Electrical Power Quality and Utilisation, Journal Vol. XII, No. 2, 2006

Multiresonant ZVS CUK Converter

Elzbieta SZYCHTA
Technical University of Radom, Poland

Summary: Thearticlepresentspropertiesof multiresonant ZVS Cuk converter. Thecontrol
system of theconverter isbased on PWM technique. Theoperating range of theconverter is
defined whereZV Soperation isassured. Control characteristicsaregiven and theconverter’s
efficiency isdefined. Theconverter’soperation isanalysed on the basisof smulation testing.

1.INTRODUCTION

Demand for resonant circuits converting DC/DC electricity
switched at high operating frequencies is a result of attempts
at great efficiency, minimizing size, and the consequent cost
reduction of converters. Energy efficiency of high-frequency
converters depends mainly on switching processes of
semiconductor components. At turn-on and turn-off, power
losses occur which are a result of current multiplied by voltage
in switched semiconductor elements. At high operating
frequency, parasitic inductances of connections and parasitic
capacitances of transistors and diodes produce resonant
circuits which generate parasitic electromagnetic oscillations.
When the transistor is conducting, impact of rectifying diode’s
parasitic capacitance occurs, and when the reverse diode is
conducting, the transistor’s parasitic capacitance affects the
circuit operation. Topologies of multiresonant converters
(MRCs) enable application of switching technique at zero
voltage of both the transistor and the diode. Switching of
transistor and diode at zero voltage (ZVS) in MRCs allows
for obtaining high operating frequency of the circuit while
maintaining great energy efficiency and minimizing voltage
and current oscillations.

References present basic topologies of ZVS MRCs and
their characteristics [1, 3, 7, 11]. Properties of ZVS Buck MRC
are analysed in [1, 10, 11]. Results of simulation testing for
topologies of Boost and Buck-Boost ZVS MRCs are
presented in references [5, 6].

This article concentrates on ZVS Cuk MRC topology. An
analysis of the circuit’s operation is presented based on
results of simulation testing employing Simplorer software.

2. TOPOLOGY OF ZVS CUK MRC

The structure of ZVS Cuk MRC is shown in Figure 1. High-
inductance reactor L, in series with DC voltage E, provides
constant current /; - to the converter. Reactor at inductance
Ly, equal to inductance L, enforces constant current [y z;
to: capacitor at capacitance Cr and load resistance R in
parallel connection. MOSFET T at resistance Ry when
conducting and output capacitance Cpg is switched at
frequency f. Diode Dyis an integral part of the transistor and
enables bi-directional conducting of current ig. The rectifying
diode D includes a junctin capacitance Cpp.

The converter’s resonant circuit includes: reactor at
inductance L, capacitor at Cgin parallel with the transistor 7,
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and capacitor at Cp, in parallel with diode D. Capacitances Cg
and Cp, in parallel with parasitic capacitances Cpg, Cop,
build equivalent resonant capacitances of the circuit.
Inductance L comprises parasitic inductances of the circuit.
A very high quality factor of the reactor L is assumed, thus,
the impact of reactor’s resistance is ignored. The capacitor at
Cr1is a low-pass filter that limits ripples of output voltage. Cr
is a large energy-transfer capacitor. The circuit in Figure 1,
when PWM control is employed, enables ZVS of transistor '
and diode D.

3. OPERATION OF THE CIRCUIT

In the Cuk MRC (Fig. 1), operating cycle is divided into
five time intervals. Current and voltage waveforms during a
cycle (relative units) based on simulation testing are shown
in Figure 2. Resonant circuits for five time intervals of
operation are presented in Figure 3.

In the first time interval (#) < ¢t < t;) (Fig. 2), at t=¢,
transistor 7 is turned on. Voltages: drain — source transistor
ucs and diode ucp equal zero. In the node 1 (Fig.3a), the
value of i is greater than the supply current /; = const. The
MOSFET sbody diode Dgconductes difference i;—[; - in the
circuit: Dg, L, Cp, D. At ¢=¢; the current i;= I; and Dg
stops conducting. The circuit in Figure 3a is described:

g —ig—i. =0

i =l =ip =0

di
Ld—tL+uCT+uD+uDS=0 (1)
. ducr
I _CT dt

lir—Ce dt R 0

L C,
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E -«tZ%S]-

= D = R
Cos| Cs 4 "' £
oD

LF1 |

Fig. 1. ZVS Cuk MRC
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Fig. 2. Current and voltage waveforms in ZVS Cuk MRC (relative
units)

where:
upg — diode Dg forward voltage,
up — diode D forward voltage.

