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Abstract

This thesis presents generalized modeling and analysis of constant frequency de/de
resonant converters taking into account the effect of transformer leakage reactance,

Frequency-domain analysis is used to obtain generalized equations to describe the

teady-state char istics of the series-parallel resonant converters with primary
and tertiary resonance. Transient analysis using state-space method is also presented
for the primary-side resonant converter. Simulation results showing the cffect of the
leakage reactance of the high frequency transformer on the performance of these con-
verters are presented. Experimental results to verily the model and simulation results
are also provided. A model is developed for a series-parallel resonant converter with

d which is d for further size reduction in the converter.

A design example is provided to illustrate the use of the generalized equations and

performance curves.

It is shown that the f leakage ind has a signifi effect on
the operation of the converter and hence cannot be neglected in the design of the
converter. It is also shown that a series-parallel resonant converter with tertiary

resonance is more suitable for operation at higher frequencies.
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Chapter 1

Introduction

Converters are basic power electronics circuits used to efficiently alter the charac-
teristics of electrical energy. They provide an interface between two power systems
which are external to them and thereby impose relationships between the voltage and
current waveforms at one port and those at the other. Converters can perform trans-
formation from ac to dc, dc to ac, dc to dc and ac to ac. Dc/dc converters alter the

of input while, ac/ac can alter phase and frequency

along with amplitude.

Ac/dc converters are present in every piece of line-operated electronic equipment
- from table radios to computers. They also are used extensively in industrial controls
and processes, such as variable speed motor drives, induction heating, plating, and
the electrolytic production of chemicals.

Dc/dc converters are used extensively in power supplies for electronic equipment.
They take the output of the ac/dc converter and transform it to the different dc
voltages required by the particular application, for example, 5V and +12V. Dc/dc
converters are also used in battery powered equipment and to control the speed of dc
motors in many traction applications.

Dc/dc converters can be classified into two categories, depending on the method



Figure 1.1: Simplified pulse-width modulated dc/dc converter topology
of de Lo ac conversion:
« Pulse Width Modulated (PWM) dc/dc converters
® Resonant dc/dc converters

A bricf review of the operation, features, analysis methods and control of the two

types of de/dc converters are described below.

1.1 PWM dc/dc converters

Figure 1.1 shows a simplified pulse-width modulated dc/dc converter topology. The

two switches operate at a constant switching freq and are

s0 as to
be complementary. That is, when one is closed, the other is open. The input current
contains substantial ripple caused by switching. Although the output current is ripple-
free, the output voltage is not. To obtain a desired ripple-free input current and
output voltage, a low-pass filter consisting of a large capacitor, C, at the input and
a large inductor, L, at the output, is inserted, There are many different PWM
converters, i.e., Buck, Boost, Buck/Boost and Guk. These converters have been

Jescribed ively in the li [1)-}4). Landsman {1] describes the similarities




Figure 1.2: Block diagram of a dc/dc resonant converter

among various dc/dc converter topolegies and Severns (2] covers all the variations
in PWM dc/dc converter topologies in details. A more concise and mathematical
treatment of dc/dc converters can be found in (3], and the Cuk converter is first
presented by Middelbrook et al. [4].

Inall PWM converters, the controlled switches are required to turn-on and turn-off
the entire load current during each switching, This results in high switching stresses
and high switching power losses. This also produces electromagnetic interference due

to the large dv/dt and di/dt.
1.2 Resonant dc/dc converters

In resonant converters, first, the switches of the inverter create a square-wave ac

waveform from the dc source. A resonant LC circuit tuned to the switching frequency

is then used to remove h ics from the sq ac Hence the name
resonant converter. This LC circuit can be made very selective by keeping its quality
factor @ high [5]. The filtered, nearly sinusoidal waveform, is rectified to get a dc
output. The rectified waveform is then filtered through a low-pass filler to give a
ripple-free dc at the output. Figure 1.2 shows the block diagram of a basic resonant

converter with a high-fr isolation

In resonant converters, the semiconductor devices can be made to switch on and



switch off at cither zero current or zero voltage, thereby significantly reducing the
switching losses [5]. The reduced dissipation allows these converters to be operated
at higher switching frequencies than is possible in case of PWM converters. Unfortu-
nately, in return for the lower switching losses, the switches are subjected to higher
on-stale currents and off-state voltages, resulting in higher component stresses and
higher conduction losses than they would have in PWM converters operating at the
same power level. Therefore, more expensive devices are often required.

Resonant converters can be broadly classified into three categories depending on
how the load is connected to the LC resonant circuit, i.e., series, parallel and series-

parallel (combination of the previous two).
1.2.1 Series resonant converters

Figure 1.3 shows the basic configuration of a Series Resonant Converter (SRC). A
square-wave output from an inverter is applied to the series resonant LC network,
normally tuned to the switching frequency of the inverter, to generate an oscillating
current in the resonant circuit. This current when rectified and filtered results in
the dc output voltage. A high-frequency transformer provides isolation and transfor-
mation. The magnitude of the output voltage is determined by the magnitude and
wave-shape of the oscillating or resonant current, and by the load resistance. The
resonant current and hence the output voltage, depends on the frequency at which the
LC network is excited. A series resonant converter operates in either a Continuous
Conduction Mode (CCM) or Discontinuous Conduction Mode (DCM) depending on
the load resistance and switching frequency.

SRCs, due to their small size and high efficiency, are extensively used in aerospace

industry. Many researchers have carried out extensive research in modeling and anal-
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Figure 1.3: Basic circuit of a series resonant converter

ysis of these converters. Accurate steady-state analysis for half-bridge and full-bridge
SRCs are presented in [6] and [7]. The analysis, though complete, is difficult to ap-
ply to design problems because of the use of the diode conduction angle as a design
parameter. Vorperian and Guk [8] provide a complete solution for the dc conversion
ratio of the series resonant converter with an assumption of constant load. The so-
lution requires iterative computation for dc conversion ratio and a new solution is
required for any change in circuit parameter.

An output plane model, in which the output current is plotted versus output volt-
age for constant switching frequency, is developed by Witulski et al. [9]. These plots
provide convenient reference for designers. Oruganti, et al. [10] employ a graphical
representation of the state-plane analysis to study the performance of SRCs. This
method gives a good insight into the converter operation, but provides little quanti-
tative information required for the converter design. Lee et al. [11] apply a similar

tate-plane approach for itative analysis and design of the converter. A similar

state-plane analysis is also performed on a constant frequency SRC by Tsai et al.
(12}

Fourier series analysis [13] provides a simple generalized method for the analysis



of resonant converters, This simple model can be used to analyze many converter
topologies. The design curves for the resonant circuit design are also presented in
[13]. Small signal equivalent circuit models provide useful information about converter
dynamics in an accessible, flexible format [14]-[15).

A phase-staggering control method using two or more series resonant power mod-
ules in parallel, is suggested by Klaassens [16] as a means of reducing voltage and
current ripples at the input and output terminals of a SRC, without increasing the
internal pulse frequency and the value of the filter capacitors. The power modules are
operated at a constant relative phase-shift. It has been shown that the output ripple
decreases with increasing number of modules. However, this control method results
in significant increase in complexity as well as an increase in the number of switches
and resonant circuit components.

The use of frequency variation to control the output voltage, causes many prob-
lems. Switching frequency has to be varied over a wide range to accommodate the
worst, combinations of load and line. Also, the filters and magnetics have to be de-
signed for worst case conditions. These disadvantages of varying the frequency are
overcome by fixing the switching frequency and using pulse width modulation to
control the output voltage [12], [17], [18]. Constant-frequency operation allows the

P

design of filters and magnetic to be at a specific fi

which improves the efficiency of these components.

4

A combination of PWM and current lled switching strategy is
by Ngo [17] for efficient operation during wide range of load variation. A detailed
comparison of different modes of operation of fixed-frequency SRC is given in [18]. It

is shown that the di: il mode of ion causes higher losses and

should therefore be avoided.
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Figure 1.4: Basic configuration of a parallel resonant converter with isolation trans-
former

Series resonant converters are not very attractive for low voltage, high current

applications because the output filter capacitor carries high ripple currents [19].
1.2.2 Parallel resonant converters

Figure 1.4 shows the basic configuration of a Parallel Resonant Converter (PRC).
In PRCs the load is connected in parallel to the capacitor of the resonant circuit.
A square-wave from the inverter is applied to the parallel resonant circuit which
produces an oscillating voltage across the parallel capacitor. This oscillating voltage,
when rectified and filtered, produces the dc output voltage. The main advantage of
this converter over the SRC is that the output dc filter capacitor does not carry high
ripple currents. This is because in the PRC, output diodes rectify the voltage and not
the current as in the case of SRCs. This characteristic makes this converter desirable
for low voltage, high current applications. Another advantage of this converter is that
it has a self current limiting capability against an output short circuit [19).

A classical analysis of PRCs with design examples is presented in [20]. PRCs are
shown to have good voltage regulation with small variation in operating frequency.

