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ABSTRACT

The objective o this thesis is to study the basic resonant converter topologies for
switching power supplies and to compare their performance under different operating
conditions. The series and parallel resonant converters are analyzed in detail. The
analysis uses the state plane method, which gives a good insight of the operation of
the converter. It is found that these converters have more desirable characteristics
when operated at a frequency above the resonant frequency rather than below it.

Analytical results are verified by simulation and experiment.




[. INTRODUCTION

1.1 Background

During recent years, resonant converters have gained renewed interest due to their
advantages o higher efficiency, smaller size and weight for passive components and
lesser EMI problems over the conventional PWM switching converters. Though they
had been present for a long time, their applications were limited until the advent of
high speed, low cost, controllable, power semiconductor switches. Nowadays, resonant
converters arc widely used for switching power supplies, AC motor drives and various
other applications. It iswidely perceived as the best candidate for the next generation
of power converters.

To bring out the advantages of resonant mode power conversion, some o the prob-
lems associated with conventional hard switched PWM converters will be cliscussed

first.

1. The switches are required to turn on or turn off the entire load current during
each state transition. Thus the switches are subjected to high switching stresses
and results in significant switching lossesin the converter. Since switching losses
increases linearly with the switching frequency, it constitutes the major portion

of the lossesin a high frequency PWM converter.

2. When swit ching losses imposes an upper bound on the switching frequency that
can he used, a further reduction in the size and weight of the transformer or

the filter components is not possible.

3. Theswitches are required to have high di/dt and dv/dt capabilitiesto make the

switching transitions fast so that switching losses are kept at a minimum. But




these fast transitions in voltage and current produce electromagnetic interfer-

ence.

Tlie basic strategy of resonant converters is to eliminate or reduce significantly
the switching losses in the converter. This is achieved by making either the current
through the switch or the voltage across it zero at the time when the switch changes
state. Switching stresses as well as EMI problems arc also rednced so that very high
switching frequencies are possible. Resonant converters achievethe above advantages
at tliepenalty of higher on-state currents and off-state voltages for the power switches.
Also the methods of control are more complex compared to that of PWM converters.

Resonant converters can he broadly classified as

1. Load resonant converters. These are referred to as simply resonant converters.
Heretheload isa part of theresonant circuit so that either it carriesthe resonant
current or the resonant capacitor's voltage appears across it. The power flow
to tlie load is controlled by the converter switching frequency in comparison to

the resonant frequency of the LC tank.

2. Quasi-tesonant converters. These arc also called resonant switch converters.
Here L.C resonance is used only to shape the switch voltage and current to

provide either a zero-voltage or a zero-current switching.

3. Resonant DC-link converters. These are typically used in conjunction with DC-
AC inverters in AC drives. Here, LC resonance is utilized to make the DC
voltage oscillate around some DC value so that it has a zero crossing during

which the status of the inverter switches can he changed.

1.2 Purpose o Study

In this thesis we will be studying only load resonant converters. As mentioned he-
lore. resonant converters are widely used in high frequency switching power supplies.

Although operation of converters below resonance had been well studied [L.IK86] their




operation above resonance has attracted much less attention. This thesis also makes
a comparative study of the operation of basic resonant topologies above and below
resonance. The feasibility of operating the converter above resonance is investigated.

The state plane method is employed as the basic analysis tool. While timedomain
rncthods are equally applicable, state plane diagram gives a better insight of the con-
verter operation. It can clearly portray the steady state as well as transient operation
ol resonant converters. The anomalous sequences of conduction often encountered
i practical systems can he well explained with the state plane diagram. Since the
state plane directly indicates the resonant tank energy level at which the system is
operating, the ability of a controller to keep tank energy level within hounds under
transient contlitions can be easily evaluated with this method.

It must be notetl that there are several nonconventional topologies achieving spe-
cific advantages. Most of them need special treatnient from an analysis point of view.
Here instead, an analysis of the generic converter topologies is done which can he

extended to various derived topologies.

1.3 OQutline of Thesis

This thesis contains five chapters. In Chapter 2, operation o the series resonant,
converter above and below resonance is analyzed in detail. Simulation as wel as
experiimental results are provided for frequency of operation above resonance.

Chapter 3 discusses the parallel resonant converter, which is a more popular reso-
nant topology. Chapter 4 givesa short account of the series parallel resonant converter
which is actually a modification of the parallel resonant converter. It combines the
advantages of both series and parallel resonant, converters while eliminating many
of their disadvaniages. Hence it is regarded as an optimum converter topology. A
discussion of the control o resonant converters is also included at the end o the
chapter.

Chapter 5 summarizes the conclusious obtained from this study.




2. SERIES RESONANT CONVERTER

2.1 Circuit Operation

A conventional lialf-bridge series resonant converter(SRC') circuit is shown in
Fig. 2.1. The parallel combination of' a transistor and a diode form a bidirectional
switch which operates at a fifty percent duty ratio to generate a symmetrical square
wave voltage across the resonant circuit. The resonant current is coupled to the
output circuit through the full wave rectifier. The output capacitor 'y serves as a
constant voltage sink under steady state and is chosen to be much larger than the
resonant capacitor C. A transformer can be included for a desired output voltage
as well as input-output isotation. In the following analysis it is assumed that the

converter is operating in the continuous conduction mode.

2.2 Operation Above Resonance

In this mode of operation the power switches turn off at a finite current but they
turn on at, zero current and zero voltage. The diodes turn off naturally. Hence there
are turn off losses only for the power switches. The following assumptions are made

in the analysis.

1. Thereareno lossesin theconverter. The tank circuit is assumed to have infinite

quality factor Q.
2. All switches have zero resistance when on.
3. All diodes have zero forward resistance and infinite reverse resistance.

4. The output filter time constant is much longer than the time constant of the

resonant circuit. Thus the output voltage may be considered constant.
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Figure 2.1 Conventional SRC circuit diagram




5. The switches turn off instantaneously.
6. Only fundamental waveforms are used in the analysis.

"The operation of the converter over one switching period can be divided into four
intervals based on the device being conclucting, i.e., @, D2, Q2 or D,. Inthefollowing
section these circuit modes and the governing equations will be derived.

Mode 1 ({; <t <t,)

Assume @, is turned on at this time. Then D,,Q, and D, are off. The circuit can
he reduced as the one shown in Fig. 2.2 (a). The governing equations o this circuit

mode arc given by

dy(t) Ve —ve(t)— Vg

)T = 7 [2.1]
el - L) [2.2]

Since it is much easier 1o work with normalized quantities, we will use the following

normalization factors.

"/?)ase = ‘/_vg ]bu.se = ‘;/ZO fhuse = fO = 1/27T \% LC

where Zy = /L /C is the characteristic impedance of the resonant circuit and fy is

the resonant frequency. Using these normalized quantities in the above equations,

di;;llft) = wo {1 — vp(t) — Vo) [2.3]
dv,.(t o
‘Tt() = wo dw(t) [2.4]

where wy is the resonant frequency in rad/sec. By combining 2.3 and 2.4 we get

din[ . (] — Upe — ‘/TLO)

dvnc Inl

[2.5]

Mode 2 (1, <t <ty)

In this mode switch ), isforced to turn off at ¢;. Since the resonant current 7,(¢) is




positive it flows through D, while ),Q); and D, are off. The equivalent circuit for

this mode is shown in Fig. 2.2 (b). The corresponding normalized equations arc

L (t
”dlt( )~ (=1 — ve(t) — Vio) [2.6]
dvne(t) [2.7]

= wo tu(t)

dt

By combining 2.6 and 2.7 we get

di,, -1 - v, — Vi

e , 0) [2.3]
dvy,. tnl

Mode 3 (1, <t < i3)

At time 1o, D, 1s turned of naturally since the inductor current becomes zero.

