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Abstract—In this paper, a modified gain model and the corre-
sponding design method for an LLC resonant converter are pro-
posed. To derive the gain model, two important factors—resonant
factor and load factor are considered and discussed in detail by
combining time domain and frequency domain. Compared with
fundamental harmonic approximation (FHA) method, the accu-
racy of the gain model is highly improved. Referring to the modi-
fied gain model, the corresponding design method is also obtained
that can inherit conciseness and practicability of the FHA method.
Thus, the design method can be used to replace the FHA method
in practical design procedures. Finally, the simulation results are
given and a prototype of the LLC resonant converter used for power
electronic traction transformer is built to verify the accuracy and
validity of the proposed gain model and the corresponding design
method

Index Terms—Design method, fundamental harmonic approx-
imation (FHA) method, LLC resonant converter, modified gain
model, power electronic traction transformer (PETT).

I. INTRODUCTION

N LLC resonant converter has the features of soft-
A switching at full range of loads, wide input and output
voltage, high efficiency, high power density, electrical isolation,
and dual energy flow. So, it is a popular converter and is widely
used nowadays [1]-[5]. There are two main application fields
of the LLC resonant converter, one of which is high frequency
switching power supply [6]-[9]. By using the LLC resonant
converter, the power density will be greatly improved and so do
the power quality and conversion efficiency. The typical appli-
cations are adapters for electronic equipment, dc/dc converters
of photovoltaic system and LED driving, panel TV, and so on.
The other one is high voltage and high power field [10]-[14],
whose common applications are power electronic transformer,
including power electronic traction transformer (PETT) in trac-
tion power supply and solid-state transformer in power system,
and so on.

When designing an LLC resonant converter, if the initial pa-
rameters are given, such as rated input and output voltage, cur-
rent, rated power and working frequency, we usually prefer to

Manuscript received June 19, 2016; revised September 4, 2016; accepted
October 17, 2016. Date of publication October 31, 2016; date of current version
April 24,2017. This work was supported by the Beijing Science and Technology
Plan (2016). Recommended for publication by Associate Editor D. Xu.

J. Liu, J. Zhang, T. Q. Zheng and J. Yang are with the Beijing Jiao-
tong University, Beijing 100044, China (e-mail: liujiangiang @bjtu.edu.cn;
jiepinzhang @bjtu.edu.cn; tqzheng @bjtu.edu.cn; yangjingxi @bjtu.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2016.2623418

discuss the gain characteristic at first and then to conduct further
design. Therefore, the precision of the gain model can influence
the design results. For precise gain model, the design results can
be more accurate that will make benefits for the performance
of the LLC resonant converter, such as efficiency, control, soft-
switching area, and so on. At present, the most common method
to derive gain model is fundamental harmonic approximation
(FHA) method [15]-[17]. It is an approximation method by cal-
culating fundamental components of the square-wave voltage at
primary and secondary side of the LLC resonant converter. And
then according to the frequency domain analysis, we can easily
acquire the gain model whose mathematical expression is con-
cise and practical. However, because the output current is always
considered continuously when using FHA method, it will gen-
erate much error compared with practical conditions. And with
the increasing of load, the error will further increase. To make
the gain model derived by FHA method more accurate, some
modified methods-based time domain are proposed in [18], [19].
Taking the method in [19], for example, a modified equivalent
resistance is calculated by considering the discontinuous current
mode. But the analysis of the resonant circuit is not strict and
the influence of excitation inductor is neglected, they all make
the equivalent resistance and the gain characteristic inaccurate.
There are still a few modified gain model based time domains
given in [20]-[23]; however, there are too many assumptions
being made and the final conclusion is very complicated that
make these gain models unpractical. In addition, a new design
method considering peak gain is proposed in [24], [25]. The
theoretical basis of this method is that when the phase of the
input square-wave voltage is the same as the resonant current,
the LLC resonant converter will get the peak gain point. Based
on above theoretical basis, some proper parameters can be cal-
culated and from that the better one can be selected. However,
this method has two disadvantages: 1) it is not easy to judge the
phase of the input square-wave voltage and the resonant current
because of irregularity of the resonant current. 2) All the design
results are just satisfied with the peak gain requirement, but the
conditions at full frequency range are not discussed. So, the
LLC resonant converter may operate on the area where the gain
increases rapidly and make the dynamic characteristics worse,
especially for the high power applications.