In the second time interval (#; < ¢ < 3) (Fig. 2), att = ¢,
current ig = 0, the transistor starts to conduct at u¢= 0 (Fig.
3b). During this time interval, /; - occurs in the circuit: E, L,
RrandE, Lg, L, Cy, D. I}y occurs in the circuit: D, (Cr || R),
Lpy. At t=ty, current i;=0, i¢=I; and ip=—I; . In the
interval () < ¢ < t3 ), i; commutates with the current ip,. [
occurs in the circuit: E, Lg, Ry, and [} gy is in circuits: Ly, Cp,
L, Ry, (Crl|R)and L, D ,(Cr || R). At t=t3,ip=0, D stops
conducting. Voltages: ucg and ucp remain zero. The circuit
in Figure 3b is described:

IL=ip=IF =0

ducr

di .
L%+uCT +uUp —igRy =0

du, U

Fig. 3. Resonant circuit of ZVS Cuk MRC a) in the first interval, b) in
the second interval, c¢) in the third interval, d) in the fourth interval,
e) in the fifth interval

In the third time interval (#3 < ¢ < t4) (Fig. 2) the transistor
is still on (Fig. 3c). i; becomes greater than /; iy, which initiates
charging of Cpin the circuit: L, Cy; (Cp+Copp), Ry I1 poceurs
inthe circuit: £, Lp, Ry, and Iy isin: Ly, Cp L, Ry, (CE || R).
At t = t, the transistor is turned off at u~¢=0. The circuit in
Figure 3c is described:

i +icp — I F1 =0
Lr=Cr d R (3)

di .
L(TtL"'UCT —IsRr —Ucp =0
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ducp

iCD =Cp dt
. du, (3)
IL = Cl' d?T

In the fourth time interval (¢4 < ¢ < tg) (Fig. 2), transistor
T and diode D do not conduct (Fig. 3d). At ¢ = #4, transistor
turn-off causes ig to be commutated by i-g. The resonant
current i; is a component of i ~g and occurs in the circuit: Cy,
L, (Cs*+Cpg), (CptCpp). In the time interval (14 < t < t5),
energy accumulated in the inductance L charges capacitors
Cs and Cp. Iy occurs in the circuit: E, Ly, (Cg+Cpyg), and
ILFI occurs in: LFl’ CT, L, (CS+COS)’ (CF}R) At t:ts, iCD:O
and i;=I; ;1. In the time interval (z5 < t < f;), capacitor Cp,
starts to discharge. At ¢ = f, current i; = 0 and icp = I py.
Energy stored in Cg and Cp, forces a change in direction of
the resonant current i;. I; occurs in the circuits: E, Lp,
(Cs+Cpg) and E, L, L, C, (Cp+Cpp)- I Fy s in the circuit:
LFl’ (CD+C0D)’ (CF}R) Att = t7, iCS = 0, iL:]LF and
capacitor Cg starts to discharge. In the time interval (t; = ¢ =
1g), Iy - occurs in the circuit: E, Ly, L, C, (Cp+Cpp). The
resonant circuit i; occurs in the circuit: L, Cp, (Cp+Cpp),
(CS+COS)’ and ILFI isin: LFl 5 D, (CF:R) Att= t8’ Ucp=Up.
The circuit in Figure 3d is described:

lp ~ics =1L =0

i +icp — I g1 =0

lp—Cr d:-;TO_U?O=O

Uct +L(j;—tL—uCS+uD =0
=G & )
ics :Csdl:j%

When the transistor is on, at high quality factor of the circuit,
resonant frequency fp of the circuit R, L, Cp, Cpp is:

1
272, JL(Cp +Cop) (6)

fD_

When the diode D is on, at high quality factor of the circuit,
resonant frequency fg of the circuit R, L, Cg, Cpgis:

fg 1

" 2n, /L(Cs+Cos) ™)