Now (J, turns on at zero voltage since it is gated as soon as D, starts conduct-

ing. Dy,Q1,and D, arc held off. The circuit can be reduced as the M; mode circuit

shown in Fig. 2.2(c). The corresponding normalized equations are

di(t g i
dlf( ) = wy (—1 —_— l"n(;(t) + "/17.0) [29]
dvnc(t) = w inl(t) [210]
dt

By combining 2.9 and 2.10 we get
dinl _ (_1 — Une + v’nO) [2 11]

dvnc tni

Mode 4 (tz | ¢ 1 14
At time t3, ), is force commutated. Sincethe inductor current is negative, it isforced
to flow through D,. While Dy is conducting D,,@1,and Q4 are off. The circuit can be

reduced as the M, mode circuit shown in Fig. 2.2 (d). The corresponding normalized

equations are

i (1 / ,
(hd‘t( )~ (1 = vne(t) + Vio) [2.12]
donct) ia(l) [2.13]

dt
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Figure 2.2 Four modes in the operation of SRC




By combining 2.12 and 2.13 we get
(ﬁnl . (1 — Upe + ‘IHO]

dvnc inl

[2.14]

This process repeats for each switching period. For the steady state analysis o the
converter the equivalent circuit shown in Fig. 2.2 (c) can be used. The driving source
is V,s(t) and the voltage sink is Vj(t) where s(t) is a 50% duty cycle square wave
of amplitude unity and period equal to 7T,. Vi(t) whose sign is determined by the
direction of the resonant current ¢;(¢) has the value of the output voltage V5. Typical

steacly slate voltage and current waveforms for the tank circuit are shown in Fig. 2.3.

2.2.1 Sate Plane Analysis

The steady state response of SRC can be described by means of the v—i trajectory
in the state plane. If the resonant circuit is lossless, the v-i trajectory is a closecl
contour consisting of sections of circular arcs. The centers of these circular arcs are
{lie siugular points or equilibrium points of the differential equations describing the
particular mode. At the singular points

dznl(f) — 0 and dvn(‘(t] -0
dt dt

and the solution of 2.3 and 2.4 is not unique.

Integrating both sides of 2.5,
2+ (vne = (1 = Vag))? = &2 [2.15)
where k? is a constant which can be obtained by evaluating 2.15 at t = #o. Thus
B = (=Vaemar — (1 = Vao))?
= (Viemar +1 = Vio)? [2.16)

Similarly by solving 2.8, 2.11 and 214 a set of normalized state plane equations

describing the complete v-i trajectory over one switching period can be obtained.

24 (e — (1 = Vio))2 = VA, to <t<t [2.17]

n
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Figure 2.3 Steady state waveforms in continuous conduction mode
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tot F (Une = (=1 = Voo))* = Vi i<t <to+T,/2  [2.18]
top 4 (Une — (=14 Vo)) = Vi fo+T/2<t <ty  [2.19]
24 (vne — (1 4+ Vio))? = VA, ts <1t <o+ T, [2.20]
where
‘/;u’\ll = {ILA'IB = V:rz,rmuz + 1= V;LO [22]]
'/an'Z = "rnhfcl = ‘/ncmaa; + 1+ "{nO [222]

and Vyemar isthe normalized absolute value of the resonant capacitor voltage at. zero
resonant cuwrrent. Equations 2.17 through 2.18 can he represented by a state plane
diagram and il is shown in Fig. 2.3. The conduction angle of diode D; and D, is

a while that of @), and (), is 3. The singular point for each circuit mode can he

obtained from equations 2.17 through 2.18 as

M, : [(1 - Vi),0]
M, : [(—1 = Vy),0]
My o [(—1+4 V,),0]
My ¢ [(14 Vi).0]
The state transition of the SRC is in the arrow direction shown in Fig. 2.4 as time

proceeds. Thesum d « and /, defined as the parameter -y, can be used to describe the

ratio of the resonant frequency fy to the switching frequency [, of the converter,that

T, s
° 2 fS/fO

I'rom the stale plane diagram shown in Fig. 2.4 it is easy to see that
Viara = Vaan + 2V [2.24]
and from A PQR

Van +Vian +2VaanVama cos(y) = 4 [2.25]
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Figure 2.4 SRC state plane diagram for f; > fy




By solving 2.24 and 2.25, Va1 can be obtained in terms of voltage gain V,,o and

switching frequency ratio y

1 — V2 sin®(y/2
i = J oS (y/2) [2.26]

cos2(1/2)
Then Va2 can be obtained from equation 2.24. In order lo find the switching
boundary we can substitute t = ¢; into 2.17 and 2.18 which yields
2(11) + [oeltt) = (1 = Vo) = VA, 2.27)
Tna(t) + [one(ty) + (1 4+ Vao)]? = Vi, [2.28]
The switching boundary then can beobtained by solving 2.27 and 2.28. Thesolutions
are given by
"l"vz,c(tlj" = "/TLO (‘/an -1+ "/710) [229]

Fa(t)] = (1= VA (Vaars + Vio)? — 1] [2.30]

Once the above information is obtained we can move into the next section to deri ve

the control characteristics.
2.2.2 Control Characteristics

The control characteristics of the converter are very important in converter design.
If any two of the variables among converter gain M (which is the same as V},),
switching frequency ratio ¥ and output load Q are specified. the third variable can
be determined. From this the variation in voltage gain and switching frequency due
to load changes can be easily inferred. The normalized output DC current 7,4 can be

found as

[nO = 2(InQ+InD)
2 tq to+T:/2 .
- _(/imﬂﬁ+ zMUﬂ)
Ts to tq

DAV
-)" nemar

= Zremer [2.31]
S
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where I,o and I,p are the normalized average currents in one switching transistor
and one of the output diodes respectively. The output DC voltage is related to the

output DC current [)?-
Vo = Rolo [2.32]
The above equation upon normalizing becomes
Vio = Lo/Q [2.33]

where () = Zy/R. Thus the voltage gain and the normalized average output power
which is V)¢ 7,5 can he expressed as

2 ‘/7LC7TL ar

M = [2.34]
7Q
4an20ma,.r
Pw = W [2.35]
where
V:IL(‘TR!II =—-14+ M + ‘/;Lﬂl] [236]
Thus equation 2.34 can be written as
2(—=14+ M + Vpa
Q = (=14+ M + Vian) [2.37]

v M

Substituting for V,,ary from 2.26 and after a few steps of manmipulation we obtain
aM?* +0M+¢ = 0 [2.38]
where

a = ~*Q%cos® (v /2) +4sin’(y/2)
b = 47Qcos’ (7/2)

c = 4(cos?(y/2)-1)

By solving for M in equation 2.38 the control characteristics of the converter can he
obtained and isplolted in Fig. 2.5for different output load Q. From the characteristics
it can be seen that for high values of the switching frequency the converter gain is

rather independent of the load.
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2.2.3 Component Stresses