State-space approach is used for steady-state analysis of PRC in [21]. Design curves,



for casy selection of circuit components, are also provided. Deb et al. [22] describe
a frequency-domain analysis which provides simple generalized equations for circuit
currents and voltages without going into the considerable computational effort of

solving differential cquations. In [13], a similar Fourier-series analysis for various

resonant converter ies is d. Control for resonant

in general would be studied in the following section.
‘The main disadvantage of the parallel resonant converter is that the resonant

current is independent of load. This leads to low efficiency at light load [23].

1.2.3 Series-parallel resonant converter

Series-Parallel Resonant, Converter (SPRC), as is evident from it's name, is a combi-

nation of the above two types and tries to take ad ge of the best ch
of the series and the parallel converter while eliminating their weak points (lack of
no-load regulation for the SRC and circulating current independent of load for the
PRC). Figure 1.5 shows the basic configuration of a series-parallel resonant converter.
The basic SPRC is also called an LCC (24]-[25] type resonant converter. As the name
suggests, this converter has an LC circuit in series and the load is connected in par-
allel with a second capacitor. A careful selection of the resonant circuit parameters
is required for efficient operation of a SPRC. In [23], a simplified analysis of a SPRC
is presented and it's characteristics are compared with other converter topologies. A
more complete analysis, using state-space model, is provided in [24] and [25]. Gener-
alized Fourier-series method of analysis for SPRC is also presented in [13].

Fixed frequency operation of SPRC with pulse-width modulation for voltage reg-
ulation is suggested in [26]. A SPRC, with an additional inductor in parallel with

the load, is suggested in [27] for low voltage, high current application. A simple
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Figure 1.5: Basic series-parallel resonant converter

frequency-domain model is used to analyze this circuit. This circuit is shown to have
good efficiency from 10% load to full load. The analysis methods reported in the lit-
erature for the SPRC have neglected the effect of the transformer leakage inductance.

A comparison between the three types of converters is presented in [19],(23].
SPRCs have all the advantages over parallel resonant converters, while the only ad-
vantage of SPRCs over series resonant converters is the low ripple current rating of
the output filter capacitor, therefore, this converter is reserved for low voltage, high

current applications [19].
1.2.4 Control methods

Frequency control is the most common method of control to regulate the output
voltage of resonant converters [20], [22], [23]. This control method has many disad-
vantages. For operation during light load conditions, the switching frequency has to
be reduced to a very low value. This results in increased size for the magnetic com-
ponents and the need for lossy RC snubbers. The converter designed for such low
frequency operation when operated at high frequency results in increased magnetic

core losses. The design of the control circuit is also quite difficult [26].
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There has been a constant effort to overcome the problems associated with fre-
quency control method. Some of the solutions reported are: (1) use of a pulse-width
modulated chopper at the input [28], (2) use of phase-shifted resonant inverters [29],
(3) use of pulse-width modulation technique [30], (4) use of current-mode control
[17], and (5) use of a combination of PWM and current-mode control [17]. Each
of the methods climinates some of the problems associated with frequency control.
Fixed-frequency operation with pulse-width modulation for output voltage regulation
[19], (26] eliminates all the problems associated with frequency control. By fixing the
frequency of operation of the converter, the magnetics can be optimized for that

frequency.
1.3 Thesis objective

‘The objective of this thesis is to develop a generalized model for the analysis of a range
of resonant converter topologies taking into account. the leakage inductance of the

high-frequency t fc A lized analysis is presented in [13] in which the

effect of the leakage reactance has not been considered. Frequency-domain analysis
is presented for a series-parallel resonant converter with low voltage, high current

output and the effect of leakage ind of the f on the perf of

the couverter is studied. Simple equations describing the steady-state perfc of

a range of resonant converters are d and ient to use design curves are
resented.

"Transient analysis of the series-parallel resonant converter is not available in the
literature. This analysis is important to study the component stresses in the transient
region of operation. Transient analysis is performed using the state-space method.

Series-parallel resonant converter with parallel branch of the resonant circuit on
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the tertiary winding of the high-frequency transformer has some advantages over
the one with the parallel branch on the primary. Analysis for such a converter is
not available in the literature. A frequency-domain model for such a converter is
developed and the analysis is performed taking into account the leakage inductance
of the transformer. Design curves and a design example using these curves are also
presented,

The main ob jectives of this thesis can be summarized as follows.

Development of a generalized model for the analysis of resonant converters,

particularly constant frequency PWM series-parallel resonant converter taking

into account the leakage ind of the high-fi

:

Transient analysis of the converter to study the transient stresses on the con-

verter components.

<

Development of a model for the analysis of the converter with parallel resonant

branch on the tertiary winding of the high-frequency transformer.

-

Development of a model for the analysis of the converter with integrated mag-

netics.

5. Devel of ct istics curves for describing the perf of the

various converters.

=

Development of a design procedure for selecting the converter components.

=%

Experimental verification of the models and analysis procedures for the different

converters.



1.4 Thesis outline

This thesis presents the analysis, and design of fixed series-

parallel resonant converters with primary and tertiary resonance.
In Chapter 2, the frequency-domain model of the basic fixed-frequency series-

parallel resonant converter is presented. An analysis procedure, based on harmonic

Joriid lized {61 ate 4 Simulated

and

! circuit is d

as well as the and design curves, are also presented. Transient

analysis using state-space method and the transient waveforms are presented at the
end of the chapter.

In Chapter 3, the fi domain model is d for the converter with

tertiary side resonance. Analysis and performance curves as well as simulated wave-

forms and design curves are presented. The model and analysis of the converter with

4 d

is also

In Chapter 4, a design example illustrating the use of design curves for the selec-

tion of i values is d. Experi | results for the two
converters are provided and a comparison is made with simulation results.
A summary of the thesis and recommendations for further work are presented in

Chapter 5.



Chapter 2

Series-Parallel Resonant
Converter With Primary Side
Resonance

In this chapter a model for a series-parallel resonant converter is developed, taking

into account the leakage ind: of the high frequency f The modeling

is done in the frequency domain [31]: Frequency domain modeling provides a simple
method for steady-state analysis of the resonant converter. Simple generalized equa-

tions are developed. The steady-state performance of the converter is studied and

lation results are d. N lized curves showing the effect of the lcakage

resonant circuit p. and load on the converter output voltage are

also presented. It is shown that the leakage reactance has a significant effect on the
performance of the converter.

Transient analysis of the resonant converter using the state-space method is pre-

sented. Simulation results describing the of the converter during the

transient, period are provided.



2.1 Circuit description

Figure 2.1 shows the basic series-parallel resonant converter. The converter consists
of the following:

Full-bridge inverter: The inverter consists of four MOSFETs, S to Sy, which
are used for high-speed switching. D, to Dy represent the body diodes of the MOS-

FETs. The inverter converts the dc voltage, V;, to a high frequency quasi-square

aveform by employing a constant fr Phase-Shift Modulation (PSM) control

hni This quasi-sq , Vs, i fed into the resonant circuit which is
the next stage of the converter. The capacitors, Cy to Cj, are snubber capacitors,
used to reduce the switching stresses.

Resonant Circuit: The resonant circuit consists of a series branch and a par-
allel branch. The series branch is made up of an inductor, L,, and a capacitor, C,.
Similarly the parallel branch consists of an inductor, L,, and a capacitor, Cp. The
two branches can either be tuned or off-tuned depending on the application. Different
resonant circuit topologies can be achieved by removing one or more of the resonant
components. The resonant circuit shapes the quasi-square waveform to produce a
ncar-sinusoidal voltage, vy, across the parallel branch.

Output Transformer: The high-frequency transformer provides isolation as well
as the transformation of the primary voltage, vy, to the required output voltage.

Diode Rectifier: The diode rectifier converts the high-frequency near-sinusoidal
voltage to a unidirectional output voltage, v, which is filtered to get a ripple-free
output voltage.

Output Filter: This filter consists of an inductor, L,, and a capacitor, C,.

The inductor provides almost constant output current, I,, and the capacitor gives a



L, Full-Bridge Inverter

] ] i |
S4 D, |Cy C;’]\Da
Full-Bridge
Input i Rectifier 1,
Filter Is
+
C, \A
Resonant Output Output Load
Circuit Transformer Filter

Figure 2.1: Circuit diagram of the dc/dc resonant converter

ripple-free output voltage, V.
2.2 Frequency-domain model

Frequency-domain model, as described in [22], is used to perform the steady-state
analysis of the converter because of its simplicity and adaptability to a whole range
of resonant circuit topologies. Frequency-domain analysis results in simple equations
which are easy to manipulate in order to study the effect of variation in circuit pa-
rameters on the performance of the converter. Figure 2.2 shows the simplified circuit

of the series-parallel resonant converter. The output of the resonant circuit is mod-
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Figure 2.2: Simplified circuit of the dc/dc resonant converter

clled as a current source, ,. Due to the presence of the leakage inductance, Xi, of
the transformer the current, iy, cannot, change direction instantaneously. There is a
brief commutation period during which the rectifier diodes are conducting simultane-
ously causing a short-circuit across the parallel capacitor, Cp. Therefore, the current
through the primary of the transformer, iy, is assumed to be trapezoidal.