In this paper, a modified gain model is proposed. The in-
fluence of resonant circuits and load is restudied and the in-
ductor ratio k- and the quality factor Q-based FHA method are
redefined. By combining time domain analysis and frequency
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Fig. 1. Topology of the full-bridge LLC resonant converter.

Fig. 2. Equivalent schematic-based FHA method.

domain analysis, the accuracy of the proposed gain model is
highly improved at full range of loads making it applicable for
both high frequency power supply and high power applications.
Based on the proposed modified gain model, a corresponding
design method is also given that inherits the conciseness and
practicability of the gain models based FHA method. That is,
only two degrees of freedom (resonant factor and load factor)
are needed to guide the design. According to theoretical anal-
ysis, simulations, and experimental results, the feasibility and
superiority of the gain model are further verified.

The sections of this paper are organized as follows: Section II
simply introduces fundamental principle of FHA method and
lists a few definitions for the sake of next analysis. Section III
derives the gain model by considering resonant factor and load
factor. Section IV proposes a design method based on the pro-
posed modified gain model in Section III. And a design example
is given to further describe the design method. Section V veri-
fies the accuracy of the proposed gain model by simulations and
experimental results. Section VI concludes this paper.

II. OVERVIEW OF FHA METHOD

The topology of a typical LLC full-bridge resonant converter
is illustrated in Fig. 1. .S; — S, and S5 — Ss are respectively the
switches on the primary side and secondary side of the trans-
former. If dual energy flow is ignored, S5 — Ss can be replaced
by power diodes D5 — Dg. L, and C, are resonant inductor
and resonant capacitor, respectively, L,, is excitation inductor
of transformer, C, is output filter capacitor, and Ry, is load. The
ratio of transformer is n:1. The direction of the arrow in Fig. 1
is the positive direction mentioned in this paper. Usually, there
are three working conditions of the LLC resonant converter ac-
cording to the relationship between switching frequency ( f;)
and resonant frequency (f,.) of L, and C,. They are continu-
ous mode (fs < f), critical continuous mode (f; = f,), and
discontinuous mode (f; > f, ). When FHA method is used, fol-
lowing assumptions and explanations should be done:
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1) The LLC resonant converter is always working in critical
continuous mode, so that the equivalent schematic can be
expressed in Fig. 2.

2) The voltage V45 and V,;, are continuous square-wave
voltages that can be replaced by their fundamental har-
monic components. So, they can respectively be expressed
as By, = \5 Vinand E, ‘anO after converting them
to the prlmary side of the transformer

3) The equivalent ac resistance of the fundamental compo-
nent is illustrated as Req = n° 5 Ry.

According to above assumptions and Fig. 2, the gain of the

fundamental voltage can be expressed as

E, - sLy,//R
B - +sLe+sLy//R’

Gac = (1

Let s = jwy, where w; is switching angular frequency, the
gain of the fundamental voltage G,. can be further given
as

1
G- R A
VT,

R, q

Gac =

@)

where k = Z= and is called inductor ratio. Q =

is named as quahty factor. Then, using E;,, = MVm and £, =

anO, the gain of the LLC resonant converter can be finally
acqu1red

= 3

VA?+B?

From (3), we can see that the gain characteristic is mainly
determined by k and Q. When resonant inductor L, and res-
onant capacitor (', are constant, k and Q are respectively in-
fluenced by excitation inductance and output resistance. Define

A=1++(1—- f—:) It describes the relationship of L,,,, L,, and

C, that is named as resonant factor. Let B = (4 7 f 2)Q. Tt de-
scribes the relationship of Ry, L, and C, thatis narned as load
factor.

According to the above introductions, two obvious drawbacks

of FHA method are listed:

1) Since the LLC resonant converter is always considered
working in critical continuous mode, the excitation in-
ductor is always clamped by output voltage. However, in
most cases, the LLC resonant converter does not work in
critical continuous mode and the excitation inductor will
have other working conditions which will make resonant
factor A inaccurate.

2) The equivalent ac resistance is only accurate in critical
continuous mode and if f; < f,, load factor B is no more
precise.

The two drawbacks make the gain curve derived by FHA

method only can describe rough trend but cannot get accu-
rate gain model. Therefore, to acquire optimal gain model,
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Fig.3. Theoretical waveform when f; < f,. (Vg is drive pulses of switches,
iy, is resonant current, i,, is excitation current, Vi is voltage of resonant
capacitor, 4p is current of diode).
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Fig. 4. Equivalent schematics of LC resonant mode and LLC resonant mode.
(a) LC resonant mode. (b) LLC resonant mode.

we should further modify the resonant factor A and load
factor B.