Based on the state plane diagram and the operating conditions of the converter
the coinponent stresses can be derived analytically. The norimalized average switch

current can he calculated as

L7 ,
InQ = ;)_ﬁ)/ /(; “‘;L}Wlszﬁ‘n'(w()t) d((.UDt) [239]

which when evaluated and simplified reduces to

Vn cmnar

Similarly the normalized average current in cach diode is

1 pots .
lL.p = -—/ Vaamzsin(y — wot )d(wot) [2.41]
2‘)’ ;3
‘/,Tl cmaxr
= - (1 — M) [2.42]
2

The peak resonant capacitor voltage can be obtained from equation 2.21 as
‘/ncmar = ‘/an -1+ ‘/no [243]
Note that from Fig. 2.4 the peak inductor current is

V;z. . if Vpe ) > (1 — ‘;]
tnlmaz = . ( 1) B ( 0) [244]

in(t1) otherwise

Hence from equations 2.26 and 2.30 we can obtain an expression for the normalized
peak inductor current,.
These quantities arc plotted in Fig. 2.6 as a function of the switching frequency

for different values of the converter gain.
2.2.4 Design of Converter

In this section a simple method for designing a series resonant converter will be il-

lustrated. If wespecify any two of the parameters among M, @, I, and v a complete
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Figure 2.6 Component stresses as a function of switching frequency




design can be obtained. We will design a converter with the following specifications.

Main input DC supply 2V, = 28V -32V

Load current Iy, = 0.2A-094
Output voltage Vo = 110V
Converter resonant frequency fy, = 50kHz
Maximum output Power P = 100W

From a design stand-point, the condition with minimum DC' supply voltage and
maximum load current represents the worst case. Thus we will design the converter
SO as to give satisfactory performance in this case. The maiu steps in the converter

tlesign are listed helow.

1. In Fig. 2.7 locus of switching points are plotted for constant [,o. constant ill
and constani y in the v, — ¢,y plane. i.e., the values of v,,. and 7,; corresponding
to the intersection of the three curves represent the points at which the power
switches are turned off for those parametric values. From Fig. 2.7 pick a proper
value of 4 and 111 so that tlie converter operates in a region away from v = 180"
or fsn = L1.0. We will choose the following parameters corresponding to the

point marked in tlie switching point diagram.

M =109 f,. =108

2. With v and M specified, Q can be obtained from Fig. 2.5 and I,,, from Fig. 2.7

as

Q0 = 225
-[nO = 20

3. The transformer turns ratio is obtained from the following equation.

ra
‘gmin e 1

Vo+2Vp 9

where Vp is the voltage drop across one of the output rectifier diodes.

n =
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4. By definition, I,,0 = IyZp/V, . Thus Z; cau be obtained as

]71,0 ‘/:qmin

]0/7%

Using a nominal value of fy of 50 kHz, the value of the resonant capacitor and

ZO ~ 3.50Q

inductor can be obtained as

‘ 1

C = = 091uF =~ 0.94uF
o foZo 0.91u 094l
Z

L = =% = 11.14pH =~ 10.3uH
27 fo

With C =094 F and L = 10.3 pH, the actual resonant frequency becomes

1
= ——— = 51.15kH
fo 2 LC R

In order to defermine the change in switching frequency because of line and load

variations in the above design, we will consider the following four operating conditions.
Case | Minimum input voltage and maximum output current

This corresponds to the design case which is the worst condition expected. Iere

the switching frequency will be

= = 55.2kH:z

_ th
==

Case II Minimum input voltage and minimuim output current

Here wc have

IOmin = 024
Iy
V[ 7

[nOmin = 0.45

Since V,p = 0.9, from the switching locus diagram in Fig. 2.7 we have the new value

of [, as 1.32

Hence f;, = 1.32f, = 67.0kH:=




Case III Maximum input voltage and maximum output current

Here we have V, = 16V. Hence
ZOIOHLLLT
]n mar — — = 2.0
0 nVymar
) Vmin —o—
Myin = T/;;J;;AI = 0.7875
where M,,;, is the converter gain in this case. Then fromn Fig. 2.7 [, = 1.12

fs = 1.12fy = d7.3kH:=

Case IV Maximum input voltage and minimum output current

Here we have

V, = 16V = M = 0.7875

Zol min
IOmin = 024 = InOmin = 20 omin = 0.39

NV yman
Thus f,, = 15 = f; = 1l.5fy = 76.7kHz Thus in order to regulate the output
against line and load variations, this design needs a variation in switching frequency
o about 20kHz.

The converter designed above was simulated under full load conditions. Fig. 2.3
and Fig. 2.4 are obtained from this simulation. Other variables of interest, especially
the swilch stresses ancl output variables are plotted in Appendix A. A step change
in the load condition is also simulated with the load stepped to twice the full load, a
level ol loadiug that, is beyond the designed range. As seen from Fig. A.4, the state
plane diagram for this case, the inductor current and capacitor voltage are quite high.

To verify the results in theory ancl simulation. a converter was fabricated based
on the above design. The circuit which was laid out as well as the design of auxiliary
components are given in Appendix A. MC31066, a variable frequency controller for
resonant mode converters from Motorolais used as the feedback controller. A ground

plane was uscd to reduce the effect of noise on the power supply. The measured




efficiency varied from 88% at full load to 80% at light loads. We had used an oversized
core for the resonant inductor. Otherwise the efficiency could have been higher. The
variations in the measured efficiency and switching frequency due to load variations

are plotted in Appendix A for constant input voltage.
2.3 Operation Below Resonance

The operation of the converter below resonance is in many respects similar to its
operation above resonance. In this case the switches turns off at zero voltage and
zero current while they turn on lo switch a finite current. But the diodes are force
commutated. Again there are four different modes in the operation o the converter
depending on the device conducting. As done before, a state plane diagram can be
drawn from the equations representing these modes and is shown in Fig. 2.8. Here
we need the initial switching points since the switches turn off naturally. Expres-
sions similar to those in the cast: of above resonance operation can be derived for
Varts Vaaras i (to) and vy (to).

In order to derive the control characteristics we need to express M in terms of ~

and Q. Proceeding as before it can be shown that here also

2‘/;1,("7”(1.’1'
M = —— (2.45]
Y@
where | oper = 1 =M +\/§Wl. Substituting for V,,3r; weget a quadratic in M which

can be solved lo get the control characteristics shown in Fig. 2.9.

The component stresses can he derived as before and it is found that for similar
operating conditions, the devices are subjected to a lugher stress in the case of op-
eration below resonance. The converter designed in the above section was simulated
to operate below resonance. I'ig. 2.8 shows the state plane diagram in this case. As
seen from the figure, the devices are subjected to a higher stress when operated below

resonalice.
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2.3 Advantages of Operation Above Resonance

Here the operation of the series resonant converter above and below resonance is
compared to bring out the relative merits.

