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Abstract—The widespread use of the LLC converter in dc—dc ap-
plications has increased the importance of small-signal modeling to
control the converter below- to above-resonant frequency. The anal-
ysis of LLC converters is complicated, since they process the elec-
trical energy through a high-frequency resonant tank that causes
excessive nonlinearity. As a result of this complexity, small-signal
modeling of the LLC converter is traditionally performed using em-
pirical methods, iterative simulation approaches, or theory limited
to the vicinity of the resonant frequency. Often, such approaches
may lead to limited insight (just empirical trends) or low accuracy
below and above resonance. This article proposes a new average
small-signal modeling technique for the LLC converter, and it is
performed in the time domain. The proposed technique is based
on the analysis of the homopolarity cycle and accurately predicts
not only the small-signal dynamic behavior of the LLC converter
at resonance, but also below and above resonance. By using the
homopolarity cycle, the theoretical analysis of the LLC converter
is significantly simplified to a level that the small-signal dynamic
behavior of the LLC converter is expressed by two second-order
circuit models. Experimental and simulation results of a 650-W
LLC converter are provided to verify the theoretical analyses and
accuracy of the circuit models. The results have shown that the
proposed small-signal circuit models can accurately predict the
small-signal dynamic behaviors of the LLC converter from below-
to above-resonant operations.

Index Terms—Behavioral analysis, homopolarity cycle, LLC,
small-signal model.

I. INTRODUCTION

HE insistence on gaining higher efficiency and power den-
T sity and reduced electromagnetic interference has caused
LLC converters to achieve popularity in dc—dc power conversion
applications, such as battery chargers for electric vehicles, fuel
cell and solar panel energy systems, and LED drivers [1]-[4].
As shown in Fig. 1(a), LLC converters transfer energy through
a high-frequency resonant tank, behaving as a bandpass filter.
The components of the resonant tank have zero mean voltage
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Fig. 1. (a) Circuit schematic of the half-bridge LLC converter. (b) Gain-
frequency diagram, illustrating that the LLC converter can operate in three
regions, and that most of the traditional small-signal modeling techniques are
performed in the vicinity of the resonant frequency.

and current values in a switching cycle, and therefore, unlike
pulsewidth modulation converters, traditional averaging tech-
niques cannot be directly used for small-signal modeling of
LLC converters [6]. Therefore, more complicated techniques are
required for the analysis and modeling of LLC converters [5].
Generally, the first step in obtaining the small-signal model
of LLC converters is the analysis of their large-signal dynamic
behavior. The large-signal dynamic behavior of LLC converters
can be expressed through a set of nonlinear discrete state-space
equations [7]. Discrete state-space equations are nonlinear, and
they must be linearized first before they are used for small-signal
modeling. Linearization of the discrete state-space equations
can be conventionally performed either by Taylor or Fourier
expansion around the equilibrium point and most of times in
the vicinity of the resonant frequency [8]-[20]. Usually, lin-
earization through the Taylor expansion produces high-order
equations, and this makes the derivation of the analytical small-
signal transfer function complicated [8]-[13]. Therefore, empir-
ical/numerical methods are commonly employed to obtain the
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small-signal transfer function [13]. Extended describing func-
tion (EDF) small-signal modeling techniques, on the other side,
linearize the nonlinear state-space equations using the Fourier
expansion [14]-[20]. In EDF methods, the Fourier expansion can
be performed by considering only the first harmonic; however, if
ahigher accuracy is needed, higher order harmonics can be taken
into consideration. Traditional EDF techniques usually result in
high-order transfer functions, which are represented by a set of
matrices rather than an equivalent circuit. In more advanced EDF
techniques, the small-signal transfer function is simplified and
represented by an equivalent circuit [21], [22]. This is enabled
by the analysis of signal envelopes.

Small-signal modeling of LLC converters can also be per-
formed using the communication theory [23]. In this method, the
effects of the first, third, and seventh harmonics on the dynamic
behavior of the LLC converter are separately analyzed, and then,
their effects are superposed. In some applications, the switching
frequency of LLC converters is kept fixed, and the voltage
regulation is obtained by a switched capacitor. In this type of
LLC converters, the amplitude modulation technique, which
is based on analyzing the dynamic behavior of the switched
capacitor, has to be used for extracting the small-signal model
[24]. In the frequency domain, the load can be modeled as a
time-varying resistor. The magnitude and phase of the time-
varying resistor are obtained through an iterative procedure and
require empirical implementation. Based on the time-varying re-
sistor model, the small-signal transfer function using conversion
matrix techniques can be obtained [25]. Another small-signal
modeling technique, addressed in the literature, is performed
through the obtainment of the lumped parameter equivalent
circuit, describing the linearized behavior of switched tank
elements [26]. Recently, time-domain low-frequency modeling
of resonant converters, including LLC and series-resonant con-
verters, operating at resonance, has been reported in literature
[27]1-[30]. Besides the fact that simplification is achieved via the
time-domain analysis, the models obtained are accurate when the
LLC converter operates at resonance. Therefore, the accuracy of
the models degrade below and above resonance.