III. GAIN MODEL MODIFICATION
A. Resonant Factor A Modification

To design an LLC resonant converter, the most important fac-
tor which should be considered is to find the peak gain point. The
peak gain point is usually at f; < f,. Thus, compared with the
condition at f; > f,, the accuracy of the gain curve at f; < f, is
much more significant. When the LLC resonant converter works
at f; < f., the excitation inductor L,, will not be clamped by
output voltage anymore according to Fig. 3. So, it is signifi-
cant to focus on discontinuous mode. The theoretical waveform
when f; < f, is given in Fig. 3. For the sake of analysis, several
assumptions are proposed: 1) all components are considered
ideal, in other words, the influence of dead time, parasitic pa-
rameters can be neglected. 2) The output voltage is considered
constant which can be equivalent to a voltage source, that is, the
influence of load factor B can be neglected.

The working condition in halfperiod can be divided into two
modes: LC resonant mode and LLC resonant mode. The two
modes respectively correspond to £y — t; and t; — t5 in Fig. 3.
Their equivalent schematics are shown in Fig. 4.

At ty, the resonant current iy, (o) is equal to the excitation
current 4,, (to). Let the rising slopes of the excitation current
in LC resonant mode and LLC resonant mode are respectively
nV, /L, and nV, /(L,, + L, ). Then, according to the auxiliary
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lines in Fig. 3, the defined variable Al;, Aly, Al3 can be
respectively expressed as

nV,
AII B 2fI'LWL (4)
Vi 1 1
AL =—"" (- — 5
’ 2@m+Ln<ﬂ ﬁ) ©)
Al — AL —;—AIZ

1 nV, Vi 1 1
== + ——= ©
2 2fr Lm 2 (Lm + L?) fs f’!‘
In LC resonant mode, the resonant equations can be shown
as follows:

Vi = Vo = Ver (t—t0)+LrW (7)
ir, (t—to) = Gr%, "

Solve (7) and (8), the voltage of resonant capacitor C,. at time
domain can be solved as
ve, (t—to) = (Vin —nV5) + (ve, (to)

+ nV, — Viy) cosw;, (t —tp)

+ Z iy (t()) sin w,. (t - to) )
where w, =1/y/L,.C, and Z, =./L,/C,. vc,(ty) and
irr(ty) are respectively the initial voltage of C, and the ini-
tial current of L, at ty. When LC mode is finished, that is, after

just half-period of resonant period of L, and C,, the voltage of
(', can be calculated as

ve, () = —ve, (to) +2 (Vin —nVj).

Then, the LLC resonant converter works in LLC resonant
mode. The duration of LLC mode is expressed as

1 1 1
At:2<fs_fr>'

In this mode, the resonant capacitor is charged by resonant
current that is considered being equal to excitation current. The
voltage variation can be expressed as

) At

ILLC mod e 1 (
(12)

AV = —/——— At = — -
! C, 20,

where, I1.1.c mod ¢ 1S average resonant current in LLC resonant

mode. Considering the nonlinearity of the resonant current in

LLC resonant mode, I11c mod . 1S usually a bit higher than

(10)

(1)

nV,
Afy L

nV,
AfsLm

4;“2’”1 . Thus, the practical I7, ;¢ mod ¢ 1S approximately selected
as § - (77— + 77— ) asshownin (12). Refer to (10) and (12),

the resonant capacitor voltage at ¢, is solved as
v, (t2) =ve, (t1) + AV
= —ve, (to) +2(Via —nV;) + AV4. 13)

According to the symmetry of resonant capacitor voltage
curve, the resonant capacitor voltage at t; and t, has a
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Fig. 5. Theoretical curve of resonant current when switching frequency is far
away from resonant frequency.

relationship of

ve, (t2) = —ve, (to) (14)

By summarizing (11)—(14), the following equation can be
obtained:

nV, 1 1
2(nV, ~ Vi) = 157 (f2 - f2> NG

T

Let both sides of (15) divide V},,, a gain expression which is
not considering the influence of load can be calculated