As pointed out earlier when operated above resonance there are no turn on losses
for tlie power switches while they have turn off losses. But note that the switches
turn on not only at zero current but also at zero voltage. Hence it is possible to
use lossless snubber capacitors across the switches. This can be clone because the
capacitor discharges not at the turn-on of the switch hut when the opposite switch
turns off. When power MOSFETSs operate at high frequencies, significant energy is
stored in tlie drain-source and drain-gale capacitances and are internally discharged
when the MOSFET turns on the next time. At higher voltages and frequencies this
loss can be significant and constitutes a considerable portion of the switching losses.
When the converter is operated above resonance. this loss is eliminated in the same
way as before since the energy stored in the capacitances will he returned to the D(
source as the opposite MOSFET turns off.

The diodes also turn off naturally when the current reverses due to the resonant
action of the circuit and thus there is no loss associated with its turnoff. The diodes
have a turn off time #, equal lo the forward conduction time of the switch before
forward voltage is applied. Hence these diodes need not have fast reverse recovery
characteristics. This isa significant advantage since the parasitic diode of MOSFETs
arc of only medium speed. Thus in this mode the parasitic diode of the power MOS-
FETs can be easily employed even at switching frequenciesof hundreds of KHz. [Ste88]

Another important advantage of this mode of operation is that the output and
input filter sizes are minimized since the frequency of operation is limited to a known
lower limit.

All the above advantages are lost if the converter is operated helow resonance.
In this type of operation, there are turn on losses for the power switches and tlie

tliodes arc force commutated. Hence the tliodes must have very good reverse recovery




chatacteristics. Thus at high frequencies the parasitic diode associated with power
MOSFETSs cannot be used. Also the energy stored in the device capacitances is
dissipated internally. Furthermore, in this mode of operation the switching frequency
is lowered to control the output: the input and output, filters must be designed for
tlie lowest frequencies encountered, as such thcv tend to he larger in size. The only
advantage of operating helow resonance is that the turnoff losses arc eliminated for
the power switches. However, since turnoff losses can be reduced using the lossless
snubber technique when operated above resonance, this seems to be the proper choice
for high frequency power supply applications.

For switching frequencies less than 0.5/, the converter operates in the discontin-
uous conduction mode. Alsoit isimportant to note that even in the frequency range
0.5f0 < fs < fo which is the normal operating range for operation below resonance,
there exists a discontinuous conduction mode. This can he seen from Fig. 2.9. When
Q =1, the gain becomes unity at a switching frequency of approximately 0.75 f, and
is insensilive to variation in switching frequency thereafter. The reason is that the
output bridge becomes reverse biased immediately after ¢, conducts because the total
voltage at the input side of the bridge is less than the output voltage. Consequently
there is no diode conduction and the converter enters DCM[VC83]. This happens
for low values of load Q. The boundary between DCM and CCM for this frequency

range is given by
1
Q < —fm=DCM
™
4 .
Q > —fsn = CCM
vs
S0 in {he case of operation below resonance care must be taken so tliat the minimum
load on the converier at any time is grealer than the value given by the above expres-

sion. This is another disadvantage of operation below resonance since no such DC'M

exists for frequency of operation above resonance.
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Summary

The main advantages of SRC are

l.

It has inherent short-circuit protection capability at all frequencies except the
resonani frequency. Even at resonant frequency, since it takes a few resonant
cycles for the current to rise to high values, there is considerable time for the

control circuit to take corrective action.

The currents in the power devices as well as other circuit componeuts decreases
as the loacl decreases. Hence the conduction losses decreases as the load de-

creases yielding high part-load efficiency.

Its disadvantages are

1.

The output voltage cannot be regulated for the no-load case. This can be
seen from figures 2.5 and 2.9. As () approaches 1, the curves have very little
selectivity. At no-load the curve would simply be a horizontal line. Thisimplies
that the converter can be used only in applications where no-load regulation is

not. required.

Since the oulput at the rcctificr is a current source drive, the DC' filter capac-
itor at the output must carry high ripple current(approximately half the DC
output current). Because of this reason SRC' is considered more suitable for
high-output-voltage, low-output-current rather than low-output-voltage, high-

output-current.

. The switching frequency varies directly with a change in loading and this results

in poor cross-regulation in multi-output power supplies.

If both the load and the input voltage vary, the excursion d f; can be large and

it is clifficult to obtain goocl transient response.

It can operate only as a step-down converter. Hence to obtain a higher output

voltage than the input, a transformer must be used.




3. PARALLEL RESONANT CONVERTER
3.1 Circuit Operation

A conventional hall-bridge parallel resonant converter(PR(C) with capacitive cou-
pling is shown in Fig. 0.1. The diode transistor circuits )} — )y and D; — (), act like
a pair of bidirectional switches operated at 50% duty ratio over one switching period
Ts. Thus tlic resonant circuit in the converter is alternately excited by +V, and -V
in each half of aswitching period. For continuous conduction mode operation, we can
represent the effect of switching transistors by means o an equivalent square wave
voltage source V; with amplitude equal to £V,. Furthermore, because o tlic fact
that the AC to DC power conversion is achieved by rectifying the voltage across the
resonant capacitor, a large filtering inductance Ly is needed to minimize the loading
effect of the output circuit. As seen from Fig. 3.1, the current input to the bridge
rectilier has constant amplitude 4+ 15 and — Iy, depending on whether the resonant ca-
pacitor voltage v.(t) is positive or negative. Thus the effect of the DC output on the
inpul circuit can bhe represented by a constant current source ig{t) with its polarity

depending on the sign of the coupling capacitor voltage.

3.2 Operation Above Resonauce

The assumptions of section 2.2 are valid here also. As with the case of series
resonant converter, in this mode of operation the switches arc force commutated.
But they turn on at zero voltage and zero current. The diodes arc again naturally
commutated. Turn-off losses exist for tlic power switches. The operation o the
converter over one switching period can be divided into four intervals wherein the

circuit modes are distinct. These circuit modes and their corresponding equations
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Figure 3.1 Conventional PRC circuit diagram
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are derived below.

Mode 11" <t <ty

Al {g, ()2 isturned off at afinitecurrent. The negative inductor current is maintained
by diode Dy while (,, (2, and D, areoff. The circuit can be reduced asthe one shown
in Fig. 3.2(a). At t;, D; turnsoff naturally as the inductor current, goes through zero.
(21 turns on and carries the positive inductor current and the circuit of Fig. 3.2(a) is

still valid. The governing equations for this mode normalized as before are

(]U:],;(f) = wo (an(t) +]n,0) [32]

where wy is the resonant frequency in rad/sec. By combining 3.1 and 3.2 we get

dinl 1 - Une
d‘l,/’n,,: 7'711 + In(]

[3.3]

1\/10(1(‘. 2 12 S [ S 113

At t,, the resonant capacitor voltage becomes zero going positive. The output current
also reverses direction. The equivalent circuit for this case is shown in Fig. 3.2(b).

The state plane equation for this mode is

d"'nl . 1— Une

[3.1]

dvnc B in.l - ]71‘0
MOde3f3St§t5
At 13, () isforced to turn off. Dy turns on to maintain the continuity of current in the

inductor. At ty, Dy turns off naturally and @), starts conduction. The corresponding

equivalent circuit is shown in Fig. 3.2(c). This mode is described by

dinl ~-1 - Une

dvnc B inl - ]nO
Mode 4 15 <t < t, T T}

At, t5, the resonant capacitor voltage again becomes zero reversing the direction of
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the output current. The circuit reduces to the one shown in Fig. 3.2(d). The corre-

sponding state plane equation is

di,y I (3.6]
dvnc B inl + InO -

This cycle is repeated after {4 + 7, when Q. is force commutated and D; turns
on. From the above analysis the equivalent circuit shown in Fig. 3.2(e) is obtained.

