | sum & .
' -« | hold |

Y3

Fig. 9: The control sheme

The S&H circuit is used instead of the peak detector.
The capacitor current ic has a delay versus voltage vc
exactly 90° el. If the voltage is sampled in that time
instant (when the current ic crosses zero), the peak
value of voltage vc will be measured. That simple phe-
nomena helped, that there are any filter in measuring
circuit. The delay will be one period of the output volt-
age.

6. Conclusion

The main idea which has been discussed in this article
is providing the energy through serial resonant tank
circuit into parallel resonant tank circuit. By substitution
the diode rectifier and main supply instead of DC volt-
age the “new” circuit was introduced. In order to use
snubberless circuit the start up problem has to be
solved by manipulations with values of L11 and L+1. The
main effort has been done at the efficiency analysis and
consequently the efficiency increases up to 92%. There
are no switching losses, but there are core and copper
losses in inductance and conducting losses in transis-
tors and diodes. With introduction of the Injected-Ab-
sorbed-Current method of analysis the linearized
transfer function has been developed for AC to /HF-AC
resonant link converter.
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(b} experiment

(a) simulation results; currents ir11, iL12 and

voltage vc, (b) experimental results ir1,ir 11
(1 Aldiv) and voltage vc (60 V/div), time axis

10 us/div
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|
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Fig 12:

The experimental results: ir, x-axis 100 us/div,

y-axis 0.2 Aldiv, vc, Vp-p=300 V, x-axis 100
us/div, y-axis 20V/div.
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