1 —

4?2 12 o 2 2 2
SBR[ 7)
where M; is the gain of the LLC resonant converter without
considering about the influence of load and M;= nV,/Vi,,
k = L,, /L,. The above analysis focuses on the working condi-
tion of excitation inductor L,,, and mainly modifies the errors of
fundamental approximation and continuous assumption. Since
the above analysis does not concern about the influence of loads,

the results just modify the resonant factor A. The modified res-
onant factor A is defined as A,;, which can be expressed as

47’1’2 2
Ay =14+ —[(1-22).
! +321@( f)

The result in (16) and (17) is based on the assumption that the
excitation current at the two modes is considered as linear and
the rising slopes are respectively nV, /L, and nV, /(L,, + L;).
However, with the decreasing of switching frequency, the gain
is close to the peak gain point and the resonant current in LLC
mode cannot be seemed as linear. And if the value of & is small
or the switching frequency is close to the peak gain point, the
working mode will change from PO mode to PON mode or PN
mode, which is discussed in [21] and [24]. For the mentioned
situations, the voltage variation of resonant capacitor will be
reduced which should be further discussed. Fig. 5 is the theo-
retical curve of resonant current when switching frequency is
far away from resonant frequency of L, and C,. For the sake
of calculations, the switching period at peak gain point can be
approximately regarded as vk + 1 - T,.. According to the reso-
nant current curve shown in Fig. 5, the current variation can be
calculated by using similar triangle principle

Ts B T’r' T
(\/m _ 1) Tr mmax-

M, = (16)

a7

Al = (18)
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By summarizing (4)—(6), I,, max can be calculated as
Imax = AL + AL — Al | _ gorr,
oV, (VE+1-1)V, (19)
B 4fI'L'HIr 4<LI’L +Lf)f7' .

Thus, the current variation can be finally derived as

AL — T, — T, nV, +(\/k+1—1)Vin
C (WE+1-1)T, |4fiLe  A(Ln + L) f;
(20)
Then, the shaded area in Fig. 5 that represents the variational
quantity of electricity can be given as follows:

AI (Ts - Tr)

By summarizing above equations, the modified voltage vari-
ation of the resonant capacitor can be solved as

AQ
C,
Connect (20), (21) and (22) and let AVC/, take place of AV,

the gain expression when switching frequency is far away from
resonant frequency can be finally calculated as

2L

AVL = AV - =2 (22)

1— 472 (T, T, )* f2
32(k+1)

dn?  (TT.)*f2 | dn? 2
1+ﬁ‘ﬁ+ﬁ(1*ﬁ)
where M, is the gain of the LLC resonant converter without
considering about the influence of load when PON mode or PN
mode is discussed. That is, the modified resonant factor A when

switching frequency is far away from resonant frequency can be
expressed as

My =

(23)

ax? (T -T.)f2 | 4x? I
L+ 355 o +ﬁ(‘ff)
| _ ArA(T T, )" 2 ’
T TRk

Ay = (24)

Here, A,; and A,o are all significant. In practical design
process, A,; and A,s should be reasonably chosen according
to their respective working conditions. If the working area is
not close to the peak gain point, A,; is much preferred. And
inversely, if switching frequency is far away from resonant fre-
quency, A, is highly desired.

B. Load Factor B Modification

The LLC resonant converter is usually considered working
in continuous mode all the time when FHA method is used to
discuss the influence of load. That is, no matter how frequency
changes, the equivalent ac resistance is always the same as the
value in critical continuous mode which is n2 %RL. However,
in many cases the LLC resonant converter usually works in
discontinuous mode rather than critical continuous mode. Thus,
the practical equivalent ac resistance will change along with the
switching frequency rather than a constant value. Meanwhile, it
is known that with the increasing of load, the influence of load
factor B is enhanced so the error of FHA method will further
increase. The practical gain curve and the gain curve derived by
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Fig. 7. Theoretical voltage and current curves in secondary side rectifier of

LLC resonant converter in discontinuous mode.

FHA method with different quality factor Q are represented in
Fig. 6. According to the comparisons in Fig. 6, it can be seen
that with the increasing of load, the error caused by the FHA
method becomes pretty large. When the quality factor Q > 0.2,
the gain curves have been totally distorted.

To acquire more precise gain model, this paper discusses and
calculates the value and phase of the equivalent ac resistance.
Fig. 7 indicates the theoretical voltage and current curves at
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Real gain curve and the gain curve derived by FHA method when k£ = 20. (a) Q = 0.05. (b) 0 = 0.1. (¢) 0 = 0.2. (d) 0 = 0.3.

secondary side of the LLC resonant converter in discontinuous
mode, where V; is the voltage of transformer in secondary side
when active power is transferred to load (V; = 0 means the LLC
resonant converter does not transfer active power to load). ip is
the current of the diodes.