Typical steady state voltage and current waveforms are shown in Fig. 3.3.
3.2.1  State Plane Analysis

The steady state response of the half-bridge PRC' with capacitive coupling can
be determined from the equivalent circuit, shown in Fig. 3.2(e). The driving source
I".s(t) is given by the product V,s(t) where s(t) is a square wave with period 7, and
amplitude of £1, which represent the switching action of ¢; — Dy and Q2 — Dj. In
the PRC, AC to DC power conversion is accomplished with the resonant capacitor
voltage v.(t). Theoutput voltage V; isequal to the average value of the rectified v.(t).
As seen from Fig. 3.2(e), ig(t) is a dependent current source with current polarity
determined by the sign of ».(?) such that the average power dissipated init is equal

to the DC output power of the converter.. We can represent ig(1) as

. ve(t) ‘
tg(t) = I 3.7

v.(t)| is the magnitude of v.(t) and Iy isthe DC output current. The output

where

voltage 15 can be determined by
1 T
Vo = T /0 lve(t)|dt [3.8]

The state plane equations for the four modes derived in the above section can be
obtained directly from Fig. 3.2(e). The state plane equation for this circuit with

normalized quantities is

din(t) ~_ ona(1) = vuf)
dvpe(t) — i(t) — ing(t) [3.9]




where v,.(t) and 7,;(f) are defined as before and

(1 . Zotp(t
ons(l) = 7)‘/(7) ig(l) = ol‘f( )
g g

where 7, is again the characteristic impedance of the resonant circuit.
Equation 3.9 is nonlinear but can be solved by a piecewise linear analysis over
intervals of the switching period 7. It can be shown that the solution consist of four

civcular arcs in the 2, — v, state plane and are given by
['”nc(t) - l’7zsi]2 + [7nl(t) - 2‘nEi]‘Z = "fnzj\/[i [310]

where i = 1,2,3,4. The centers of these circular arcs correspond to the singular point
of equation 3.9 and are determined by the value of s(t) and the sign of 7,,z(t) over a
switching period 7. Asseen from Fig. 3.2 and Fig. 3.3, each singular point correspond

to one of the time intervals listed helow.

(vnstytnm) = (+1,—1Io) to St <ty
(Uns2,inm2) = (+1,+10) ty <1<ty
(ns3sings) = (=1, +1no) i3 <t <ty
(Vnsartnea) = (=1, —1n0) 15 <t <tog+ T

Thus Va7, and can be expressed as
Vnle = ";iwa = [vnc(to) - ]»]2 + [inl(to) + In0]2 [3-11]

Pare = Vg = one(ta) + 1+ [inilta) — o]’ [3.12]

Refering to 3.9, we can construct the state plane diagram which is shown in Fig. 3.4
for the converter operating in CCM. The DC output voltage V, is obtained by tak-
ing the average value of the resonant capacitor voltage. Since v.(t) and #(t) are

symmetrical with respect to half the switching period, 1, can be evaluated as

9 T2
‘/’ = —/
°= 1/,

ve(1)|dt (3.13]




Figure 3.4 PRC state plane diagram for f, > f,
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Based on the circuit diagram in Fig. 3.1 and the state plane diagram in Fig. 3.4,

“V,+ L% o<t <t

ve(t) = [3-14]

V= LE 4y <t <o+ To/2
Substituting equation 3.141into 3.13, we can obtain the average output voltage which

15 given by

1 :
Vo = ;[QZOZl(tZ) = Vo(y — 2832)] [3.15]
where
B2 = wolts —t2) [3.16]
1
wo = - T [3.17]
y=a+ i+ =xfo/fs [3.18]

In terms of normalized quantities, 3.15 can be written as

o = %[Qinl(tz) (7 —28,) 3.19]

where 7,;(t;) is the normalized value of #(?;). The average input current from the
source is given by

Ig

2 to+Ta/2 ‘d'pc
- —i to dt

After some steps o manipulation, equation 3.20 becomes

+ 7',E) dt [3.20]

1
I, = ;[—quoC'vtf(to) — In(y — 253)] [3.21]
which upon normalization becomes
1 \ ¢
Ing = ;[—Ql.ﬁc(to) — ]no(")/ - 2/32)] [322]

Since we assume that the resonant circuit is lossless, the average power input to the
converter must be equal to the DC power output to the load. Equating VoI, to V, 1,

and Vol to Vi,l,, we obtain the [ollowing relations.

Uneo

= —]77(] [323]

ini2
Vo C vy

3.24
V;; L 22 [ ]




where Ky is the load resistance and i, and v are the resonant inductor current at
time ¢; and the resonant capacitor voltage at time ¢, respectively. The suffix n on

currents ancl voltages represent normalized quantities. Substituting 3.23 into 3.24
we get
Ro

Voo = Z]no = Qp[n[) [325]

where ), = Ro/Z, is I he loaded quality factor of the parallel resonant circuit. Nor-
malized output voltage can be obtained in terms of v, /3, ancl v,.0 by combining 3.19

and 3.23as

‘Zvn(‘O

Vio = 27— 285) -

3.26
” 7. [3.26]

3.2.2 Control Characteristics

The control characteristics are very useful in converter design. For a given nor-
malized output current I,q, the relation between v, and 2,0 can he derived from

3.10. LEquating V57 from 3.10 with t = 1 and t = {; and using 3.23, we obtain

14 _]2 ';n In 2
Vney = —\' 0 "‘g(l o + o) [3.27]
12, -1
From the state plane diagram shown in Fig. 3.4 it can be seen that
a+p=0;—0 [3.28]
Thus
. tan fy — tan ¢,
3 Y '3 = 0 —_ 0 = .. .29
tan (o + fy) = tan (0 - 6) 1T tand,tan 0, 13-29]
where
tTI ITI,
tang, — ot fno (3.30]
1 — Uneo
tan 02 = in12 —‘I’- In() [331]
From 3.30 and 3.31 we obtain
1 — v )(2n +]n — (1 +]n
tan(a t4,) = ( )itz T Fro) = (inio T Fro) 3.32]

(1 — ’UnC(J) + (inl‘z + ]n,O)({nlO + In.())
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Similarly, the following relations can also be obtained from Fig. 3.4.

tan 03 = InO — Ztnlg [333]
InO + inlO
tanf, = —— 3.

! _(1 + UncO) [3 34]

. Lo — tni2)(tneo T 1) - (1o +i 10)
tan B, = tan (8, T 6,) = (Ino _ ! il 3.35
Bz ( ’ 4) (1 + UncO) + (]71‘0 - 1'71.12)(]710 + I"n.IO) [ )]

From 3.18 we can write
tany = tan|(a+ 1)+ ] [3.36]
+ )+ tan g

tan (o T 1) T tan 3, (3.37]

1-tan(a + A1) tan 3,
Substituting 3.32 and 3.35into 3.37 and eliminating 7,2 and v,.0 using 3.23 and
3.27 we can express tan~ in terms of 1,0 and 0.