Figure 2.3 shows the nth harmonic equivalent circuit of the converter. The voltage,
Vyny is the nth harmonic component of the PSM input voltage, v, and ipy is the nth
harmonic component of i,. This model is used to study the steady-state performance
of the converter. However, the model can also be used to analyze any resonant
converter topology by shorting or opening the appropriate series or parallel branch of
the resonant circuit. In addition, the model allows the performance of the converter
to be studied for various operating conditions such as, series and parallel elements

tuned above or below the operating frequency.
2.3 Steady-state analysis of the converter

In this section, the steady-state analysis of the series-parallel converter, using the

fr domain model, is d. Gi lized ions based on Fourier anal-

1 d

ysis are di and a for obtaining the steady-state perf of the



jnXis —jXes/n inXi

Figure 2.3: nth harmonic equivalent circuit of the converter
converter is described.
2.3.1 Assumptions
The following simplifying assumptions are used.

1. Al the switches are ideal i.e. they provide zero resistance when they are turned
on and infinite resistance when they are off and the transition from onc state

to another is instantaneous,

o

. The input filter inductor, L;, is big enough to provide a ripple-free input current,
I;, and the output filter capacitor, C,, provides a ripple-free output voltage, V,,

to the load.

o

. The current, iy, varies linearly between — I, and +,p, during the commutation

interval, p, and is therefore assumed to be trapezoidal.

4. The high-frequency isolation transformer has a unity turns-ratio. Also the trans-

former is assumed to be ideal except for its leakage inductance.
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Figure 2.4: Generalized waveforms of the dc/de resonant converter
2.3.2 Frequency-domain analysis

Figure 2.4 shows the generalized steady-state waveforms of the input voltage, v,,
output voltage, vy, and the output current, i,. The angle, ¢, is the phase difference
between the fundamental component of the PWM voltage, v,, and the transformer
primary voltage, v,. The pulse-width of the voltage, v, and the commutation interval

are specified by the angles § and i respectively.

The Fourier ion of the nth h i of v,, can be written
as
4V . . (né) .
v = Lsin ("2—”) sl ("?) sin (nust) (21)

and the nth harmonic component of i, is

i :—:’fz—sin ("2—“) sin [n (wt —¢- g)] , (22)

where I, is the output current referred to the primary.
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Using the superposition theorem the nth harmonic current i, in the circuit of

fig. 2.3 is obtained as

im = n:‘;.. sin (%) cos (nuwgt) + ...
+f::, sin (12‘1) i [n (u,l g %)] i—': @3

Similarly, the nth harmonic voltage v,n is obtained as

. (%) sin (-’;—&)sin(nw,t)-f-...

nrZin 2
8l . (np #\] ZpnZan
Slop i (B — = £)] ZnZan
+wn,sm(2)m[n(u,¢ 4 2) = (2.4)
where
X,
Zm = 3 (nX,. = 'n—") (2.5)
XpXep
Ba = o 2.6,
o ’;x_,'__i:; (2.6)
Zin = ZntZpm (2.7)

The input voltage, v,, the resonant current, i,, the transformer primary current,

ip, and the parallel voltage, vy, are expressed as the sum of n odd harmonics i.e.,

-
v = Y ua (2.8)
n=13,.

A S (29)
13,

n=|



W = Siw,
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(2.10)
w13
i _lzl - (211)

2.3.3 Normalization

In order to obtain general equations that ate independent of the absolute values of

the resonant parameters and output voltage, Equations 2.1 to 2.5 are lized

The three base quantities are chosen to be:

Base Voltage = V
Base Reactance = R
Base Frequency = 5

where V; is the dc input voltage to the inverter, R is the load resistance and f, is the
switching frequency.

The normalized for the nth h

of the circuit vari-

ables can be written as:

- :—‘”nin ('—‘21) sin (";) sin (nuyt) (212)
iy = Z",’I’Z sin (%) s [n (wt - 4~ )] (213)

iV = ;%;sin (g) cos (nwot) + ...
+i§:’;’,’ sin (%) sin [ (wat - ¢ - )] %—: @14)



4Zpnn . (nm\ . (nd) .
w 2EPN e (BN r
V¥ = er"Nsl (2 ) m( )sm(nwol)-i-...

L (—2'1) cos [n (u,,! g “)] M (2.15)

1r;m2

Equations for other parameters such as vesnny VisnNy ilpnv and igmy can also be

written as follows.

4X, . . (nd)
v = —sin (o) sin (%) Gt - ..
8lopy . (npt oy B\] XeZpnw
mund sm( 2 )Ws [n (w"t ¢- 2) Zinn (@16
P /" ) ng
lpnN = X Zom sm(2 sin 2 cos (nwot) + ...
SIopN . (np B\] Zpnv Zanty
et sm(2 )sm [,, (u,l ¢ 2)] Tt ()

Knowing vesny and ifpny, the variables vy and icpny are obtained as follows.

UtgnN = UsnN = VpnN — VconN (2.18)

TepnN = TanN = IpnN = il (2.19)
Equations 2.12 to 2.19 are the generalized equations which can be used to describe
the steady-state performance of the converter. However, the parameters 4, p, and

I,n need to be d ined. The dure adopted is described in the next section.
£
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2.3.4 Solution of equations

Three equations are required to obtain a unique solution for ¢, y and Iopn. The first
equation is obtained from the condition that v, = 0 at w,t = ¢. From Equation 2.15

the following equation is obtained.

$ "&nin ("2") sm( );m(ms)—ﬂ #

T (f)a(f) B om

n=13,.

The second equation is obtained from the condition that the normalized output
voltage V,,, referred to the primary is equal to the normalized primary current, Ly,
and can be written as the average of v, over the interval ¢ + /2 to ¢ + 7. From

equation 2.15 the following equation is obtained.

Vo = %l;:nvdu!
& 4 . (nx\. [(né
- & e (3) 2
[eos (n(6+ ) + cos(nd)]. (2:21)

The third equation is obtained by assuming that the primary voltage, uy, is sinu-
soidal. During the commutation interval, s, the equivalent circuit of the output is

shown in Fig. 2.5. Using this equi circuit an i ized expres-

sion for the commutation angle, 4, can be obtained. From Fig. 2.5(b) the following




(a) (b)

Figure 2.5: Equivalent circuit during the commutation period, s

differential equation can be obtained.

di, _v,
Twod) = X1 for ¢S wt<p4p (2.22)

It is assumed that v, is sinusoidal, i.e.,
Vp = Vymaz sin(wot) (2.23)

Now, taking the integral of Equation 2.27 gives,

by = . Ve it et

1
= x [~ Vinmasz cos(wot)] + K (2.24)

where K is a constant of integration.
At wit = 0, i, = =L,y and at wot = p, i, = +In. Substituting these two

conditions in Equation 2.24 gives:

1
=l = 5 [~ Vinmazcos(0)] + K (@25)
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il xl. [~Vytms cos(u)] + K (2.26)

Subtracting equation 2.25 from Equation 2.26 gives
2lopn Xt = Vyhimaz [1 — cos(u)] (2.27)

‘The commutation angle, p, is obtained from Equation 2.27 as

2Xilopn

Voares (2.28)

con{p) ==

Equations (2.20), (2:21) and (2.28) ace in four unknowns @, i, Zopn and Vywmas:

Therefore, an iterative method is used to obtain these parameters. The procedure is
as follows.

£

L. Values of normalized resonant circuit leakage

and §, are specified.
2. An initial value of y is arbitrarily selected.
3. Equations (2.20) and (2.21) are solved for ¢ and Ve (= Top)-
4. Equation (2.15) is then used to determine Vyymas-
5. Equation (2.28) is used to calculate a new value of .
6. With a new value of u, steps 2 to 5 are repeated until p# converges.
After finding the values of ¢, 4 and Iy, Equations (2.12) to (2.19) are solved

to obtain the various circuit waveforms. These waveforms are then used to describe

the perf of the The lized ions are also employed to

investigate the effect of various circuit the perf f the



2.4 Steady-state performance

The method described in the previous section, is used to obtain the waveforms for the
various converter parameters. The resonant component ratios are varied to study the
performance of the converter for different modes of operation. As all the parameters

are a K is chosen to describe the variations in

the resonant components. The parameter K is specified as follows:

1. The series resonant components, described by the ratio, K,, defined as the ratio
of the series capacitive reactance, X, to the series inductive reactance, Xi,,
(le. K, = Xea/Xis). The effect of the serics components on the performance
of the converter is studied by varying K, so as to make the serics resonant
circuit inductive, K, < 1 (for example, K, = 0.6), resonant (i.e., K, = 1) and

capacitive, K, > 1 (for example, K, = 1.4).

I

The parallel resonant components, described by the ratio, K, defined as the
ratio of the parallel capacitive reactance, X, to the parallel inductive reactance,
Xip (ie., K, = Xo/Xi;). Similarly, K, is varied so as to make the parallel
resonant circuit inductive, K, < 1 (for example, K, = 0.5), near resonance (i.e,

K, ~ 1) and capacitive K, > 1 (for example, K, = 2).

L]

K, is described as the ratio of the series inductive reactance, Xi,, to the parallel

inductive reactance, Xip (i.e., Ki = Xis/ Xip). Ki is varied from 2 to 6.