In the course of the study, assume the current of the diode is
a sinusoidal pulse. In half-period, the turn-on angle is ¢, and the
extinction angle is d. It is obvious that #+J= 7, and the current
of the diodes can be expressed as

) {ID sin (wyt) [to — t1]
1p =

. 25
0 [t1 — t9] 25)

Here, Ip is the peak value of diode current. According to
charge conservation principle, the relationship of /p and average
output current /,, can be given as

ty
/ ID sin (wrt) dt = Io . (tQ — t()) . (26)

to

Solve (26) and use the defined angle @ in Fig. 7, Ip can be
calculated as

27
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Fig. 8.  Equivalent schematic in discontinuous mode.

By Fourier transformation, the fundamental components of
Vs and ip that are shown in Fig. 7 can be represented by

4 .0

Ve(l) = ‘/0; sm§ (28)
0 —sin6 7 (0 —sinf

Ipay =1Ip = 1, ( 20 )- (29)

Then, the modified equivalent ac resistance R, that is con-
verted to the primary side of transformer is sloved as

5 8 Gsmf

20— sm@RL

2 =P

(30)

From Fig. 7, the differences of the equivalent ac resistance
between the proposed method and FHA method are not only
shown in values but also shown in phases. And, the phase dif-
ference is 0.50 according to Fig. 7. Thus, the modified equiv-
alent load is not just resistive load but is the mix of capacitive
load and resitive load. Let the value of the modified load is

Xeqrs and Xegy = Regr + 7 (, , where Cy, is the equivalent
capacitance. Since the phase difference is 0.56, Ceqr can be
represented by

1

Cogy = ———.
o ws Reqr tan (%)

€29

According to above results, the equivalent schematic in dis-
continuous mode can be expressed in Fig. 8.
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The series of C, and Clq, can be further combined as Ceq

C,

Ceq = s 1
ws Regr tan (5) ’ (C,» + %Reqltd“(};)>

(32)

Refer to the expression @ = ;7/0 derived by FHA
e

method, the modified quality factor ), can be shown in the
following equation:

\/L,.wﬁRL<11 tan(%) (O,. + wTRequm,](%)>

C,
Qo =
Reqr

(33)

By summarizing (30) and (33), the modified load factor B,
can be solved as equation (34) as shown bottom of this page.

In this part, for the sake of analysis and calculations, the angle
is used to replace frequency. The relationships of the angles and
frequency are complementary as 6 = J;—jw, 0=(1- j’f—)w

C. Gain Model Modification

Part A and Part B respectively modify the resonant factor A
and load factor B that are introduced in Section II. And, finally
the modified resonant factor A, and load factor B, are calcu-
lated. Substitute them into (3) to replace A and B, the modified
gain model of the LLC resonant converter can be acquired. If
the resonant factor A is replaced by A,; in (17), the gain can
be expressed as (35). And, G, is applicable for the condition
whose working area is 0.75v'k + 17, — T,.. Analogously, if the
resonant factor A is replaced by A, in (22), the gain can be ex-
pressed as (36). And, G is applicable for the condition whose
switching period area is 'k + 17, — 0.75v/k + 1T,.. equation
(35) as shown on the bottom of this page and equation (36) as
shown on the bottom of the next page.

s Osin G

Lrwsn? 25 gy

[ 1
Rptan($)-| O+ T T
2 — 2 R, tan(
Csn z T—sing 'L )

C,
BO = <f9 o fr) fsin & (34)
fr fs n’ 82 0— s11129 R
1
Gol =
L,.wsrLQ%gﬂ%RL tdn(%) (C,.+ 95“,11 - )
dn? L L 6]’ won? S g i e ()
L5 (=7 nall ity ;
fs i s 0sin &
Cr (”9 82 e Rl>
1

= (35)
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IV. DESIGN PROCEDURE

It is known that the gain model derived by the FHA method
contains notable error. The error will become much more evident
with the increasing of load. If the gain expression that is shown in
(3) is used to design parameters of the LLC resonant converter, it
is pretty hard to get satisfied results to achieve good characteris-
tics. Taking Fig. 6(d) as an example, the peak gain derived by the
FHA method is only 1.03. However, the real peak gain is approx-
imately 1.4. Thatis, if we use the FHA method to lead the design,
only smaller Q can feed the requirement. When other conditions
are not changed, reducing Q will decrease resonant inductance
L,. Since k = L,, /L,, the excitation inductance will reduce,
too. And, according to (19), the maximum excitation current will
increase which will lead higher turn-off switching loss to reduce
efficiency.

