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Multimode Optimization of the Phase-Shifted LLC
Series Resonant Converter

Umme Mumtahina

Abstract—This paper presents a loss optimization method for
phase-shifted LLC resonant converters operating with phase shift.
The method features automatic detection of the preferred opera-
tional mode from the five possibilities for the topology. For a given
power level and voltage transformation ratio it simultaneously de-
termines the values of the resonant elements and transformer turns
ratio. This work supplements and extends the available optimiza-
tion tools for variable frequency operation and extends these to
phase-shifted operation. The combined methods allow converters
with much wider voltage regulation ranges to be designed. Numer-
ical programming methods to determine the mode boundaries and
to solve the steady-state solutions for the different modes of LLC
converter are presented. A detailed loss model for a phase-shifted
LLC is also discussed. A prototype of 30-403V, 295W is built to val-
idate the optimization results. A comparison is made between an
optimized and unoptimized converter. An extension to multipoint
optimization, as required to optimize the European Weighted Effi-
ciency is described.

Index Terms—DC-DC power conversion, optimization methods,
resonant power conversion.

NOMENCLATURE
Wo Angular resonant frequency (LC).
w1 Angular resonant frequency ((L + Ly )C).
Whase Base voltage.
Whase Base angular frequency.
Lyase Base impedance.
Tyase Base current.
Whase Base voltage.
Vas Bridge voltage.
V. Capacitor voltage.
T Constraint set.
Peond pri Conduction losses of primary MOSFETS.
Cys Drain source capacitance of primary MOSFETS.
Vi Diode voltage drop.
N Efficiency.
FF Fill factor.
R, Gate resistance of primary MOSFETS.
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Gate-drain charge of primary MOSFETS.
Input voltage.

Input voltage of LLC equivalent circuit.
Inductor current.

Lower bound vector.

Magnetizing current.

Mode indicators.

Miller plateau voltage.

Normalized angle.

Normalized conduction angle.
Normalized half-period.

Normalized switching frequency.
Normalized capacitor voltage.
Normalized inductor current.
Normalized magnetizing inductor voltage.
Normalized magnetizing inductor current.
Normalized average output current.
Normalized output load.

Number of primary turns.

Number of secondary turns.

On resistance of primary MOSFETS.
Output current.

Output voltage.

Output load.

Output power.

Output voltage of LLC equivalent circuit.
Primary rms current.

Ratio of L and L,,.

Ratio of w; and w,.

Ratio of R,. and Rj..

Resonant frequency.

Resistivity of copper.

Rectifier conduction loss.

Switching frequency.

Steinmetz coefficients.

Search variable vector.

Transformer turns ratio.

Time variable.

Turn off time of primary MOSFETs.
Transformer core loss.

Transformer core volume.

Transformer peak flux density.
Transformer peak—peak flux density.
Transformer effective cross sectional area.
Transformer winding loss.

Transformer ac resistance.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Rac Transformer dc resistance.
MLT Transformer Mean Length of Turn.
Ay, Transformer window area.

Piot trans Total transformer loss.

Ploss Total converter loss.

by, Upper bound vector.

L Value of resonant inductor.

C Value of resonant capacitor.
Ly Value of magnetizing inductor.
M Voltage conversion ratio.

I. INTRODUCTION

HE LLC resonant converter is a commercially popular
T topology that is an extension of the series resonant con-
verter. A magnetizing inductor is added to overcome two prob-
lems found at light loads namely the loss of ZVS operation and
the inability to regulate the light load voltage. For the conven-
tional LLC the expressions for the voltage gain and the bound-
aries for ZVS operation are well known [1]-[4].

Generally the voltage is regulated in a LLC converter by the
variable frequency control. This method can be analyzed using
the following three basic approaches:

1) frequency domain analysis or first harmonic approxima-

tion (FHA) [5]-[8];

2) frequency domain analysis with time domain correction

[9]-[11]; and

3) time domain analysis [12]-[15].