In the discussion which follows, the fundamental components of the input voltage

is taken to be the point of reference for all angles i.e., it is at zero phase.
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2.4.1 Simulated waveforms

Figures 2.6 to 2.12 show the waveforms for the input PWM voltage, v,, the resonant
current, i,, the voltage across the primary of the transformer, vp, and the current
through it, 7, lor different values of K, and Kp. Various converter parameters are
listed on the upper right hand corner of the plot.

Figures 2.6 and 2.7 show that v,, 7, and i, are almost identical but the voltage
p is closer to sinusoidal in Fig. 2.7 (K; = 4) than in Fig. 2.6 (K; = 2). It is noted
that the higher the ratio of X, to X, the more sinusoidal the voltage waveform v,
becomes. In both figures, the series branch is tuned and the parallel branch is as
closely tuned as possible (i.e. K, = 1.0001 since putting K, = 1 makes the parallel
branch reactance, X, = 00). As the series branch is tuned the angle ¢ is zero.

Figure 2.8 shows the waveforms when the paralle] resonant branch is inductive and
the series branch is tuned. The voltage waveform, vy, remains almost the same but
the resonant current, i,, is higher and also leads the voltage, v,. This is not desirable
as the higher values of 4, result in higher losses and therefore lower efficiency.

Figure 2.9 shows the waveforms when the parallel branch is capacitive and the
series branch is tuned. The voltage, vy, in this case is much more distorted and the
resonant current, i,, is higher. The higher distortion in v, requires larger output filter
to reduce the output ripple.

Figure 2.10 shows waveforms when the series branch is inductive and the parallel
branch is nearly tuned. In this case the voltage v, lags behind the fundamental
component of input voltage v,. The voltage waveform, v,, is quite distorted. The
resonant current is almost at zero phase and it is also higher than that of a tuned
series resonant circuit. In Fig. 2.11 the series resonant circuit is capacitive. Both the

resonant current, i,, and the voltage, vy, are lagging. In this case, the current is quite
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Figure 2.6: Simulated waveforms of the converter for tuned series and parallel
branches

low and the voltage waveform is also quite close to sinusoidal.
Figure 2.12 shows the simulated waveforms for § = 92°, This represents the case
when high inverter input voltage is to be matched to a specified output voltage. A
smaller value of § is required to achieve this goal. It can be seen that this condition
results in a distorted primary voltage, vy, but as the resonant current, 7, is lagging

the switching losses are low.

2.4.2 Effect of various par on the outp ltage of

the converter
In this section, the steady-state performance of the converter is studied by examining
the effect of various converter parameters on the output voltage.

Figure 2.13 shows the effect of the leakage reactance, X; on the output voltage, Vo,
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Figure 2.7: Simulated waveforms of the converter with K =4
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Figure 2.8: Simulated waveforms of the converter for inductive parallel branch
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Figure 2.9: Simulated waveforms of the converter for capacitive parallel branch
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Figure 2.10: Simulated waveforms of the converter for inductive series branch
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gure 2.11: Simulated waveforms of the converter for capacitive series branch
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Figure 2.12: Simulated waveforms of the converter for reduced §
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Figure 2.13: Output voltage V, vs. leakage reactance for K, = 0.6, 1.0 and 1.4 and

K, =1
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Figure 2.14: V, vs. switching frequency f, for different values of K,, and Kp ~1
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for three values of /C,. It can be seen that the output voltage decreases as the leakage
reactance increases for all values of K,. This drop is significant as V, decreases to
almost half as the leakage reactance of the transformer increases from 0 to 1.5 p.u. It
should also be noted that the output voltage decreases as the series resonant circuit
hecomes more capacitive. This drop in voltage clearly indicates that the effect of the
transformer inductance cannot be ignored while designing the converter.

Figure 2.14 shows the effect of increasing the switching frequency, f,, on the output
voltage, V,. The curve is shown for three values of K,. As the switching frequency
increases, the output voltage drops significantly. The curves for the three values
of K, are almost parallel. The curves show that for higher frequency operation the
leakage reactance becomes quite large and therefore the output voltage is significantly
reduced.

Figure 2.15 shows the variation of V, with & for different values of leakage reac-
tance, X;. The effect of X; is as expected; V, decreases as X; increases. The curve
shows that for § < 0.7 p.u., the variation in the output voltage is almost linear but
beyond 0.7 p.u., the output voltage variation with § is quite small. Figure 2.16 shows
the same curves for three values of KX,.

Figure 2.17 shows the effect of output load variation on the output voltage. For
these curves, the parallel branch of the resonant circuit is slightly off-tuned i.e., K, =
1.0001, The curves are plotted for three values of K,. It can be seen that with
tuned series branch (ie., K, = 1), the output voltage is independent of load but as
the series branch becomes capacitive, the variation in V, becomes significant. This
suggests that for a fixed output voltage, the series branch of the resonant circuit
should be kept tuned. Figure 2.18 shows the same curve for a capacitive parallel

branch (i.e., Kp = 2). It can be seen that for K, > 1, the output voltage increases
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Figure 2.16: V, vs. § for different values of K,, and X, = 0.12
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Figure 2.17: V,, vs. load resistance R; for different values of K,, and K, ~ 1

quite significantly withload. When K, = 2, the output voltage for X, > 1, is higher
than that for K, = 1, This is because for K, > 1, the parallel branch of the resonant.
circuil is capacitive and therelore, the voltage across it is higher resulting in higher

output voltage.

2.43 bnnvs. K,

Figure2.19 shows the variation of the minimum value of § with I, for different values
of leakage reactance, X;. The minimum value of §, Smy, is the minimum possible value
§ can have such that the converter remains lossless. For values of & > bmin, i, lags
behind v,, which implies that zero voltage switching can be employed to reduce the
switching losses. It can be seen from the figure that as K, increases, the value of
Smin decreases resulting in wider range of variation of 6. The effect of higher leakage
reactance is to increase the range of variation of 6.

Figure 2.20 shows the variation of §nin with K, for four values of the parallel
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Figure 2.18: V; vs. load resistance R, for K,

capacitive reactance, Xp. It can be seen from this plot that to achieve a wider range

of variation in 6, the value of X, should be kept low.

2.44 Resonant current i, vs. I,

Figure 2.21 shows the variation of resonant current with Kp for four values of Xep
The resonant current increases with increasing K. For smaller values of X5, the
increase is quite significant. Increase in i, indicates higher losses and hence lower
converter efficiency. For K close to unity, the resonant current is the same for all
values of X, but if the operation is desired in the range where K, > 1, the value of
X.p must be chosen carefully to minimize the losses. It is also seen that for capacitive
parallel branch (i.e., K, > 1), the resonant current rises sharply if the series branch
is not tuned. Therefore, for operation with K, > 1, the series branch of the resonant

circuit should be tuned to the switching frequency and the value of X, kept high.
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Figure 2.20: Variation of énin with K, for different values of X
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Figure 2.21: Variation of 7, with K, for different values of X, and K, = 1
2.4.5 Inverter input current harmonics vs. §

Figure 2.22 to 2.26 show the 2nd, 4th and 6th harmonic components of the input
current, iy, for various values of K, and K,. Figures 2.22 to 2.24 show curves for
three values of K,. It can be seen that there is very little difference in Fig. 2.22 and
2.24 for a inductive series branch and a tuned series branch (K, = 1.0 and 0.6). But
for a capacitive series branch (Fig. 2.23) the 2nd harmonic component increases more
gradually and does not show a peak as in the other two curves (Fig. 2.22 and 2.21).

Figures 2.25 and 2.26 show the three harmonic components for inductive parallel

branch and capacitive parallel branch, respectively. When compared with Fig. 2.22

for a tuned parallel branch it can be noted that the curves are almost identical for
inductive parallel branch (Fig. 2.25) and a tuned parallel branch (Fig. 2.22). But for a
capacitive parallel branch (Fig. 2.26) the increase in the second harmonic component

is more gradual. The value of the second harmonic component is higher in this case
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Figure 2.22: Variation of input current harmonics with 6 for tuned series and parallel
branches, K, =~ 1
as the current for a capacitive parallel branch (i.e., K, = 2) is higher. These curves
are useful for designing the inverter input filter.

2.4.6 Output voltage har vs. angle p

Figures 2.27 to 2.30 show the variation in the 2nd, 4th and 6th harmonic components
of the output voltage with the commutation angle 1. It can be seen that the variation
in K, does not affect the shape of the curves. In general, the 2nd harmonic component
increases with increasing leakage reactance. Figures 2.28 and 2.29 show that the
harmonics increase for both inductive and capacitive series branches. These curves

are required for the selection of output filter components Lo and Co.
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Figure 2.24: Variation of input current harmonics with § for inductive series branch,
K,~1
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Figure 2.28: Variation of output voltage harmonics with y for inductive series branch
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Figure 2.30: Variation of output voltage harmonics with p for capacitive parallel
branch
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Figure 2.33: Total harmonic distortion with K; for tuned series branch

2.4.7 Total harmonic distortion in output voltage

Total Harmonic Distortion (THD) is a measure of distortion in a waveform, and is

defined as:
]
GTHD =100 x | =227 (2.29)
Pl
where v, is the amplitude of the nth harmoni of the voltage v, In

practical terms, the THD is the square root of the ratio of the power that would
be dissipated in a resistor because of the distortion components of a waveform, to
the power that would be dissipated because of the fundamental component alone.
Figure 2.31 shows the percent total harmonic distortion (%THD) for four values of
Xip as the series reactance, Xi,, is varied. As X, increases, the THD decreases. It
can be scen that for K, = 1 and K, = 1.0001, percent THD is below 4% for all values
of Xip.