Though the FHA method has above mentioned disadvantages,
itis still widely used in the design of the LLC resonant converter
because of its simplicity. During the design process, only two
degrees (inductor ratio k and quality factor Q) should be con-
sidered. And once k and Q are calculated, the parameters of
the LLC resonant converter can be directly solved. This paper
focuses on the disadvantages of the FHA method and modify
the gain model by time domain analysis and frequency domain
analysis. For the modified gain model, on the one hand, it im-
proves the precision of conventional gain model and on the other
hand, the design idea of FHA method is still retained that makes
the design more simple.

The design procedure of the modified gain model is proposed
as follows and the recommended software design flow diagram
is given in Fig. 9.

1) Calculate transformer ratio n and maximum gain value
Ghax according to the design requirements. Usually, the
design requirements of the LLC resonant converter mainly
include input voltage range (Viy min — Vinmax ), rated out-
put voltage (V,), rated power (P,), and resonant fre-
quency (f,). Since the LLC resonant converter is a kind
of boost converter when f; < f,, the transformer ratio
should be calculated by using the maximum input voltage
that is expressed as

Fig. 9.

2)
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Import design
requirements

Select transformer ratio
and maximum gain
value according to

3738

Select proper £ and Q,
according to (35)(36)

Use (33) to calculate Z,,
C,and L,

Import desired resonant
frequency

Satisfy
requirements?

Final parameters

Recommended software design flow diagram.

Then, the peak gain requirement GG, can be calculated
as

nV,

max Z v .
in min

Substitute different k£ and @), into (35) or (36) to draw
the corresponding gain curve. If the working area is not
close to the peak gain point, (35) is preferred, other-
wise, (36) should be used. The precise calculation re-
sults are given in [24] which can help determine whether
(35) or (36) should be used. In practical use, it is not
necessary to calculate such precise value. According to
(18) and combined with simulation and experimental re-
sults, the recommended switching period area using A, is
vk + 1T,—0.75v k 4+ 17T, and the recommended switch-
ing period area using A, is 0.75vk + 17,.—1T, .Then,

G

(38)

. Vin max 37) select proper k and (), which can exactly satisfy the re-
= v quirement of the Gy, ax
1
G02 =
0sin &
. 28 2 P ) 1
1+4w‘2'(1‘s71'v)2f%)+4ﬁ2 (171‘;)_2 QLT“jsnzﬁﬁfsin@RL tdn(f)' Crt ) s ()sin% 5
RV 32% Ts n fo I wen? BB ny tan(4)
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Fig. 10.  Structure of PETT.

TABLE 1
DESIGN REQUIREMENTS OF LLC CONVERTER

Parameters Values
Input voltage 350(+ 10) V
Output voltage 120V
Switching frequency 3-5kHz
Maximum power 3kW

3) Use @, to calculate the relationship between resonant
inductance L, and resonant capacitance C. according to
(33). It is necessary to point that the expression of @),
is a variable of switching frequency, so we should select
desired switching frequency point at first.

4) Use the results calculated in step 3 and combine f, >
1/27+/L,.C, to obtain resonant inductance L, and reso-
nant capacitance C,. Then, use k = L,, /L, to calculate
excitation inductance L,, .

5) Substitute the calculated parameters into (35) or (36) and
verify the validity of the design results.

To support the design procedure, a design example of PETT
is represented. The structure of PETT is shown in Fig. 10 whose
dc—dc link is composed of the LLC resonant converter. The de-
sign requirements of one unit of the LLC resonant converter
are shown in Table I. First, the input voltage range is 340—
360 V and the output voltage is 120 V. By considering (35), the
transformer ratio can be calculated as n > 3. To be correspond-
ing to the transformer ratio of the experimental prototype, let
n = 3.144. Then, the peak gain requirement Gy, = 1.11 can
be acquired by using (36). From Table I, the frequency range
is 3—5kHz, which means that the gain should be high than 1.11
when f; = 3 kHz.