For a given normalized output current [, and switching frequency ratio y, the
normalized initial inductor current 2,0 can he determined using 3.37. v,.0 and 2,2
can be found from 3.27 and 3.23, respectively. The state plane parameter f3; is
related to [y, 7,00, 22 @nd v, by equation 3.35. Then the voltage gain M which is
the normalized outpul voltage V,o can he determined using 3.26. The relationship
curves between voltage gain M. switching frequency ratio 4 and normalized output
current. 7,4 are plotted in Fig. 3.5. Since M = @Q,l.0, (), aso can be found out.
Thus, if any two variables among M, y, ), and I, are known, the remaining two
can be determined. Since it is very difficult to obtain a closed form expression for
M in terms of y and (), from equation 3.37 an approximate formula which is quite
accurate for operation above resonance is used to obtain the control characteristics
between these variables [Ste88]. This is plotted in Fig. 3.6. Actually. any one of these

two figures is sufficient for the purpose of designing the converter.
3.2.3 Component Stresses

As with the case of the series resonant converter, we can derive the component

stresses analytically based on the state plane diagram and the operating conditions
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of the converter. The average switch current can he calculated as

2 t0+T5/2 ,

]Q = T \ Z[(f)dt [338]

which when evaluated and normalized becomes
| . .
]nQ = ;[Ino(ﬂz - /;lJ - ('U‘ncl + Vneo ,l] [339]

To evaluate this we need 3; and v, which is the resonant capacitor voltage at time

t1. Bul from Fig. 3.4 v, can he expressed as

Upel = — ( "';‘2]\’[1 bt ]30 - l) [310]
/3 can be found as
,8] = 02 - 01 — [341]
where a can be found frotn
o = 05 - 01 [342]
Hence
tan #; — tan 6,
tana = - 3.43
“ 17+ tan és tan 6, [ ]
and we have
In
tan @5 = 9 [3.44]
1 — vpa
Similarly, the average current in each diode is given by
2 [t
Ip = — —1(t)dt [3.45
T, Jt
which upon evaluation and normalization becomes
1.
InD = —[]n(]CY — ('Uncl — v’ncO‘)] [346]
Y

From the state plane diagram the peak resonant capacitor voltage can be calculated

";1 I — 1. if |2 [ In
‘/;LC'IRG..T = ‘ A]l 1 0 lf |In[0| > O [3-“17]
a2 T 10 otherwise
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To find the peak inductor current again note from Fig. 3.3 that

]71,0 + V;L}\l2 if Vnco 2 1.0
Inlmar = . [348]
nl0 otherwise

Thus 7,ma. can be obtainecl from the above equation. These quantities are plotted
in Fig. 3.7 as a function of the switching frequency for different values of normalized
output current I,q. These quantities are plotted in Fig. 3.7 as a function of the

switclhing frcquencv for different values of normalized output current I,.
3.2.4 Design of Converter

Here asimple method for designing a parallel resonant converter is illustrated. A
complete design can be obtained by specifying any two among the four parameters
M, Q. I, and y. Normally it is recommended that 5 and M are specified so that the
region of operation in the control characteristics under any loading conditions can be

determined. We will design a converter with the following specifications.

Input DC supply 21, = 20V - 32V
Load current [, = 254 — 2.04
Output voltage Vo = 35V
Converter resonant frequency fo = 100kHz

Maximum output power F, = 125W

The design proceeds exactly asin the casedof the series resonant converter. The worst
case during the operation of the converter will occur when the input voltage is a
minimum and the load current is maximum. We will take this as the design point.

The main steps in the design are listed below.

1. In Fig. 3.8locus o initial switching points are plotted for constant 7,5, constant,
M and constant y in the v, — ¢,y plane. i.e., the values of v,. and ,; corre-
sponding to theintersection of the three curves represent the points at which the

power switches are turned off for those parametric values. From Fig. 3.8 pick a






proper value of v and M so that the converter operates in a region away from

v = 180" or f,, = 1.0 We will choose the following parameters corresponding

to the point marked in the switching point diagram.
M =109 f, = 108
With 4 and M specified, I,g can be obtained from Fig. 3.8 and (), from Fig. 3.6.

Q, = 167
]710 = 0.9

The transformer turns ratio is obtained from the equation given below.

‘/g min

n =

M =~ 2.5

In the above equation V) is tlie voltage drop across each of the output rectifier

diodes and is assumed to be 0.5V.

3. Now Zy can be obtained as

Zo %’Zfi? ~ 0.9¢
With fo = 100khz, the value o the resonant capacitor and inductor are
C = ! ~ 177 uF
27 foZo
L = :zi(}o ~ 1.43puH

Since the required inductance is very low, the leakage inductance associated

with the primary winding of the transformer can be effectively used as the
resonant inductor,

Again, in order to find the change in switching frequency because of line and load

variationsin {he ahove design, we can consider thefollowing four operating conditions.
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Case | Minimum input voltage and maximum output, current

This corresponds to the design case which is the worst condition expected. Here

the switching frequency will be

fs = fsnf(] = 106kHz

C'ase 1T Minimum input voltage and minimum output current
[Tere we have

IOmin = 2.0A4

Lowin = —20_ = 007
nOmin  — ‘fl‘/g/Zo = A

Since Vo = 1.5, from the switching locus diagram in Fig. 3.8 the new value of f, is

1.25. Hence

fs = 125f, = 125kHz

Case I11 Maximum input voltage and maximum oulput current

Here we have V, = 32V. Hence

Zolomaa
In,Oma.r - 0 Omax = 0.28

nVymar

A/[min = —"':qmin M = 094

gmar

where M,,;, is the converter gain in this case. Then from Fig. 3.8 f,, = 1.32.

fo = 1.32fs = 132kHz

Case IV Maximum input voltage and minimuwmn output current
Ilere we have

V, =32V => M = 09

Zol, min
I()min = 24 = InOmin - o0 = 0.02

n%mux




Thus fo = 135 = f; = 1.35fy = 135kH:.

This design although allows a variation of about 30kHz in the switching frequency
because of line and load variations, keeps the peak stresses to a minimum. If we
allow a higher tolerance in the peak stresses on the devices, switching frequency
variation can be reduced. The converter designed above was simulated under full
load conditions. Fig. 3.3 and Fig. 3.4 are obtained from this simulation. Other
variables of interest, especially the switch stresses and output variables are plotted
in Appendix A. In order to verify tlie results from the analysis and simulation, a
converter was breadboarded. The circuit waveforims were in close agreement with the
results obtained from simulation. At full load the measured efficiency was 87%. Hut
as the load on the converter decreased the efficiency also dropped. At 50% load the
efficiency was only around 70%. The measured efficiency and switching frequency as

a result of variations in load are plotted in Appendix A.
3.3 Operation Below Resonance

Operation of the converter below resouance can also be analyzed in a similar
manner. In this case the switches turn off naturally but they have turn-on losses.
The diodes are force commutated. The operation of the converter can be split up
into four different modes. A state plane diagram can he drawn from the equations
representing these modes and is shown in Fig. 3.9.