The application of the LLC converter over wide voltage and
load ranges using predefined dead time control is presented
in [6], [7], and [14]. A predefined normalized switching fre-
quency range based on peak gain requirements is presented in
[15]. Frequency control has been extensively studied for cur-
rent limiting and protection. An over current protection method
has been used to optimize LLC converter under short circuit
condition in [9] by maximizing the resonant capacitor voltage.
LLC converter has been used for battery charging application
under short circuit condition [16]. Trajectory control has been
used for optimizing LLC converter in [17], [18]. Other meth-
ods such as time weighted average efficiency, morphing control
have been used for efficiency optimization [19], [20]. The above
design methods try to find a single design solution but the in-
clusion of some arbitrary restrictions result in solutions that are
not easily generalized. An alternative approach is to develop
an algorithm, suitable for computer implementation, which can
accurately calculate a solution where the user has discretion as
to the preconditions and constraints that are applied.

Some new applications require LLC converters that can op-
erate over a load range, which cannot be practically provided
using just variable frequency control. For extreme load ranges
very wide frequency ranges may be required forcing high losses
at the higher frequencies and increasing the magnetic compo-
nent sizing at the lower ranges. Phase-shifted control can be
combined with variable frequency control [21]-[25] to extend
the voltage regulation range. Phase shift control has also been
used to suppress in-rush current [26], [27].
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In an LLC with combined control modes the phase-shifted
approach is used to reduce the voltage gain once the maxi-
mum operating frequency has been reached. This will be above
resonance. An analytical model has been proposed to find the
solution for state variables in discontinuous conduction mode in
[28]. It is only applicable for specific modes and not all modes
are considered. There is no closed form solution for the state
variables at the transitions between switching states and that
need to be found through an iterative numerical solution. Nu-
merical calculation and programming tools have been used to
solve steady-state equations of phase-shifted LLC converter in
[29]. The results here are presented in graphical forms that allow
modes to be determined on the basis of normalized converter
variables.

The current published literature on optimizing the phase-
shifted LLC converter is limited in comparison to the well-
established variable frequency case. The variable duty cycle
gives rise to a larger number of operational modes. In many ap-
plications, the converter specifications may be potentially sat-
isfied by several competing designs that operate in different
modes.

This paper is concerned with the optimization of the LLC
converter in applications where a number of modes are possible.
This situation becomes especially complex where one converter
design must offer satisfactory performance at several loading
conditions over a loading range.

Computer-aided optimization is an established concept for
converter design and has been applied to a range of other con-
verters [30]. All optimization tools include: a cost function that
is used to numerically evaluate the performance of a proposed
solution; a search method that proposes and evaluates a series
of solution points; and a set of constraints upon the allowable
range of solutions. A few examples of search methods include
the following:

1) augmented Lagrangian penalty functions [30];

2) the Monte Carlo search methods [31];

3) intelligent search methods such as Genetic algorithms

[32].

The major contribution of this paper is to develop a cost
function that incorporates a multiple mode solver for the phase-
shifted LLC state equations to provide a comprehensive solution.
The multimode solver allows a cost function, based on the con-
verter parameter set, to be evaluated. For a given set of converter
parameters, the resultant operational mode of the phase-shifted
LLC converter is identified and numerical solutions to the state
variables are calculated. The mode solver can determine the cur-
rent and voltage behavior of each mode. Once this information
is at hand, a cost function can be evaluated and returned to the
optimization engine.

In this paper, the multimode solution based cost function has
been combined with the MATLAB optimization toolbox search
method to minimize the losses, which is the main objective func-
tion for a particular solar energy application [33]. A loss model
was developed to calculate the losses in the converter utilizing
the state variable solutions obtained from the multimode solver.
The optimization was used to maximize the efficiency of a mod-
ule based 403Vdc output 295W dc—dc converter for distributed
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Fig. 1. (a) Full-bridge LLC resonant converter. (b) Phase-shifted gate signals
between two switches.

maximum power point tracking (DMPPT) system. A prototype
has been built to verify the optimization results. As in DMPPT
system, the input voltage and output power will be varying at
different times [34], [35], the European weighted efficiency is
measured to show the effectiveness of this converter at different
loads.

In principle, the multimode cost function can be readily com-
bined with other optimization engines and configured to opti-
mize other converter features.

II. PHASE-SHIFTED LLC MODE SOLVER

LLC mode solver is central to the cost function evaluation for
the optimization procedure. This solver contains all the steady-
state equations of different modes and also the conditions to
solve them numerically. There is a single continuous conduc-
tion mode in which the secondary rectifiers conduct throughout
the cycle and discontinuous conduction modes in which the
secondary diodes stop conducting at particular times. The input
variables to this block are the input/output voltage, load, and
the resonant parameters (L, Ly; and C,.), etc. The output of this
solver is the mode specific current and voltage waveforms. A
detailed analysis of different modes in the mode solver has been
discussed in following sections.