Figure 2.32 shows the variation in %THD with the ratio K; for three values of
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K,. Tt can be seen that for small values of K, the total harmonic distortion is quite
high. Also as the series branch becomes more capacitive the distortion increases.
This means that the series reactance must be kept at a value greater than double the
value of parallel reactance to keep the %THD low. By properly choosing the resonant
circuit components, the %THD can be kept within the required range.

Figure 2.33 shows a similar plot for three values of Kj. It can be seen from this
plot that the THD is higher for higher values of K. In general with the series and
parallel branches tuned, the total harmonic distortion of less than 5% can be achieved

with K; > 4.

2.5 Transient analysis

It is important to know the stresses on the various components of the converter.
During the transient period of operation, these stresses reach their maximum. The
transient analysis of the converter is performed and the currents and voltages avsoci-
ated with the different converter components are studied. The state-space model is
used to perform the transient analysis of the converter. This model focuses on the
circuit variables (i.e., state variables) which are critical to the transient performance

of the converter. In this section the transient analysis of the converter is presented in

which the effect of leakage of the high frequency is idered.
All the equations presented in this section are normalized.

In addition to the simplifying assumptions stated in section 2.3.1, it is assumed,
for the transient analysis, that the initial values of all the circuit variables are zero
at t = 0. As the converter with tuned series branch shows the best performance and

also for simplicity, the transient analysis is performed with the series resonant circuit

of the series-parallel converter tuned to the switching frequency, i.e., K, =
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Figure 2.34: Different modes of operation of the converter
2.5.1 Analysis

‘The generalized waveforms for a half-cycle of operation are divided into four modes of

beginning at the ing instant of the transformer primary voltage,

vp. Figure 2.34 shows the four modes of operation of the series-parallel converter.
The first mode starts with the zero crossing of the voltage v,. This continues till the
phase-shift modulated voltage, v,, switches from zero to Vi. The current i, at this
point is still in the transition mode. Mode 2 starts at the time when the PSM input
voltage, v,, becomes +V; and ends when the current, iy, achieves it’s positive constant
value, Iop. This is also the beginning of the third mode of operation. Mode 3 ends
when the input voltage, v,, goes to zero, and mode 4 starts at this instant. Mode 4
ends with the zero crossing of v,.

Figure 2.35(a) to (d) show the equivalent circuits for the four modes. Four sets
of differential equations can be written for the four equivalent circuits. For the state-

space analysis presented below, the following are chosen as the state variables.



(a) Mode 1

(b) Mode 2

(c) Mode 3

(d) Mode 4 ¥

Figure 2.35: Equivalent circuits for the four modes of operations



Resonant current, i,

Voltage across the transformer primary, v,

Voltage across the series capacitor, v,

Current through the parallel inductor, i,

Current through the transformer primary, i,.

From Fig. 2.34, it can be calculated that mode 1 lies between ¢ and ”T"‘ The

for this mode of

d(wot)

are obtained as

Yp

A

(2:30)
(2.31)
(2.32)
(2.33)

(2.34)

Mode 2 begins at %% and ends at ¢ + p, and from Fig. 2.35(b) the following

differential equations are obtained.

di,

Aud) =

dv,
dwot)
dug,
qwot)
diiy
d(wol)

(2.35)
(2.36)
(2.37)

(2.38)



di,

d(wot)
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s o
5=t (2.39)

Mode 3 is between ¢ + 4 and ”,’1 and the differential equations for this mode are

obtained as

di,
duact)
dv,
d(w,t)
due,
Fom)
diy,
dfet)
_di,_
d(wot)

- ﬁ - ﬁ - ﬁ (2.40)
= w—lc", = ;)“_E',, = w_[cpT,, (241)
= u'_c (2.42)
= w”—zv (2.43)
=0 (244)

Mode 4 lies between %‘ and 7 + ¢ and the differential equations for this mode

are obtained as

di,
dfet)
dv,
(o)
dv,
d(w,t)
diy,
d(wot)
di,
d(wdt)

(2.45)
(2.46)
(247)

(2.48)

=0 (2.49)
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These four sets of equations when solved, provide the first half cycle of the circuit
waveforms. The second half can be similarly solved by just changing the sign of V;
and I, in the above sets of equations. The initial value of the state variables is set to

zero and the four sets of ions are solved ially. The i values

of the state variables at the end of one mode of operation are substituted as the
initial values for the next set of equations. This is done for the four modes and then

repeated for the next half cycle with the sign change.
2.5.2 Simulation results

In this section, simulation results are presented for two values of K,,, i.e. K, =2 and
K, & 1. Figure 2.36 shows the first few cycles of operation for a capacitive parallel
branch (i.e., K, = 2). The series branch of the resonant circuit is kept tuned to the

itching fr of the rter. The figure shows the waveforms for all the state

variables. It can be seen that the voltage across the series capacitor, v, rises to 3 p.u.
during the second cycle of operation. Also the current through the parallel inductor
goes to 2 p.u. during the same cycle. Although these values settle to less than 1.5
p.u. in the steady state, the transient values need to be considered in the selection of
component ratings. Figures 2.37 and 2.38 show the waveforms after ten and twenty
cycles of operation, respectively. Steady state is reached after approximately 20 cycles
of operations.

Figures 2.39 to 2.41 show the transient waveforms for a nearly tuned parallel
branch (i.e., K, = 1). The waveforms in these figures are quite similar to the wave-
forms in Figs. 2.36 to 2.38. However, the steady state is reached after approximately
thirty cycles. All these figures show that the circuit operates quite stably during the

transient period. The circuit does not exhibit any drastic behaviour during the tran-
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sient period, and the circuit variables settle down to the steady state values predicted

by the frequency-domain analysis.



normalized space variables

0 05 1 15 2 25
cycles

Pigure 2.36: Transient waveforms for first few cycles of operation with Kp=2 :

normalized space variables

cycles

Figure 2.37: Transient waveforms after ten cycles of operation with Kp =2
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normalized space variables

cycles

Figure 2.38: Transient waveforms after twenty cycles of operation with K, =2

normalized space variables
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Figure 2.39: Transient waveforms for first few cycles of operation with K, ~ 1
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Figure 2.40: Transient waveforms after ten cycles of operation with K, ~ 1
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Figure 2.41: Transient waveforms at the end of thirty cycles of operation with K, ~ 1



Chapter 3

Series-Parallel Resonant
Converter with Tertiary Winding
Resonance

In this chapter, the model described in Chapter 2 is modified to study the series-
parallel resonant converter with the parallel resonar. circuit on a third winding of
the high frequency transformer. Frequency-domain modeling and analysis are used to
obtain generalized equations and performance curves for the steady-state operation

and design of the converter.

3.1 Circuit description

Figure 3.1 shows the basic series-parallel resonant converter with a three winding
transformer. The only difference between this circuit and the one discussed in the

previous chapter is that the parallel resonant components L, and Cj, are placed on a

tertiary winding of the high frequency The high-fr transformer
provides isolation as well as voltage transformation to get the required output voltage.
The arrangement provides greater flexibility in the choice of the parallel capacitor,

Cy. By reducing the current carrying capacity of the parallel inductor, L, its size can

55
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Li Full-Bridge Inverter
EARIDN
T\

Parallel Branch

CP

Three-Winding
Transformer

Lod  Output Full-Bridge
Filer  Rectifier

Figure 3.1; Circuit diagram of the dc/dc resonant converter
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also be reduced significantly. Another ad of using a th indi f
-4 8

is that the leakage inductance of the transformer gets divided into three parts: the
primary leakage is compensated for by the series inductor; the leakage of the tertiary
winding comes in series with the parallel components when referred to the primary,
and it does not contribute to the drop in output voltage; the secondary leakage at the
input of the full-bridge rectifier causes the commutation overlap. Due to the lower
leakage inductance of the three winding transformer, this converter is more suitable

for high frequency operation.
3.2 Frequency-domain model

Figure 3.2 shows the nth harmonic equivalent circuit of the converter. The input
voltage, v,n, to the resonant circuit is the nth harmonic component of the PWM
voltage, v,. The output of the converter is modelled as a current source, iy, which
is assumed to be trapezoidal due to the presence of the leakage reactance, X, of the
secondaty winding. ipm, is the nth harmonic component of i,. When referred to the
primary, the leakage reactance of the tertiary winding, X, appears in series with the
parallel resonant circuit parameters Xi, and X, and therefore does not contribute
to the voltage drop at the output. The leakage inductance of the primary winding is
included in the series inductor, L,.

X;, X, and X;, are the reactances on the tertiary side and X; is the leakage

reactance on the secondary side.