After determining the values of transformer ratio and peak
gain requirement, k and (), should be discussed. As for k, in
medium and high power applications such as PETT, it is usually
a bit large. There are two main reasons: 1) the high frequency
transformer with small k will be produced hardly when the
power level is very high. 2) Large k can improve the control
characteristic in the effective working range. In this paper, & is
selected as 20 referring to [12] and which is corresponding to the
experimental prototype. Then, substitute kK = 20 respectively into
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Fig. 11.  Gain curves with different Q or ), based FHA method and the
proposed modified gain model. (a) FHA method. (b) Modified gain model.

TABLE II
PARAMETERS OF THE LLC RESONANT CONVERTER

Parameters Values
Input voltage Vi, 350(£ 10) V
Output voltage V, 120V
Transformer ratio n:/ 3.144:1
Resonant inductance L, 111 pH
Resonant capacitance C', 9uF
Excitation inductance L, 2.22 mH

(3) and (35), the comparisons of the gain curves with different
Q or @, are obtained from the FHA method, and the proposed
gain model is given in Fig. 11. For the proposed gain model, it is
obvious that when ), < 0.15, the peak gain requirement can be
satisfied. However, for the gain curves based FHA method, even
no available Q can be selected to feed the peak gain requirement
which further verify the inaccuracy of the FHA method.

According to Fig. 11, the gains of @, = 0.15 and @, =
0.10 at 3 kHz are respectively 1.105 and 1.115. To satisfy the
requirement of the peak gain, which is Gy,.x = 1.11, @), should
be satisfied with 0.1 < @, < 0.15. Thus, choose @, = 0.13 as
the final modified quality factor. And, the turn-on angle 6 and
rated resistance can be calculated as follows:

0= EW = 0.6 39)
5
VZ
R, = C— =4.80Q (40)
1
fr = 5000. 41

B 27/ L, C,
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Fig. 12.  Comparisons of the gain curves with different loads (the curves on the right are enlarged curves of the boxes on the left). (a) R;, = 50.

by R, = 20Q.(c) R, = 620Q.(d) R, = 4.80Q.

Substitute the above results into (33) and refer to (41), the
resonant inductance L, and resonant capacitance C, can be
finally calculated as L, = 111 uH and C, = 9 uF. And, be-
cause k = 20, the excitation inductance can be derived as
L,, =2.22 mH.

V. SIMULATION AND EXPERIMENTAL RESULTS

On the basis of the results calculated in Section IV, the final
parameters of the LLC resonant converter are listed in Table II.
According to the parameters, a simulation model-based MAT-
LAB is built, and the simulation results of the gain curves of

the LLC resonant converter under different load conditions are
acquired. To verify the accuracy of the proposed gain model,
the gain curves derived from the FHA method and the modified
gain model are all given to make comparisons that are shown in
Fig. 12.

From Fig. 12, on the one hand, the peak gain point derived
from the modified gain model can keep up with the simulation
results, and on the other hand, the gains at other frequency
ranges are still accurate. Thus, the modified gain model is a
universal model that can not only feed the requirement of peak
gain but can also provide precise gain at full range of loads.
According to the previous analysis, there are mainly two factors
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Fig. 13.  Curve of @, with 100% load.

that can influence the accuracy of the gain model of the LLC
resonant converter—resonant factor A and load factor B. After
modification, the two factors are expressed as A, and B,. Then,
how do the two factors influence the gain model?

It has been known from the FHA method that when quality
factor Q (corresponding to load factor B) is constant, decreasing
inductor ratio k (corresponding to resonant factor A) can improve
the peak gain but decrease the adjustable frequency area. When
inductor ratio k is constant, decreasing quality factor Q can also
improve the peak gain but have little effect on the adjustable
frequency area. However, for the FHA method, once k and Q are
confirmed, they will not change with frequency anymore. Thus,
itis hard to evaluate which factor is the leading factor of the LLC
resonant converter. For the modified gain model, the influence
of the two factors can be discussed referring to (33). Equation
(33) provides a connection with Q and @Q),. We take a 100%
load condition as an example, that is, the output resistance is
4.8 €. Substitute the known conditions, including R; = 4.8,
L, =111 pH, C, = 9 uF, into (33). Then, the curve of (), can
be represented in Fig. 13. In Fig. 13, Q = 0.1 is calculated from

Q = Y2/ based FHA method.