The control characleristics can be derived after expressing v in terms of z,;, and
I.o. The gain M in this case is given by

1 2Up,
M= —[y—2p3 - om0
i ]nO

] [3.49]

The control characteristics for operation below resonance is plotted in Fig. 3.10.
The component stresses can be derived by making use of state plane parameters
as before. It is found that the devices arc subjected to a higher stress in the case of

operation below resonance.
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Figure 3.9 PRC state plane diagram for f, < f,




49

10

Gain M

815 0.6 0.7 0.8 0.9
Switching frequency ratio fs/fo

Figure 3.10 PRC control characteristics for f, < f,




3.4 Comparison of Operation Ahove and Below Resonance

All the advantages of operating above resonance mentioned in tlie previous chapter
are equally applicable for PRC also. Thus in order to reduce tlie losses associated
with the turn-off of the power switches, small snubber capacitors can be employed.

At switching frequencies less than 0.5/, the converter operates in the discon-
tinuous conduction mode. Note from Fig. 3.5 that at heavy loads the slope of the
characteristics becomes steeper and tlie gain is zero beyond a certain switching fre-
quency. This is actually due to the converter entering a discontinuous mode called
the discontinuous capacitor voltage mode and is not analyzed here. In this mode the
capacitor voltage remains at zero for a short duration. Thus the gain actually does
nol. become zero at this point, but the converter enters DCM. An expression can be
derived for tlie critical value of 7,5 above which the converter enters discontinuous

conduction mode [JES8]. 1t is given by

Lo = \Jsin (v/2)* Fsin(3/4)® = sin (7/2)

where v = 7/ fs, as defined hefore.
3.5 Summary

The main advantages of PRC are

I. As seen from Fig. 3.6 it can regulate tlie output at no load.

2. It isnaturally short circuit proof. This can be easily seen because even with the
resonant capacitor shorted, the current in the circuit islimited by the impedance
of the inductor. Hence it is suitable for applications with severe short circuit

requirements.

3. Since power istransferred tooutput by theresonant capacitor voltage, it appears
as a voltage source and hence is more suited for multiple outputs. Also since
the frequency of operation is rather insensilive |o load variation, good cross-

regulation is obtained for niulti-output power supplies.




4. They can operate as step up as well as step down converters unlike series reso-

nant converters.

5. It is suitable for low-output-voltage high-output-current applications. This is
because high current capacitors are not needed since the output inductor limits

the ripple current carried by the output capacitor.

Its main disadvantage is that the current carried by the power switches and resonant
components are relatively independent of the load. Thus the light-load efficiency of
the converter is poor. This circulating current increases as the input voltage to the
converter increases. Hence it is not suitable in applications where the input voltage
fluctuates over a wide range and which require it to operate considerably below its

design power.

e e s o - P - [, -



4. SERIES PARALLEL RESONANT CONVERTER

Assecn from the previous two chapters, both series resonant converter and parallel
resonant converter possess one serious disadvantage. i.e., lack of no-load regulation for
SRC and circulating current independent of load for PRC. The series-parallel resonant
converter eliminates both these disadvantages while keeping the best characteristics
of SRC and PRC'. Fig. 4.1 shows the circuit diagram of a series parallel resonant
converter. It is derived by a siinple modification to the parallel resonant circuit. i.e..
addition of the series capacitor C,.

Although the converter circuit is a third order system and the state plane analysis
for such a converter would be much more complex, it can be shown that by proper
transformation of state variables the steady state solution can he derived from a two
dimensional state plane analysis [BL89]. Thisis done by summing up the voltage
across the series and parallel resonant capacitors and treating it as a single state.
Once this is done, the analysis of this converter closely follows that of the PRC.
But for our purposes, which is primarily to derive the control characteristics of the
convetter, a simpler technique based on classical AC circuit analysis can be employed

[Sted8].
4.1  Circuit Analysis

ITere we use a straight forward AC analysis to determine the gain of the converter
circuit shown in Fig. I.[. Although we assume that the converter is excited by AC
sinusoidal voltages for the analysis, we can account for the actual square wave voltages
by trcating the AC voltages as their fundamental component. Since the rectifier-filter

combination acts as an impedance transformer, the AC resistance will be different
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Figure 4.1 Conventional SPRC ciruit diagram




from the load resistance of the converter. Incorporating this, an expression for the

gain can be derived from the AC analysis as

0 Cp [4.1]
": - w2 s s 2 g s so o
! ?[1+%;—[ﬁ]]+1625ff——1}—5]

where

2x f, L
Qs = T
o= 1
s0 — /—LC,S

where (), is the series Q of the circuit,. f; is the switching frequency and f,, is the
series resonant frequency. This equation isfairly accurate above resonance where the
filtering action of the resonant circuit is sufficient to allow approximate sine waves
of current to be in the circuit even though the applied voltage is a square wave. As
seen from equation 4.1 the gain dependson the ratio o (%, to (’s and this determines
the seriecs or parallel resonant characleristics of the circuit,. In Fig. 4.2 the control
characteristics of tlie converter are shown for the case when ; = (7, and Fig. 4.3
shows them when C, = 2C,. As seen from the characteristics, for @} greater
than three, the peaks of of the resonant curves appear at approximately the same
frequency as the resonant frequency of the series capacitor and series inductance.
Thus at these values of Q,, there isalmost no effect of the parallel resonant capacitor
in the circuit and the converter approaches the characteristics of conventional series
resonant converter. Rut as the load on the converter decreases the resonant peak
moves higher in frequency. This is because at light load the equivalent resonant
capacitance is given by the serics combination of ', and C,. Thus at. light loacls or

no load the resonant peak occurs at a {requency given by

fs= I [4.2]
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As (), decreases (), the () of the parallel resonant circuit given by the reciprocal of
() increases. i.e., as the load decreases the cliaracteristics of the converter move from

those of a series-resonant to those of a parallel-resonant.
4.2 Summary

Here the advantages of series parallel resonant converter which makes it more
desirable than conventional SHC or PRC will be described.

From the characteristics in Fig. 4.2 it isclear that the converter can operate and
regulate voltage at no load provided that the parallel-resonant capacitor (), is not
too small. If (', is very small tlie converter characteristics revert to those of a series
resonant converter. Thus the value of (), is critical in the sense that it determines
the series-resonant or parallel-resonant cliaracteristics of the converter. Also as C),
gets smaller, lesser selectivity is available in the resonant curves. This can be easily
seen by comparing figures 4.2 and 4.3. For a constant gain, say 0.5 at a light load of
(s = 1. thefrequency of operation when C'; = 2C), is much higher than for the case
of (s = (. Soas (', becomes smaller the controller will have to switch through a
wider range of frequencies.

Also if the circuit components are properly selected, the input current decreases
as the load iucrcascs thereby yielding good part-load efficiency. It is ad antageous
lo select the circuit components so that full load Q, is high. Then the converter
appears essentially as a series resonant converter and the circulating current will
decrease as the load decreases. AS the load decreases further the converter takes on
the cllaracteristicsof a PRC and the circulating current no longer decreases with load.

Thus there is a trade-off in the selection of (',. While higher values of (', results
in higher circulating current, lower values of (7, makes tlie upper {requency needed at
light loads high. In practise, it is found that (s = (', isa good design compromise
which will result in good part load efficiency and operation at no load with reasonahle

{requency.