3.3 Steady-state analysis of the converter

In this section, the steady-state analysis of the converter, using the frequency-domain

model, developed in Fig, 3.2, is p d. G lized ions are d, and



Figure 3.2: nth harmonic equivalent circuit of the converter
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Figure 3.3: Generalized waveforms of the dc/dc resonant converter

a for obtaining the stead; i of the converter is described.

The simplifying assumptions outlined in Section 2.3.1 apply to this analysis.
3.3.1 Frequency-domain analysis

Figure 3.3 shows the generalized steady-state waveforms of the input voltage, v,,
output voltage, v,, and the output current, i,. These waveforms remain the same for

both the primary and secondary side resonant circuits. This is because the leakage

reactance of the tertiary winding, X;, is very small and therefore does not affect

the perfc of the converter significantly. The angle, ¢, is the phase difference
between the fundamental component of the PWM voltage, v,, and the transformer
primary voltage, v,. Angle, 6, is the pulse width of v,, and g, is the commutation
angle.

The normalized equations for the nth harmonic component of v,, vy, i, and i, are

the same as in the preceding chapter and are reproduced here for convenience.
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(3.1)

(3:2)

(33)

(3-4)

(3.5)
(36)
(3.7)

Although Equations 3.1 to 3.4 contain the same unknown parameters, ¢, s, and

Iopn, as in the corresponding equations in chapter 2, a slightly modified procedure s

adopted to determine these parameters.
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3.3.2 Solution of equations

Three equations are required to obtain a unique solution for ¢, s and Ln. The first
equation is obtained from the condition that v, = 0 at w,t = ¢. From equation 3.4

the following equation is obtained.

A (%) sin ("") sin(u)%ﬂ Faws

»=t3,., % £
= 8lpn . [np ap\ ZpmZ,
+n=IZ,: ,r;ﬂ sin (T) cos (—z—) # =0 (3.8)

The second equation is obtained from the condition that the normalized output
voltage V,,n referred to the primary is equal to the normalized primary current Iov

and can be written as the average of v, over the interval ¢ + uto ¢ + 7.

v
opN =

=4 nr né
= £ il —)sin|{—
= Lo sin ( 2 )sm ( 2

1 r+e
S dunt
$+u

+[cos(n (¢ + p)) + cos(ng)] (39)

In Chapter 2, vp, the voltage at the primary of the transformer was assumed to
be sinusoidal. For the present circuit, v, can no longer be assumed sinusoidal due
to the presence of the leakage reactance of the tertiary winding, X,. The complete

general expression for v is therefore used to derive the expression for the commutation



Figure 3.4: Equivalent circuit during the commutation period p

angle, p as follows, During the commutation interval, p, the equivalent circuit of the
converter is as shown in Fig. 3.4. The following equation is obtained.

dip, vy
dwot) ~ X
Taking the integral of Equation 3.10 gives

for ¢ <ut<gip (3.10)

) 1
b= x / vp d(wol)
g

-35 ":"Jsm(z)sm( )[—cos(nw,l)]

X:n > 8 zZ sin (%) sin [n(u,z -4-b)+k

=13, 7"#7“

(3.1)

where K is & constant of integration. Now using the conditions that, i,

—Iopy at

wot = ¢ and ip = lpn at wol = ¢+ p the following equations are obtained.



%’E)sm( )[—ws(nas)l I

| & 8 ZuZp. a(nn
e N — ot R
.2 sin? (2)+I\ (3.12)

sin ("2 ) sin ( ) [ cos[(ng + I‘)]]

1 & 8 ZinZpm np
+ — 1IN 7 sm( )+K (3.13)

Subtracting equation 3.12 from equation 3.13 gives,

1 & 4 2
Upn = % "}; P sm( 5 ) sin ( ) [cos(n@) — cos[(né + u)]] 2
1 & 16 T np
X 25 TN g, o (2) (3.14)

For given circuit parameters and pulse width, §, Equations 3.8, 3.9 and 3.14 are
solved for ¢, u and I,n. After finding the values of ¢, 4 and Iy, the generalized
equations of the converter (Equations 3.1 to 3.4) are employed to obtain various circuit
variables and to investigate the effect of circuit parameters on the performance of the

converter.



3.4 Steady-state performance

“The simulated waveforms for v,, vy, i, and i, are shown in Fig. 3.5 to3.10 for variations
in K, and K,. Figures 3.5 and 3.6 show the waveforms for tuned series and parallel
resonant branches. Figure 3.5 (6 = 114°) shows that the voltage across the tertiary
winding referred to the primary, vy, is at zero phase and its peak value is about 1.15
p-u. The resonant current, i,, is quite small and the converter is expected to have
low losses.

Figure 3.6 shows the operation for 6 = 65°. This value is chosen to compare
the simulation result with the experimental result when the converter is operated
at a higher dc input voltage, V;. As shown, the series resonant current, i,, is more
distorted. The efficiency when operating at a higher input voltage is expected to be
lower.

Figure 3.7 shows the waveforms for an inductive parallel branch (ie., K, = 0.5)
and tuned series branch (i.e., K, = 1). In this case, the waveform for v, remains
almost the same but the resonant current, i,, has increased significantly. Also the
resonant current leads the input voltage, v, resulting in high switching losses.

Figure 3.8 shows the waveforms for a capacitive parallel branch (ie., & = 2).
The resonant current, iy, is very high but lags the input voltage. Also the voltage
waveform is very much distorted.

Figure 3.9 shows the circuit waveforms for an inductive series branch (i.e., K, =
0.6). In this mode of operation, v, and i, lead the input voltage, v,. Figure 3.10
shows the waveforms for a capacitive series branch (i.e., K, = 1.4). In this case, both
vp and i,, lag behind the input voltage, v,. Also the voltage, v,, is smaller; its peak

is approximately 0.9 p.u.
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Figure 3.5: Simulated waveforms of the converter for tuned series and parallel branch,

§= 1140
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Figure 3.6: Simulated waveforms of the converter for tuned series and parallel
branches, § = 65°
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Figure 3.7: Simulated waveforms of the converter for inductive parallel branch
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Figure 3.8: Simulated waveforms of the converter for capacitive parallel branch
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Figure 3.9: Simulated waveforms of the converter for inductive series branch
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Figure 3.10: Simulated waveforms of the converter for capacitive seiice branch
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Figure 3.11: Output voltage V, vs. leakage reactance for tuned series branch

Figure 3.11 shows the effect of the leakage reactance, .X;, on the output voltage,
V,. The figure shows that the output voltage decreases as the leakage reactance
increases. This drop is not as significant in the three winding transformer as it is in
the two winding transformer discussed in Chapter 2, because the leakage reactance
in this transformer is about. one-third. Therefore, this converter is expected to show
better performance.

Figure 3.12 shows the variation in output voltage with switching frequency. The
output voltage, V,, decreases steadily as the switching frequency is increased. It
should be noted that the variation in V, when f, is varied from 1 p.u. to 10 p.u. is
approximately 1 p.u., which is much less than the variation in V,, in the converter
with primary resonance. Therefore, this converter is more suitable for operation at
higher frequency.

Figur: 3.13 shows the variation of V, with the load, Ry, for different, values of K,

and a tuned parallel branch (K, = 1). The figure shows that as the series branch
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Figure 3.12: V, vs. switching frequency, f,

becomes more capacitive (i.e., K, > 1) the variation in output voltage increases with
load. There is negligible variation in the output voltage with load when the series
branch is tuned. Therefore, to maintain constant output voltage with varying load,
it is desirable to keep the series circuit tuned.

Figure 3.14 shows a similar plot for a capacitive parallel branch (i.e., K, = 2).
It can be seen that there is large variation in V, for K, > 1, whereas it is constant
=1 when the

for K, = 1. The output voltage for K, > 1 is higher than that at K,
parallel branch is capacitive.

Figure 3.15 shows the variation of resonant current, i,, with K for different values
of Xep. The figure shows that the resonant current increases as K, increases. This
increase is very small for higher values of X, Higher resonant current means higher
losses. Therefore, if the converter has to be operated at higher values of K, X,

should be kept high.
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Figure 3.13: V, vs. load resistance Ry with tuned parallel branch
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Figure 3.14: V, vs. load resistance R with capacitive parallel branch
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fesonant current, is (p.u.)

Kp
Figure 3.15: Resonant current, i, vs. K, for different values of X,

Figure 3.16 shows the variation of the minimum value of § with K, for different
values of parallel capacitive reactance, X,. It can be seen from the figure that as K,
increases, the value of &, decreases, resulting in wider range of variation of §. The
effect of increasing X, is to increase the value of min. Therefore if a variation in the
output voltage is desired, a lower value of X, should be chosen.

Figure 3.17 shows the total harmonic distortion of v, for variation in the series
reactance, Xj,. The curve is drawn for variation in parallel reactance, Xj,. The %
THD decreases slightly with increasing Xi, but increases with X;,. When compared
with Fig. 2.31 for primary side resonant converter, it can be seen that for similar
values of series and parallel reactance the variation in % THD with series reactance
is much more in Fig. 3.17. Also the % THD is higher in this case. The increase in
%THD is due to the presence of the leakage reactance, X,.