From F;lg 13, it can be seen the influence of quality factor
is variable. In Area 1 and Area 3, it has passive effect that can
increase the gain compared with the FHA method. In Area 2,
it has negative effect that can decrease the gain compared with
the FHA method. As expressed in Fig. 6, with the increasing of
load, the errors caused by the FHA method become pretty large.
The reason is that the influence of Area 3 is neglected by using
the FHA method. However, as discussed before, Area 2 has neg-
ative effect on gain. Why the Area 2 does not decrease the gain
in the proposed modified gain model? That because the influ-

ence of the inductor ratio k. Comparing A = 1+ (1 — ;2 ) and

A =1+ (1 —
32 k Define modified inductor ratio k, = 3 -k~ 0. 81k That
means the modified inductor has passive effect on increasing the
gain of the LLC resonant converter. That is to say the influence
of the modified &, counteracts the influence of Area 2. Besides,

2
’l) the only change is the ratio 1 varies to
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Fig. 14.

Prototype of one unit of PETT.

there is still a question—as expressed before, the modified in-
ductor ratio and quality factor all should have passive effect on
the peak gain point, but why the peak gain point derived by mod-
ified gain model is lower than the peak point derived by the FHA
method at light load shown in Fig. 12(a)? The reason is at light
load, the influence of quality factor @), (corresponding to load
factor B,) is reduced and referring to (24), and the modified in-
ductor ratio A, starts to have negative effect at peak gain point.

To further verify the validity of the proposed modified gain
model, a prototype of PETT is developed. One of the units is
shown in Fig. 14. It is composed of a four quadrant rectifier and
an LLC converter. For this prototype, 220 V ac is converted to
350 V dc by a four quadrant rectifier, and 350 V dc is further
converted to 120 V dc by an LLC resonant converter. In this
prototype, the rated power of each unit is 3 kW. The parameters
of the LLC resonant converter are listed in Table II, which are
the same as the calculated results in Section I'V.

Fig. 15 presents the experimental waveforms of different
loads (from 10% to 100% load). In each picture, the wave-
forms are respectively the collector-to-emitter voltage, driver
pulse, resonant current and output voltage from the top down.
The switching frequency of the four conditions are respectively
3450, 3373, 3354, and 3327 Hz. Put the experimental results
into Table III and make comparisons with the results derived
from the proposed modified gain model and the gain model
based FHA method. In Table III, the error is calculated as

Jos = fis x 100%

error =

(42)

ps

where f, is the practical switching frequency and fi; is the
calculated theoretical switching frequency.

It can be seen that the proposed modified gain model is pretty
precise and the maximum error is only 1.2%, which is much
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Fig. 15.  Experimental curves at different loads. (a) 10% load. (b) 30% load. (c) 70% load. (d) 100% load.

TABLE III
COMPARISONS OF THE EXPERIMENTAL RESULTS AND THEORETICAL RESULTS

Gain model The modified gain model The gain model based FHA method

Output power 0.3 kW 1 kW 2 kW 3kW 0.3 kW 1kW  2kW  3kW
Theoretical switching frequency 3408 3373 3354 3327 3180 3168 3147 3109
Practical switching frequency 3450 3378 3333 3305 3450 3378 3333 3305
Errors 1.2% 0.15%  0.63%  0.67% 7.8% 62%  56%  59%

lower than the results-based FHA method (whose maximum
error is 7.8%). Refer to the simulation results in Fig. 11 and the
error at peak gain point based, the modified gain model is still
only 3% and the error at peak gain point based FHA method can
reach up to 14%. Thus, the proposed modified gain model has
good accuracy under different load conditions which can help
obtain better parameters of the LLC resonant converter.

VI. CONCLUSION

This paper proposes a modified gain model of the LLC res-
onant converter. The modified gain model is obtained by the
combinations of frequency domain analysis and time domain
analysis. And two main factors which are respectively resonant
factor A and load factor B are modified. The proposed gain
model has following advantages:

1)

2)

3)

The proposed gain model inherits the structure of the
gain model based FHA method. Thus, there are still
only two degrees of freedom (k, and (),) to consider
to design an LLC resonant converter that can not only
highly simplify the design procedure but also optimize the
parameters.

The accuracy of the modified gain model is pretty high at
full range of loads which can help further discuss the char-
acteristics of the LLC resonant converter, such as param-
eters optimization, controller design, no-load operation,
short-circuit operation, and soft-start.

The design procedures of the LLC resonant converter-
based proposed modified gain model are clear and inde-
pendent which can be rapidly obtained by software algo-
rithm.
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