In full-bridge fixed-frequency phase-shifted LLC converter
[Fig. 1(a)], switches are controlled by varying the duty cycle,
which is shown in Fig. 1(b), where 6. is the conduction angle.
The following assumptions are considered for the analysis.

1) All passive components are ideal. The output capacitance
of the primary switches and the junction capacitance of
the rectifier diodes are ignored.

2) The output voltage is constant.

3) The dead time between the switches are ignored.
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In order to simplify the analysis and results, the resonant
characteristics of the tank are normalized. The normalized time
variable 6 is defined by

0 = w,t (1)

where w, is the angular resonant frequency of the tank

=27 fo. )

1
Wy = ——
" VILC
A second resonant frequency appears when the secondary
rectifiers are off which is denoted by w; :
1
W = (3)
(L + L M) C
where L = resonant inductance, C' = resonant capacitance,
L)y = magnetizing inductance, and f, = series resonant fre-
quency. The ratio of two inductances is defined by

L
l=—. (C))
LM
The ratio of two resonant frequencies is defined by
k=2t 5)
Wo

A normalized half-period of switching cycle can be defined
by

Wo ™
5T ©6)
where f; = switching frequency, F = normalized switching fre-
quency. As the start of the half-period can be chosen arbitrarily,
in this paper for simplicity the start of the half-period is chosen
when the MOSFET S5 is on at = 0 and turns off at § = ~. This
analysis is directed toward applications with a specified output
voltage. Therefore, it is easier to define the base quantities with
respect to the output. Base quantities are defined by

v

n Vo
‘/base =V, = l% - Z (7)
Whase = Wo (8)
Ziase =\ Y0 ©)
%)
Lyase = (10)
b Zbase

Vs
M= -—= 11
v (11)

where V) and V5 are input and output voltages of LLC equivalent
circuit, respectively, V, is the output voltage, M is conversion
ratio, n,, and n, are number of transformer primary and sec-
ondary turns, and n is the transformer turns ratio, respectively.
To denote normalized voltages and currents lowercase m and j
are used, respectively, and the original variables are retained as
subscripts:

0w,
mﬂ@:%%gl (12)
o
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Fig. 2. Equivalent circuits of phase-shifted LLC converter.

The normalized output load resistance r, is defined as

2
ny RL
= —"— 14
ns2Zbase ( )

L

The operation of switching bridge is such that the terminal

voltages are as shown in Fig. 1(b). In a full switching cycle,

there are twelve equivalent circuit switching states. Due to odd

symmetry only six of them are necessary to define the steady-
state operation. The equivalent states are shown in Fig. 2.

A. Discontinuous Conduction Mode I (DCM 1)

DCM 1 is the first mode considered. This mode comprises
three equivalent circuits Fig. 2(a), (d), and (e). The time domain
current and voltage waveforms and steady-state trajectory of
DCM I are shown in Fig. 3. The steady-state equations of DCMI
are given below.

For (0 <60 < 6y)

me (0) = (me (0) — 1/M + 1) cos (6)

+ 41 (0)sin (0) +1/M — 1 (15a)

Jr (0) = (—mc (0) + % - 1) sin (6)
+ 71 (0) cos (0) (15b)
mayr (9) =1 (]SC)
Jm (0) = jar (0) +1(0) (15d)

Fig. 3.

Normalized waveform
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For (0, <6 < 6)
me (0) = (me (61) + 1) cos (62 — 07)
+ 4 (61)sin (0, — 61) — 1
i (0)=—(mc (61) +1)sin (6, — 61)
+ 4L (61) cos (65 — 61)
my (0) =1
Ja (0) = g (01) +1(02 —01).
For (6, <6 <)

me (6) = (Y, ) du (62)sin [k (= 62)]
+ me (0) cos [k (7 — 62)]
jr (0)=jr (02) cos [k (v — 62)]
— kime (62) sin [ky (v — 62)]

{=mc (62) cos [k1 (v — 62)] —
(Vi) i B sin [k (v = 02)]}

-1 08 06 04 02 O 02 04 06 08

ma (6) = (1+1)

Jr (0) = jur ().

1

Ideal time domain waveforms and steady-state trajectory of DCM 1.