ZVS MRC is characterised by:

| C dUO UO _ fN - 75
LFL ™ MF R
Co = Cp +Cop
i =Cr Acy ) N Cs+Cos
dt
U
g s M="¢" ®
cs = s T
; ducp Rv= ZE
ico =Cp dt S
) 7. = L
uCT+L?j'—tL—uCS—uCD=o 4/ (Cs +Cos)
In the fifth time interval (fg < ¢ < #,() (Fig. 2), att =5,  where:
commutation of i-p and i begins. Diode D is on. Owingto f  — operating frequency,
low value of junction capacitance Cp of D, oscillations of  fy, — operating frequency in relative units,
ip are negligible. Further discharging of capacitor Cgoccurs ~ Cy — ratio of capacitance,
inthe circuit: L, Cpy D, (Cg+Cpg). I poccursinthe circuit: E, M — ratio of voltage conversion (output voltage in relative
Lp, L,Cp, D. Att =t9, where ucg = upg diode Dgis ready to units),
conduct ig. Current i-g of Cgis commutated by igof D¢ (Fig. U, — output voltage of the converter, (I, — load current),
3a). Atz =1, gate pulse to MOSFET initiates the nextcycle =~ Ry — load resistance in relative units,
of converter operation. The circuit in Figure 3e is described: ~ Zg — characteristic impedance [1].
Input power P;,, of the converter is:
I g +ics+i, =0
o (5) Pn=Il*E )
iL=ip =1 =0
where:
I;  — mean value of current supply to the converter.
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Fig. 5. ZVS operation area of Cuk MRC, Cy=2.9, a) Ry=0.5,b) Ry=1

Output power P, of the converter is:

U 2
Poutzlo*UO:?o (10)
Efficiency 5 of the converter is:
Fou
=P (11)

The magnitudes defined by (8 <+ 11) are necessary to
determine control characteristics and efficiency # of the
converter. Owing to complex mathematical apparatus, the
characteristics and the efficiency # can be defined employing
results of simulation testing.

4. SIMULATION TESTING

ZVS Cuk MRC was subject to simulation testing with
Simplorer programme. The simulation circuit in Figure 4
consists of MOSFET IRFP460 transistor (output capacitance

Cps= 870pF) and HFA25TB60 fast recovery diode (junction
capacitance Cyp = 100pF) made by International Rectifier.
The simulation model of Cuk MRC comprises: L =7uH, Cq=
ToF, Cp=23nF, Lp=600uH, Cr= 10uF, R=variable. Resonant
frequencies: fg= 678kHz, fj, = 396kHz. Supply voltage E =
50V DC.

It was assumed that the converter employs ZV'S technique.
ZVS of the transistor is assured when transistor turns on as
Dy is conducting at ug= 0. Transistor is always off when
voltage ucg is approximately zero. Turn-on of diode D is
related to commutation of current i-p, at up = 0. The diode’s
turn-off occurs when i-p =0 and up=0.

PWM technique was employed in the control system.
Variation of operating frequency f and control modulation
ratio S is then possible.

The ratio § is:
ton
P=7
where:
t,, — time, when transistor is on, 1
T — period of transistor operation; T = T

Results of simulation testing of the circuit served to
determine ZVS operation area of the converter: 8 = f (fy), at
Ry =0.5and 1 (Fig. 5). The operation area defines permissible
limites of frequency fy and ratio 8 for which the criteria of
ZVS are fulfilled. Frequency fy reaches its minimum fyiin
and maximum fj,. at 8 constant.

The range of operating frequency fymin = /v = fNmax 15
variable depending on the values of 8 and R. Boundary
frequencies fymin> fymax tend to reduce as 3 rises.

Figure 6 illustrates selected current and voltage waveforms
of ZVS Cuk MRC when /= 400kHz and 8 = 0.65. Transistor is
turned on when diode Dy is conducting, at u-g= 0.