Figures 3.18 shows that the total harmonic distortion is very high for small values

of K, where K| is the ratio of series reactance, Xi, to parallel reactance, X, i.c.,
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Figure 3.16: Variation of émin with K, for different values of Xop.
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Figure 3.17: Total harmonic distortion with X;, with tuned series and parallel branch
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Figure 3.18: Total harmonic distortion with K; for K,=0.6, 1.0 and 1.4 for tuned
parallel branch
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Figure 3.19: Total harmonic distortion with K; for K,=0.5, 1 and 2.0
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Ky = X1/ X1y The % THD decreases rapidly as K increases.

3.5 Series-parallel resonant converter with inte-
grated magnetics

The requirement for reduced size is an important consideration in converter design.
In the serics-parallel converter, the inductors L, and L, take up a lot of space on
the converter. In order to reduce the size of the converter further, the magnetics
of the converter with the three winding transformer may be integrated. In this ar-
rangement, the series branch inductance L, and the parallel branch inductance L,
are integrated into the three winding transformer. In this section, a model is devel-
oped for the converter with integrated magnetics. Again the modeling is done in the
frequency domain using the same approach as the one already presented in this chap-
ter. Figure 3.20 shows the equivalent circuit of the three winding transformer with
integrated magnetics. The leakage inductance of the tertiary winding comes in series
with the capacitor, Cy, when referred to the primary of the transformer. The leakage
inductance of the secondary winding, Ly, remains the same. The primary side leakage

inductance is compensated by the series inductor, L, which is now a composite part

of the f The tizing ind of the converter are assumed to be
negligible.
The analysis lure for the i d i nverter is the same as the

analysis presented in Section 3.3. The generalized equations (Equations 3.1 to 3.4)
apply to the equivalent circuit of Fig. 3.20. The resonant circuit impedances for this

circuit are given by
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Figure 3.20: nth harmonic equivalent circuit for an i d series-parallel resonant

converter
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Figure 3.21: Simulated waveforms for a converter with integrated magnetics, § = 114°

Zu = g(nn- ) (315)
Xip (nX, ~ X2

Zn b (1~ %) (3.16)
nXi+nXp~- 2

Zin = ZyntZm (3.17)

Figure 3.21 and 3.22 show the simulated waveforms for this converter. It can be
seen that the wavelorms are quite similar to those in Fig. 3.5 and 3.6. The performance
of the converter with integrated magnetics is the same as the converter described in
Section 3.4. However because of integration there are no external physical resonant

ind with the iated i for space. C ly the size of the

converter is reduced.
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Figure 3.22: Simulated waveforms for a converter with integrated magnetics, § = 65°



Chapter 4

Design Example and
Experimental Results

In this chapter, a design example is presented for a series-parallel resonant converter
with the parallel branch on the third winding of the transformer. The example is

using the p curves pi d in the previous chapter. Experi-

mental results for the two types of resonant converters discussed in Chapters 2 and 3
are presented and comparison is made between the simulation and the experimental

results.

4.1 Design example

A design example is presented to illustrate the use of performance curves to design
the resonant converter. Using the converter described in Chapter 3, a procedure
for determining the 1>sonant converter parameters and the tradeoffs required are
outlined. The example chosen represents the power supply for a telecommunications

equipment. The following are the specifications for the converter.
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Input voltage, V; =48V
Operating frequency, f, =128kHz
Output voltage, V, =5V
Output Current, I, = 100 Amps

The following base quantities are chosen

Base voltage, Vigse= Vi = 48V
Base impedanceis,e= R =  0.05Q
Base frequency, fyape = 1 128kHz

To obtain the specified output voltage the primary to secondary turns ratio (N, :
N,) of the transformer is taken to be 6:1. The primary to tertiary turns ratio (N, : Ny)
is chosen to be 1:2. For the above specifications the load resistance is 0.05 2, which
corresponds to 1.8 0 when referred to the primary. The expected output voltage
referred to the primary, V,p is obtained as

Vip = L;ﬁ =062 pu.

The first step in the design is to select suitable values for K, and K. Figures 3.13
and 3.14 show that there is no voltage regulation if the series resonant circuit is tuned
(i.e., K, = 1). Thus to keep the output voltage constant for varying load, K, is chosen
tobel,i.e. the series resonant circuit is tuned to the operating frequency. Figure 3.15

shows the variation of the resonant current, i, with K, for different values of X,,.
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From this plot, it can be seen that as K, increases the resonant current increases

and the losses in the converter increase. Therefore, K|, has to be kept low. However,
fig. 3.16 shows that lower values of Kj result in smaller range of variation in 6, In

order to allow for a wider range of variation in § and hence a wider variation in

output voltage, and yet keep the resonant current low, K, is chosen to be 1.5 and
Xy is chosen to be 1 p.u.

For these values of K, and X., the parallel inductance, L,, is calculated from,
Xo
% (4.1)
1x18 E

L5 :
= 120

Xip =

The parallel inductive reactance referred to the tertiary side is given by

N, 2
A (ﬁ;) X Xip (42) y
= 4x12 :

= 4.80

and

Ly = o f (43)
4.8

= W xIBxI10°
~ 6uH



Similarly, the parallel capacitance, Cj, is calculated as follows.

1

C, (14)
or
1 1
Cy = —— 15
4 [ Xy, 2,,[(%:1) = (4.5)
1
T rx128x109x4x 18
= 0.17uf

The values of the series components are restricted by the size. Also, as discussed in the
previous chapter, to obtain a sinusoidal voltage across the primary of the transformer
the ratio, K; must be at least 2. Therefore, in order to satisfy both conditions, the
value of Xy, is chosen to be 2 p.u. The value of L, is calculated as follows.
X

2rf

_2x18

T 2m128x 108

= 45uH

L, =

(4.6)

Similarly, for K, =1, X, =2 p.u. and C, is calculated as follows.

1

&= .

(4.7)
-
T 2rx128x103x2x 1.8

= 0354/



output voltage Vo (p.u)
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normalized delta

Figure 4.1: Output voltage, V, vs. §

Figure 4.1 shows the variation in output voltage, V, with § for different values of

tr leakage Xi. Depending on the value of transformer leakage
the value of the pulse width, é, which yields the required output, can be found. A
practical value for the leakage reactance of a three winding transformer would be 0.45
p-u. For this value of leakage reactance, the value of § to obtain V, = 0.625 p.u. is

found from Fig. 4.1 to be 0.62 p.u. or 112°. The leakage reactance of 0.45 p.u. results

in
X =045x1.8=081Q
and
Xi
L 2 f (4.8)

0.81
2m x 128 x 10°
1pH

Q
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Figure 4.2: Experimental setup for the series-parallel resonant converter with primary
resonance

4.2 Experimental results

In this section, experimental results for the two types of converters namely, primary

resonant converter and the tertiary resonant converter are presented. It is shown that

the models ly describe the The i were perf d in

the power lab of Bell-Northern Research, Ottawa. The two converters were designed

and developed by the power group at BNR.



4.2.1 Primary resonant converter

The experimental setup for the series-parallel resonant converter with primary reso-

nance is shown in fig. 4.2. The following are the circuit specifications,

Input Voltage, V; = 40V to 60V
Output Voltage, V, = &V

Output Current, I, = 100A
Operating frequency, f, =  128kHz

The full-bridge inverter comprises of cight IRFP 150 MOSFETSs. Each switch consists

of two MOSFETs in parallel to reduce the internal resistance of the switch. The
control method used is the phase shift modulation and a modified Micro Linear soft
switching control chip, ML4818 is used for the purpose. Switches S, and Sy are
always turned-on at zero-voltage and turned-off at zero-current. Snubber capacitors
are used to achieve turn-off under zero-voltage. Switches S; and Sy are turned-off
at full voltage. The diodes used in the full-bridge rectifier are high frequency low
recovery time diodes.

The series and the parallel, branches of the resonant circuit are tuned to the

hing f The power has a primary to secondary turns ratio

of 5:1. The transformer uses a horizontal ferrite core. Ferrite core has the advantage
of low core losses at high ac flux densities and high frequencies.

The values of circuit components are as follows:



Series Inductance, L, = 3.6uH
Series Capacitance, C, =  0.44pf
Parallel Inductance, L, =  1.6pH
Parallel Capacitance, C, =  0.88uf

First, the converter was operated under varying load conditions and input voltage,
V; = 40V. Table 4.2.1 shows the input and output current and voltage values for
this experiment. The efficiency of the converter was calculated at each stage. This
experiment was repeated for Vi = 60V and Table 4.2.1 shows the results. Figure 4.3
shows the variation in efficiency with load. The converter has an efficiency around
80% from 20% to full load, for operation at 40V and 60V. The efficiency is slightly
lower for 60V. Peak efficiency is achieved at approximately half load.

Figures 4.4 to 4.19 show the comparison between the simulated and the exper-
imental The f show close in shape and itud

thus confirming the model and analysis procedure.
Figures 4.20 to 4.25 show the experimental waveforms for drain to source voltage,
v4s, voltage across diode rectifier, v4, and current through the secondary transformer

winding, 1.