(16a)

(16b)

(16¢)
(16d)

(17a)

(17b)

(17¢)

(17d)
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In these equations, there are five unknowns m¢ (0), 5z (0), 61,
05, and M. These unknowns can be solved by the following
equations, which are the base of the solver:

me (0) +me (v) =0 (18a)
Jr (0) +jr (v) =0 (18b)

JL (91) —jum (01) =0 (18¢)
gar (0) +jar (v) =0 (18d)
Jorr, =1 (18e)

where j, is the average output current and is expressed as

inlﬁm®—mww9
.()1
:%A|ﬂ@%ﬁﬂww
03
+% /9] iz (0)—jar (0)]dO

= %[{1/1\4 —1—me (0)} {1 — cos (61)}

. . . 1
+ 71 (0)sin (01) — jz (0) 01 — 51912

+ jr (61) sin (62 — 01)
+ (me (01) + 1) cos (62 — 61)
—jnr (01) (62 —01)

_Q@_afy (19)

MATLAB function fsolve (x), which is a numerical-based
search function has been used to find a numerical solution to the
unknowns. During an optimization process, the values found can
be used to verify the operating mode using the method shown
in Fig. 4. After finding the unknowns, the mode distribution
equations are applied to check whether the converter is operating
in DCM I or not. The voltage across the magnetizing inductance
determines in which mode the converter is operating. Two mode
indicators (mysq(0) and mjr2(0)) defined as the normalized
voltage on L, determine whether the diodes start to conduct or
not. According to Kirchhoff’s voltage law from Fig. 2(b)

1
myp, (9) + mc (9) + mar1 (9) = M
myr1(0) can be rewritten as
~ —mg (0)+1/M
mar1 (0) = T (20)
Similarly, m 2 (6) can be written from Fig. 2(e) as
—mc (0)
= —", 21
maya (60) T (21)

For simplicity, two conditions such as § = 0 and § = ~ would
be considered. If [mj;1(0) > 1|, then the secondary diode con-
ducts and assumption of DCM I mode is true. Otherwise, If
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Assume DCM I
Solve equations and calculate
Mn(0) M(y)

Display
DCMI
waveforms

Assume DCM 1T
Solve equations and calculate
Mi(0) M201(02) Ma(y)

[72:11(0) < 1| &
|P21(62) < 1| &
|72(y) <1

Display
DCMII
waveforms / Y

Assume DCM III
Solve equations and calculate
M1(0) Nu2A(02) M(y)

Display
DCMIII
waveforms

Assume DCM IV
Solve equations and calculate
Mui(0)  Mux62) Max(y)

nn(0) = 1| &
ImMz(Hz) < 1| &
ImMz(}/) > 1|

Display
DCMIV
waveforms

Assume CCM
Solve equations and calculate
nun(0) Mu(62) Miax(y)

N(0) 21| &
|P72212(62) = 1| &
Mir2(y) = 1|

Display
CCM
waveforms

Fig. 4. Flowchart to distinguish different modes.

|mpr1(0) < 1], the secondary diode is off and assumption of
DCM I mode is not true and it might be another mode. If
|mar2(y) < 1|, then assumption of DCM I mode is true.

B. Discontinuous Conduction Mode I (DCM 1)

The converter can operate in DCM II mode. The equiva-
lent circuits for this mode are shown in Fig. 2(a), (b), and (e).
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Normalized waveform
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Fig. 5. Ideal time domain waveforms and steady-state trajectory of DCM II.

The current and voltage waveforms and steady-state trajectory
of DCM 1I are shown in Fig. 5. There are five unknowns
me(0), jr(0), 01, 62,and M, which can be solved by these
following equations:

me (0) +me (v) =0 (22a)
gr (0)+jr (v) =0 (22b)

Jr (91) —jm (61) =0 (22¢)
Jr (62) — jar (62) =0 (22d)
Jorr = 1. (22e)

After finding the unknowns, the same procedures have been
carried out for DCM 1II as that for DCM L If |my;(0) < 1],
|mari (62) <1, and |mpso(y) < 1|, then the assumption of
DCM Il is true.

10483

Normalized waveform
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Fig. 6. Ideal time domain waveforms and steady-state trajectory of DCM III.