4.3 Control of Resonant Converters

Although resonant converters have become quite popular, their control aspectsare
not well understood as those of PWM converters. In a PWM converter the output
energy storage filter usually has a very large time constant compared to the switching
period of the converter. The output is regulated by directly controlling the energy
input to the slow responding filter. The duty cycle control method adopted to vary
the energy input level issimple, straightforward and easy to implement in a feedback
controller. On the other hand, in resonant, converters two sets of energy storage
elements are present. The output filter with large time constant and resonant circuit
with small timme constant. The output is controlletl indirectly through the control
of resonant tank energy. The tank circuit possesses fast dynamics and exchanges
large amount o pulsating energy with the source and the load in each half cycle of
a swilching period. Because of the presence of the resonant tank circuit with its fast
transient response, the control of resonant convertersis much more complex than that

of its PWM counterparts [OL34b].
4.3.1 Frequency Control

Frequency control is the simplest and most commonly used control method for
resonant converters. Since the resonant tank impedance depends on the frequency of
operation, output can be regulated by controlling the switching frequency f,. The
feedback controller determines the switching frequency on a transient basis depending
on the error between the reference input and the system output. Most commercially
available resonant mode controllers use variable frequency control. It must be noted
that although various other control schemes can be employed for these basic topolo-
gies [OL34b], because of the inherent characteristics of resonant circuit, all these
control methods cffectively employ some sort of frequency modulation. The tran-
sient response of frequency modulation control is rather poor. This can be seen from

I'ig. r24 where a step change in the load condition is simulated. Tlie system takes
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Figure 4.4 Resonant converter with feedback control
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several cycles to attain a new steady stale. A control technique that drastically im-
proves the transient response is the resonant tank control [OH93]. Here the control
law is expressed as a linear combination of the capacitor voltage and incluctor cur-
rent. When this sum reaches a value transiently updated by the control. the switches
ate turned off. But variable frequency control in general has certain disadvantages.
It is difficult to design suitable EMI filters when the switching frequency is varying
continuously. Also the magnetic components in the converter cannot be effectively
utilized under this type of operation. There are several topologies which achieve con-
stant frequency opcration with some modifications to the basic circuit. Two such

converters are discussed below.

1.3.2 Phase Controlled converters

In these converters, most of which are of the full-bridge type, two identical half-
bridge converters share the sameload. The DC output voltage is regulated by varying
the phase shift between the voltages driving the two half-bridges while maintaining
a constant switching frequency. The disadvantages with this type of converter are
that higher number of resonant components and switches are needed. The method of
control is also more complex. It isimportant to have both resonant circuits identical.
If not, there will be an imbalance in the amplitude of currents in the two half bridges

which will lead to unstable operation[CK93].

4.3.3 Capacitor Voltage Clamped converters

In this type of converters, during the course of one switching period there are short
durations during which the capacitor voltageisclamped at a certain value. By varying
the duration ol this clamping, the output voltage can be regulated. Also because of
this clamping, the converter has lesser stress appeariug on the circuit components.
The drawback with this method is that analysis as well as control is more complex
and that a higher number of switching devices are needed. This method is usually

nsed with series resonant converters.



5. CONCLUSIONS

5.1 Observations

Our objective was to study the basic configurations of resonant converters and to
compare their performance when opcratcd under different conditions. Jt was found
that the analysis of resonant converters is much more involved than that of PWM
converters. This is because in resonant converters the energy transfer from input to
outpul involves two sets of energy storage elements, the resonanl filter and the output
filter. Often tlie anomalous sequences of conduction exhibited by practical systcrns
are difficult to explain by time-domain methods of analysis.

The state plane method was used as the basic analysis tool because of its advan-
tages over other methods. First of al it gives a better insight of the operation of
the converter. Based on the state plane diagram all the converter characteristics can
be derived. For any resonant mode converter the state plane trajectory consists of
only circular arcs arid straight lines. Since the state plane clearly portrays the steady
state as well as transient operation of the converter, it is a powerful tool for design
purposes.

From analytical and simulation results it is found that operating above the res-
onant [requency is the favorable range of operation for resonant converters. In this
range o operation the switching losses are kept to a minimum, diodes are not re-
quired to have very good reverse recovery characteristics and there is more effective
use of the magnetic components within the converter. These features directly con-
trast with operation below resonance. Also the stresses appearing across the circuit
components are lower when operated above resonance. These results had also been

verified experimentally.



5.2 Recommendations

Both the serics resonant converter and parallel resonant converter are commer-
cially used in switching power supplies nowadays. But, because of the disadvantages
discussed before, they are not suitablefor some applications. Hence hybrid topologies
like series parallel resonant converters are attaining more attention. There are several
variations of SPRC discussed in the literature either with more reactive components
or swilches and yielding a marginal improvement in performance. ldeally we would
like these types of high efliciency converters to be able to regulate their output at
constant switching frequency. But, up to this point efforts in this area has resulted
only in converters with a large number of switches and other reactive components
and usually with a limitation on the range of the output load. Thus their efficiency

is significantly less than that of the conventional topologies and are less reliable.
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APPENDIX

SIMUCATION AND EXPERIMENTAL RESIJLTS

A.1 Series Resonant Converter

A prototype series resonant converter was built to verify the characteristics and

the analytical results obtained. The details of the design are given below. Fig. A.l

shows the complete layout of the power supply. The unit was laid out on a 6in X 4in

PCB. By using a ground plane, very good waveforms were obiained with littleor no

noise at all.

The specifications o the supply are

Main input DC supply 2V,

Load current Iy
Output voltage Vo

Converter resonant frequency fj

Maximun out put Power Py

28V — 32V
0.2A — 0.9A
11071
50 khz
100W

Thefollowing design information was obtained from 2.2.4

Resonant Inductor L
Resonant Capacitor C
Resonant frequency f;

Characteristic Impedance Zg

Transformer turns ratio n

10.3p
0.94 pF
51.15khz

3.50
!
9

Since we chose () as 2.25, we can find the AC resistance as



Hence the DC load resistance will be

2 1‘2
R = —R

g ftac ~ 1550
A 100W lamp was used as the load for the supply.

Since the leakage inductance d the primary winding o the transformer is 0.3 H,
the effective value of the inductance required off theresonant inductor is 10g H. Then
the number of turns needed is given by the equation

L'/TLH
Ap

N = 1000

= 6 turns

where A isa constant of the core. Here a 3C8 core with an A;, o 275 was used.

An MC 7812 voltage regulator is used to supply power to the controller |C.

The commanded switching frequency from the controller is programmed to be
locked between 51khz and 78khz. Thisis done by proper selection of the components
for the controller. A deadtime of 0.5ps is chosen between the gate drives to the two
switches. The components in the controller section are calculated using the equations
given in the data sheet o the 1C. An optoisolator 4N35 is used for isolating the output
section [rom the Controller. All the magnetic and semiconductor components used

are laheled in Fig. A.l.
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Figure A.2 SRC simulation: rectifier’s input and output voltage and current




normalized

iswq

69

us

gl |
o i
N 1
c—“ 1
£
f .
(@]
C
8L 1 L 1 1
0 4.0 8.0 12 16
(a)
gL
_______________ Mdl .
ge) X
[0} )
N I
o 0
E Idl
(@]
C
_3t I L 1 1
0 4.0 8.0 12 16 us
(b)

4.0 8.0
(c)

Figure A.3 SRC simulation: switch voltage and current
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Figure A.4 SRC simulation: step change in load on the state plane
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Figure A.6 PRC simulation: rectifier's input and output voltage and current
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