S No. [ Vi I v, I, | Efficiency
(volts) | (amps) | (volts) | (amps) %

5 40 0.3 5.14 0 0
2. 40 L7 5.13 9.93 74.91
3. 40 3.1 5.13 20.0 82.74
4. 40 4.6 5.13 30.0 83.64
5. 40 6.1 5.12 40.0 83.93
6. 40 7.6 5.12 50.0 84.21
T 40 9.2 5.12 60.0 83.47
8. 40 10.7 5.11 70.0 83.57
9. 40 123 5.11 80.0 83.09
10. 40 14.0 5.11 90.0 82.13
11. 40 15.7 5.10 100.0 81.21
12. 40 17.5 5.09 110.0 79.99

Table 4.1: Experimental results showing efficiency with variation in load for V; = 40V

SNo. [ WV k V, I Efficiency
(volts) | (amps) | (volts) | (amps) %

1 60 0.3 5.14 0 0
2. 60 1.2 5.14 10 71.39
3. 60 2.1 5.13 20 81.43
4. 60 3.1 5.13 30 82.74
5. 60 4.2 5.13 40 81.43
6. 60 53 5.12 50 80.50
7. 60 6.4 5.12 60 80.00
8. 60 7.5 5.12 70 79.64
9. 60 8.6 5.12 80 79.38
10. 60 9.8 5.11 90 78.21
11. 60 11.0 5.11 100 77.42
12. 60 122 5.10 110 76.64

Table 4.2: Experimental results showing efficiency with variation in load for V; = 60V
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Figure 4.3: Efficiency with load for V; = 40V and 60V
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Figure 4.4: Simulated phase-shift modulated input voltage, v, for V; = 40V and
§=175°
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Figure 4.5: Experimental PSM input voltage, v, for V; = 40V
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Figure 4.6: Simulated primary voltage, v, for V; = 40V

Figure 4.7: Experimental primary voltage, v, for V; = 40V
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Figure 4.8: Simulated v, for V; = 40V

Figure 4.9: Experimental v, for V; = 40V
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Figure 4.10: Simulated v, for V; = 40V
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Figure 4.11: Experimental v,, for V; =40V
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Figure 4.12: Simulated phase shift modulated input voltage, v, for V, = 60V, = 114°

Figure 4.13: Experimental PSM input voltage, v, for V; = 60V
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Figure 1.14: Simulated primary voltage, v, for V; = 60V
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Figure 4.15: Experimental primary voltage, vy for V; = 60V
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Figure 4.16: Simulated v, for V; = 60V

Figure 4.17: Experimental v, for V; = 60V
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Figure 4.18: Simulated ve, for V; = 60V

Figure 4.19:

Experimental v, for V; = 60V
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Figure 4.21: Experimental voltage across the diode rectifier , var for V; = 40V



Figure 4.22: Experimental current in the secondary winding, 7, for V; = 40V

Figure 4.23: Experimental drain to source voltage vy, for V; = 60V
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Figure 4.25: Experimental current in the sccondary winding, i, for V; = 60V
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4.2.2 Tertiary side resonant converter

This converter is designed to the same specifications as the primary side resonant
converter, In addition, this converter also supplies +12V and —12V dc at the output.
During the course of this experiment, the £12V supply was kept at minimum load.

‘T'he full-bridge inverter is the same as the one used in the primary side resonant
converter. The series branch of the resonant circuit is the same, while the parallel
branch is placed on the tertiary winding, The primary to tertiary turns ratio is 1:2
and primary to secondary turns ratio is 4:1. The transformer is made of a ferrite core
of horizontal construction. The waveforms shown are for operation at V; = 40V and
60V.

Table 4.3 shows the experimental input and output currents and voltages for step-
variation in load. Figure 4.26 shows the efficiency of the converter with step variation
in load. The figure shows that the efficiency is the highest at about half load. The
efficiency is lower for this converter because of the additional £12V outputs.

and experi 1 f and the

Figures 4.27 to 4.38 show the si
instantaneous and peak values for v,, v, and the resonant current, i,. Figures 4.39 to

4.43 show waveforms of the drain to source voltage of the power switch, vg,, voltage

Table 4.3: Experimental results showing the variation in efficiency with load for
V; = 40V, for tertiary side resonance

S5 v T Vo| L |V+12] [+12 T-12V ] ER.
No. | (volts) | (amps) | (volts) | (amps) | (volts) | (amps (amps) | %
I, ¥ 19] 0 | 1194 6] 1 X X
2 : X ¥ 0. 93
: 7 B 0. 52 i
; ) 11 § 60. 91 z
5. | 396] 14 T 30, .91 82
(6. 304 18 .13 | 1004 190 44
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Figure 4.26: Converter efficiency with load, V; = 0V

across the diode rectifier, vgr, and voltage across the tertiary winding, v. These

waveforms are for operation at two input voltages, 40V and 60V.
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Figure 4.27: Simulated phase shift modulated input voltage, v, for V; =40V

Figure 4.28: Experimental PSM input voltage, v, for V; =40V
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Figure 4.20: Simulated primary veltage, v, for V; = 40V

Figure 4.30: Experimental primary voltage, v, for V; = 40V
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Figure 4.31: Simulated resonant current, i, for V; = 40V
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Figure 4.32: Experimental resonant current, i, for V; = 40V’
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Figure 4.33: Simulated phase shift modulated input voltage, v, for V; =60V

Figure 4.34: Experimental PSM input voltage, v, for V; = 60V
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Figure 4.35: Simulated primary voltage, v, for V; = 60V

Figure 4.36: Experimental primary voltage, v, for V; = 60V
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Figure 4.37: Simulated resonant current, 1, for ¥, = 60V

Figure 4.38: Experimental resonant current, i, for ¥, = 60V
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Figure 1.39: Experimental drain to source voltage across one power switch, vg, for
v, = dov
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Figure 4.40: Experimental voltage across the diode rectifier, v4, for V; = 40V



Figure 4.42: Experimental drain to source voltage across one power switch, vy, for
Vi =60V
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Figure 1.43: Experimental voltage across the tertiary winding, v, for V; = 60V



Chapter 5

Conclusion

A generalized frequency-domain model and analysis of dc/dc resonaut converters
which explicitly takes into account the leakage reactance of the high frequency trans-
former has been presented in this thesis. The model and analysis procedure can be

extended to other dc/dc resonant converter topologies. The model and analysis pro-

cedure yields lized ions which letely describe the performance of the

converter for various operating conditions. It is shown that the effect of the leakage

ind of the high fi is signifi and cannot be neglected

in converter design.

5.1 Summary

The following specific contributions on the modeling and analysis of constant fre-

quency dc/dc resonant converters are :nade in the thesis.

1. A simplified model of the basic constant frequency dc/dc serics-parallel reso-

nant converter incorporating the effect of the transformer leakage inductance

has been developed. A steady-state analysis employing harmonic analysis tech-

nique and a procedure for determining circuit variables has been outlined. The
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resulting expressions are general and can be extended to other resonant dc/dc

converter topologies.

. A frequency-domain model is has also been developed for a constant frequency

dc/dc resonant converter with tertiary resonance. This converter is shown to
have lower transformer leakage inductance and is therefore found to be more

suitable for high frequency operation.

Steady-state expressions have been developed to describe the performance of
the converters for different operating conditions. Performance curves which are

casy to usc for the design of the converter have been provided. It is shown that

i P 1

the fc leakage i reduces the output voltage of

the converters. This effect is more pronounced at higher frequencies.

A transient analysis using the state-space approach has been developed to study
the operation of the basic series-parallel resonant converter during the transient
period. It is shown that in the transient period, circuit variables can reach as
high as three times the steady-state values. However, the circuit operates stably

and reaches steady-state in about twenty cycles.

Simulated

for steady-stat; have been provided for both
converters. Sim_ulation results have been verified by experiments performed on
the two types of series-parallel resonant converters. The results confirmed the
models and analysis procedure.

{

Modeling and analysis has been d for the with i
magnetics (i.e., all the magnetic components on the same core). It is shown

that integration of magnetics reduces the size of the converter without affecting



n2
it's performance.

7. A design example has been the use of p

curves in designing the converter.

5.2 Recommendations for further research

The analysis method used in the thesis provides both qualitative and quantitative
insight into the steady-state performance and design of the converter. The transient
analysis presented in the thesis only provides information on the variation in peak
values of the circuit variables during the transient period. The dynamic behaviour
and the effect of small perturbations such as changes in width, 6, output voltage,
V. and input voltage, V;, on the performance of the converter were not investigated.
In order to carry out this investigation, a small-signal model and analysis of the

1

series-parallel converters need to be d d. State-plane i discrete-

time or sampled data models which provide valuable insight into the dynamics of the
circuit and fruitful for evaluating the stability of the cycle-to-cycle behaviour of the
circuit need to be developed. The models can also be used to study the acoustic noise
generated by the converters.

It has been shown in the thesis that the performance of the converter is not signif-

icantly affected by i d ics. However, i ted ics presents a

design challenge. First, the design of the magnetics has to meet size, weight and losses

i at high ing fi ies. Second, ics have to be optimized

to yield high converter efficiency. These issues need further investigation.
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