C. Discontinuous Conduction Mode II1 (DCM III)

The converter can also operate in DCM III mode. The equiv-
alent circuits for this mode are shown in Fig. 2(a), (b), (d), and
(e). The current and voltage waveforms and steady-state trajec-
tory of DCM III are shown in Fig. 6. There are six unknowns

(me(0), jz(0), 61, 65, 05, M), which can be solved by these
following equations:

me (0) +me (v) =0 (23a)

Jr (0) +jr (v) =0 (23b)

Jar (0) +jar () =0 (23¢)

Jr (01) — g (61) =0 (23d)

Jr (03) = jar (03) =0 (23¢)

Jorr = 1. (23f)

After finding the unknowns, the same procedures have been
carried out for DCM III as that for DCM 1. If |mj/;(0) < 1],
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Normalized waveform
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Fig. 7. Ideal time domain waveforms and steady-state trajectory of DCM IV.

[mar2(62) > 1|, and |mpr2(y) < 1|, then the assumption of
DCM Il is true.

D. Discontinuous Conduction Mode 1V (DCM I1I)

There is another operation mode which is called discontin-
uous conduction mode IV (DCM III). The current and voltage
waveforms and steady-state trajectory of DCM III are shown
in Fig. 7. Though this mode is not used in practice due to the
failure of its soft switching condition, it is included in the solver
to complete the solver operation.

E. Continuous Conduction Mode (CCM)

The CCM mode exists when the load is relatively high and the
conduction angle is large. The conversion ratio for this mode is
less than unity. The equivalent circuits for this mode are shown
in Fig. 2(a), (c), and (d). The current and voltage waveforms and
steady-state trajectory of CCM are shown in Fig. 8. In this mode,
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; Normalized waveform
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Fig. 8. Ideal time domain waveforms and steady-state trajectory of CCM.

there are five unknowns (m¢ (0), 41 (0), 61, 62, M) which can
be solved by these following equations:

me (0) +me (v) =0 (24a)
Jr (0) +jr (v) =0 (24b)
gm (0) + ju (v) =0 (24¢)
g (01) = jar (1) =0 (24d)
Jorr =1 (24e)

This mode is also validated by the similar procedure. If
|li (0) > 1|, |m]\/[2(92) > ].|, and |mM2('y) > 1|, then the
assumption of CCM I is true.

III. Loss CALCULATION

A. Mosfet Losses

In the mode solver, the operation mode determines the current
waveforms and to predict the conduction losses, the current
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harmonics and RMS current are calculated by the fast Fourier
transform. The conduction losses of the primary MOSFETS are
denoted by

Pcond,pri = 4Irmsfpri2Rds,on (25)

where 174, on is the on resistance of the primary MOSFET.

In these optimization procedures, it is considered that the
switches accomplish ZVS condition so that turn on losses and
diode recovery losses of MOSFETs are neglected. However, there
is a crossover of current and voltage during the turn off transi-
tion, which can be calculated from [36]. The total turn off losses
can be expressed as

2 nV,0, Vin
Py = 3 Vin ALy ’st Cds Tos Tog fs
where Cly; is the drain source capacitance of the main switches
and T, is the turn off time and can be calculated by

Rg di
V:gs.miller

(26)

Tog = 27
where R, is the gate resistance, (Jyq is the gate-drain charge,
and Vs miller 1s the Miller plateau voltage.

B. Transformer Losses

Transformer core loss can be calculated by the original Stein-
metz equation [37]

Pcore = kfsa ABﬁ%ore (28)

where k, «, and 3 are the Steinmetz coefficients derived from
the manufacturer datasheet, V.. is the core volume, and AB
is the peak flux density and it can be calculated by

1 1 [oar ()] dt

AB= =B . =
pkpk =5 ny Ae

2
where B _py is the peak—peak flux density, vy is voltage
across the magnetizing inductance, and A, is the effective cross-
sectional area of the transformer. Transformer winding losses
can be calculated as

(29)

Pwinding = IrmsfpriQRac (30)

where R,. is the ac resistance of the transformer and can be
calculated from this equation:

Rac = kstc (31)

The ratio (k) of the ac to dc resistance (Rg.) is a function
of the construction quality of transformer. It is considered to
be constant during the optimization. In this paper, it is assumed
that high-quality materials are available and k; is set to be one.
Rg. can be calculated by

(32)

where p is the resistivity of copper, MLT is mean length of
turn, FF is the fill factor, and A, is the window area. Total
transformer losses will be

Ptot,trans = Pcore + -Pwinding~ (33)
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Fig. 9.