Figure 7 presents control characteristics obtained in
simulation testing: M = f(fy), Ismax/Lo=TN)> Ucsmax”/
E=1{fy), Ucpmax/ E = f(fy) for the frequency range fin =

Sv = fymax and ratio B within the ZVS area of transistor’s
operation (Fig. 5). For Cy=2.9, R)y= 1, in the range 0.59 < f,
< 0.98 (400kHz = f =< 667kHz), the conversion ratio M is
within: 1.93 = M = 0.38, maximum voltage of the transistor
Ucsmae/ E1sintherange: 6.2 = Upgpax / E = 3.0, maximum
voltage of the diode Ucp,,./ E is in the range: 5.5 =
Ucpmax/ E = 1.1, maximum transistor current: 5.44 = I, /
1p=622.

Figure 7 implies that increase of relative frequency fy
causes a drop in: M, and maximum voltages of: the transistor
UCSmax/E and diode UCDmax/E'

Greater resistance Ry increases: M, maximum voltage of
the diode U,/ E, and maximum transistor current I, .../

1. Values of maximum transistor voltage Ucgax / £ remain

unchanged. Two inflexion points of characteristics occur in
the waveforms g,/ Io. The values of Ig../ Iy are
minimum for M = 1, and maximum for M = 0.5. The range of
boundary values of relative frequency fu,;, in control
characteristics tends towards greater values as the value of
Ry increases, and the range of boundary values of relative
frequency fjmax femains unchanged.
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Fig. 6. Simulation current and voltage waveforms in ZVS Cuk MRC, Cy=2.9, R = 14.91Q, Uyp=50.5V, I5=3.4A, f = 400kHz (fy = 0.59),

B=0.65,7=0.89, P;=197W, P, = 175W

Figure 8 illustrates total transistor power losses Pz and
total diode D power losses Pp. Simulation testing results
indicate that Py are negligible (P7< 10W) in the frequency
range 0.62 < fy < 0.9 for Ry = 0,5 and in 0.68 < fy < 0.95
for Ry = 1. The increased resistance R causes higher Py for
the same fy. Operation of 7 causes a major increase of Py at
B> 0.55. Prrise by APr=30W in the range of frequency
variation Afy = 0.15.

Power losses P, of diode D reduce as Ry and fy. grow.
The variation is approximately uniform throughout the

frequency range. The maximum losses Pp, are about (5+7)W.

In the ZVS operation of the converter, when frequencies
Sy reduce, Pyare several times greater than P, at the same 8
and Ry

Both Pyand Pp significantly reduce as operating frequency
of the circuit fpy grows. This results from lower transistor current
igand diode current i, and from decrease of conduction losses
in semiconductor elements in high frequency range. The
resulting analysis indicates that the transistor should be
characterized by the smallest possible resistance Ry.
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Fig. 7. Control characteristics for ZVS Cuk MRC in relative units, Cy=2.9, Ry=0.5, Ry=1; a) conversion ratio M; b) maximum transistor
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Fig. 8. a) Total transistor power losses Py; b) total diode D power losses Pp

Figure 9 shows the output power P,,,,, of ZVS Cuk MRC.
Increased Ry causes a power P,,, increase at the same
frequency fy. For 8 > 0.55, P,,,, grows significantly in low
frequency range.

Figure 10 shows efficiency # of ZVS Cuk MRC. The
converter’s efficiency is within the range 0,86 =7 = 0,92 at
Ry. Greater fy does not alter # significantly at C = const,
Ry = const. For reducing fy, particularly at > 0.55, % drops
slightly as losses Py climb dynamically. Great and constant
can be maintained when f}, is decreasing since output power

P, increases dynamically at the time (Fig. 9).

5. CONCLUSION

On the basis of simulation testing of MRC under analysis,
it can be concluded that:

1.  ZVS Cuk converter provides good conditions of zero-
voltage switching for both the transistor and the diode.
The area of ZVS operation is determined by switching
frequency and ratio of modulation, and depends on load
resistance.

2. Maximum voltages of transistor and diode decrease as
the converter’s operating frequency increases or load
resistance reduces.

3. Energy efficiency of ZVS Cuk MRC is great and depends
primarily on conduction losses in semiconductor
elements.
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Fig. 10. Efficiency 5 of ZVS Cuk MRC, Cy=2.9; a) Ry=0.5;b) Ry =1
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