C. Rectifier Losses

The output rectifiers will have the soft switching condition
so that they will have only conduction losses which can be
expressed as

Peond,sec = 7‘//‘ 34
where P, is converter output power and V is the on drop voltage
of each diode.

IV. OPTIMIZATION PROCEDURE

To begin the optimization, the constant parameters are first
set. These include discrete component parameters such as de-
vice resistances, diode drops, the input and output voltage, and
the output power. Fig. 9 shows the total optimization proce-
dure. The design variables for this optimization procedure are
n,, ng, Ly, C, and L and all these variables are denoted by
one search variable vector x:

x = [ny,ns, Ly, C L L]. (35)

A constraint set 7 is set for these search variables which is

expressed as
T={b <z <b,} (36)

where b; is lower-bound vector and b, is the upper-bound vector.
Voltage regulation is considered as an equality constraint that is
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TABLE I
OPTIMIZED DESIGN VARIABLES

Design Lower Upper Optimized
variables boundary  boundary variables
ny 3 9 6 (integer)
N 70 90 80
Ly (pnH) 8 20 15
C(pF) 0.5 5 0.88
L(pH) 1 10 2.4
TABLE II

LoSs DISTRIBUTION OF THE COMPONENTS

Components Loss (W)
Primary MOSFET conduction 1.5
Primary MOSFET switching 0.15
Rectifier 1.68
Transformer core 0.87
Transformer winding loss 1.4
Total losses (calculated) 5.6
Efficiency 98.1%
expressed as

V. ng M

2= (37)

Vin np

Voltage gain M has a nonlinear relation with design vari-
ables. As part of the optimization process, the converter mode
will be determined for each set of search variables so that the
voltage constrain is maintained. The cost function of this opti-
mization is to minimize the losses at full load, which is denoted
by Ploss (). The cost function block includes (Fig. 9) the mode
solver equations and also the loss calculation.

The MATLAB optimization function fimincon (x) is used as an
optimization search engine because it is fast and robust. “Active
set algorithm” has been used within this search engine for the
optimization. The solution times are typically in the range of
2 min. It is recognized that fmincon returns a continuous value
for the turns ratio. In this paper, the turns are rounded to integer
values. It is possible to utilize the existing mode selector and
cost functions with a range other optimization approaches that
will explicitly consider the turn numbers as integer variables.
This will be at the expense of computational speed.

V. RESULTS
A. Optimized Results

This paper aims to optimize a phase-shifted LLC converter
with input/output voltage 30 V/403 V and with a295 W or 550 Q2
load. The switching frequency is 115 kHz. Table I summarizes
the optimized design variables in which the lower-bound and
upper-bound parameters are given. Physical factors limit these
boundaries. For primary turns integer value is considered but
the closest turns ratio is maintained. Calculated loss distribution
from the optimized program is also presented in Table II. In
the optimization procedure, losses in the control system are not

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

primary current

voltage

current
o
[}
.
o
1

time

Fig. 10.
full load).

Current and voltage waveforms at optimized efficiency (30 V,

TABLE III
UNOPTIMIZED DESIGN VARIABLES

Design Unoptimized
variables variables
ny 6

Ng 80

Ly (pH) 11
C(pF) 1.3
L(pH) 2.4

considered. The optimized efficiency is calculated by

P,

A 38
P, + Pon 38)

Ui

After the optimization, the converter falls into CCM mode
which is shown in Fig. 10.

B. Unoptimized Results

A traditional design approach, as described in [38]-[40], has
been applied to choose the design variables for an unoptimized
condition. The design variables are summarized in Table III.

C. Experimental Results

Two prototypes of the converter have been built for exper-
imental verification and the optimized converter is shown in
Fig. 11. The two versions of the converter, using the compo-
nent values in Tables I and III, allow comparisons between and
optimized and unoptimized case. The semiconductor part num-
bers and the component values for the optimized converter are
given in Table IV. The measured efficiency of the optimized
prototype at 30 V, full load is 97.9%. The European weighted
efficiency of the converter at 30 V, full load is 96.4%. The
full load waveforms are shown in Fig. 12. In this paper, every
experimental figure has three traces (red = resonant inductor
current (I7), purple = resonant capacitor voltage (V,), green
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Prototype of phase-shifted LLC converter.

TABLE IV
PARAMETERS FOR EXPERIMENTAL PROTOTYPE

Parameter Value
MOSFETs IPP 027NO8NS
Rectifiers STTH 20R04
Transformer ETD 44/22/15 N87

Turns ratio 6:80

Litz wire (0.04 mm x 180 strands)
Core gap 0.478 mm

Leakage inductance 2.4 p/H
Magnetizing inductance 14.99 pH

Resonant capacitor ~ 0.88 uF Metalized polypropylene

Output capacitor 10 uF
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Fig. 12.
full load.

Current and voltage waveforms of optimized converter at 30 V,

= bridge voltage (Vap)). The experimental and analytical re-
sults are in close agreement. Some variation is expected due to
the need to select rational turns ratio. In Fig. 12, there are high
frequency disturbances in capacitor voltage at the bridge switch-
ing edges. This is a measurement artifact due to the oscilloscope
CMRR.
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A feature of the optimization process is that it has been iden-
tified as continuous mode and driven the duty cycle to close to
100%, which certainly minimizes the conduction loss compo-
nent within the overall cost function. The experimental wave-
forms for the unoptimized converter is shown in Fig. 13. The key
difference between these two is that the unoptimized converter
has a higher magnetizing current that increases the conduction
losses. For any converter, once the converter parameters are fixed
during the design phase, operations at part load will require a
reduction in the duty cycle to maintain the voltage regulation.

This paper examines the two worst case conditions, which are
shown in Fig. 14 (maximum output voltage, minimum power)
and Fig. 15 (minimum input voltage, maximum power). When
the converter operates at maximum input voltage and minimum
load, the ringing appears due to the secondary rectifier and
leakage inductance. The optimization process, upon which the
hardware design is based, selected the continuous mode on the
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basis of superior losses. The experimental converter runs in
the continuous mode is all cases other than extreme light load
cases. One DCM mode emerges at light load. That DCM mode is
shown in Fig. 14. There are other DCM modes but these will not
occur in this experimental equipment because of the component
values produced by the optimization method. The other modes
will exist in other converters with suitable physical component
values. The efficiency curves of the unoptimized and optimized
converter are plotted in Fig. 16. The optimized converter shows
better results at nominal voltage for all load conditions.

VI. CONCLUSION

This paper has presented a multimode optimization method
for the phase-shifted LLC resonant converter. The method al-
lows a designer to specify the required power level along the
input and output voltages. For a given set of power electronic
devices, the multimode optimizer will then select the key reso-
nant components, the transformer turns ratio, the bridge phase
shift and the operating mode that result in the minimum losses.
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All optimization systems include a cost function, a search
method, and a set of constraints. The key contribution of this
paper is the development of a cost function that includes a
mode solver and a loss estimation function. The mode selection
must satisfy the inherent constraints imposed by the operational
power and voltage gain specification. The mode solver consists
of state equations of all the modes and a method to determine
the associated initial conditions for each switching state. For a
particular specifications for fixed input/output voltage and load,
the operational mode is identified and numerical solution to the
state variables are calculated. The solver determines the current
and voltage waveforms. A loss model has been developed to cal-
culate the losses based on the information found from the solver.
In combination, the mode solver and loss calculation function
form a cost function calculator which can then be embedded in
an optimization system.

In this paper, a MATLAB optimization search engine is ap-
plied. The fimincon routine is used as an optimization engine
because it is fast and robust. The multimode solver can be read-
ily combined with other optimization search engines including
many popular intelligent methods such as Genetic Algorithms
(GA) or Particle Swarm Optimization (PSO).

The optimized results are well matched with experimental
results. In this paper an optimization was presented for a single
operating point which is full load at nominal voltage. As the
transformer turns ratio was a free variable in the optimization
process the solution converged upon the continuous conduction
mode. This is expected as the continuous modes are favorable
with respect to conduction losses.

It is straight forward to extend the cost function for the simul-
taneous weighted optimization of converters at several loads as
would be required for the optimization of the European weighted
efficiency. For each load condition, a cost needs to be evaluated
and these are combined with weightings to give an overall cost.
In this case the optimization becomes more interesting as the re-
quirement to share just one transformation ratio amongst several
loading conditions will force the adoption of different modes.
It is likely the continuous mode will be adopted at high load
conditions and discontinuous modes will be selected at partial
loadings.
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