As shown in Fig. 1(b), LLC converters are required to operate
below, at, and above resonance in order to provide voltage regu-
lation. As discussed, most of the current small-signal modeling
techniques for LLC converters are mainly based on empirical ap-
proaches or performed in the vicinity of the resonant frequency
(F’.). As a result, the accuracy of those models degrades when
the switching frequency (Fiy ) as the control signal is not equal to
the resonant frequency. Therefore, the opportunity to introduce
anew analytical time-domain small-signal modeling technique,
which is accurate below, at, and above resonance and reduces
the complexity of the analysis, is still open.

This article proposes a new small-signal modeling technique
for LLC converters, which is based on the analysis of the ho-
mopolarity cycle in the time domain. As shown in Fig. 1(b),
unlike most of the traditional techniques, which model the dy-
namic behavior of the LLC converter around the resonance, the
proposed technique accurately models the small-signal dynamic
behavior of the LLC converter not only at resonance, but also
below and above resonance, while reducing the complexity
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of the analysis. The below-, at-, and above-resonant dynamic
behaviors are represented by two second-order circuit models,
and no simulation, numerical computing, or programming soft-
ware packages are required to analyze the proposed models and
obtain their transfer functions. The circuit representation is an
advantage as it helps designers/engineers to more effectively
understand the small-signal nature of the LLC converter. To
highlight the advantages of the proposed small-signal model-
ing technique, in Fig. 2, it is conceptually compared with the
traditional small-signal modeling techniques. The homopolarity
cycle mathematically explains the relationship between the po-
larities of the inverter voltage vj,, and secondary voltage/current
(Vee OF 1) and will be discussed in detail in Section IIL.
The theoretical analyses are validated through experimental and
simulation results of a 650-W LLC converter. The results have
shown that the proposed second-order circuit models predict the
small-signal dynamic behavior of the LLC converter with high
accuracy from below- to above-resonant operations.

II. VOLTAGE GAIN, HOMOPOLARITY CYCLE, AND SWITCHING
FREQUENCY RELATIONSHIP

In order to address the complexity and accuracy concerns
when deriving the small-signal model of the LLC converter in
all operating regions (i.e., below, at, and above resonance), the
homopolarity cycle can be introduced to time-domain equations
of the LLC converter. The homopolarity cycle describes the
volt—-amp-second balance principle and simplifies the theoreti-
cal analysis in such a way that two second-order circuit models
are obtained to illustrate the small-signal dynamic behavior of
the LLC converter.

In this section, the dc voltage gain of the LLC converter as
a function of the homopolarity cycle and switching frequency
is obtained. The homopolarity cycle is defined as follows: the
ratio of a period of time during which the polarities of the inverter
voltage and v Or ig are the same to half a switching period.
The resonant tank of the LLC converter is made of two inductors
and one capacitor. In the steady state, the volt—second and amp—
second balance conditions are satisfied for the resonant inductors
and capacitor, respectively. Therefore, if the resonant tank is
considered as a component with two terminals, the volt—-amp-—
second balance condition is satisfied for the resonant tank, in the
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Fig. 3. Half-bridge LLC converter. (a) Key time-domain waveforms below

resonance. (b) Corresponding circuit schematics to the first two operating
intervals.

steady state. The homopolarity cycle mathematically explains
the volt—amp—second balance principle in LLC converters.

The analysis performed in this article is mainly focused
on the half-bridge LLC converter; however, it can be easily
extended to the full-bridge LLC converter. In the steady state,
the resonant capacitor of the LLC converter has a dc voltage
offset of V;,/2. The analysis of the LLC converter in the time
domain requires understanding the operating intervals. Design
of the LLC converter and time-domain analysis of intervals are
already discussed in literature [31], [32]. Therefore, by knowing
that the fundamental concepts of designing and analyzing the
time-domain intervals are already available, this article mainly
focuses on small-signal modeling for the LLC converter in the
time domain.

In order to analyze the LLC converter steady-state operation,
the following assumptions are taken into consideration.

1) All the parasitic elements are negligible.

2) All the components are ideal.

3) The below-resonant magnetizing current variation in In-

terval II is very small and can be neglected.

In order to more effectively explain the derivation of the dc
voltage gain for each operating region, this section is divided
into three subsections.

A. Voltage Gain Below Resonance

The LLC converter, working below resonance, has four oper-
ating intervals in a switching cycle. Since the operation of the
LLC converter is symmetrical in a switching cycle, the analysis
of the first two operating intervals suffices. The key time-domain
waveforms and circuit schematics corresponding to the first
two operating intervals of the LLC converter, operating below
resonance, are shown in Fig. 3. As shown in this figure, from ¢ g
t0tB1, Viny — (Vin/2) and v O i have the same polarity (both
are positive). When the LLC converter operates below resonance,
the homopolarity cycle is defined as follows:

tp1 —tgo
Hy i = —— 1
b T2 (D

where T, is the switching period.
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The circuit schematic corresponding to the below-resonant
operation of the LLC converter in Interval I is shown in Fig. 3(b).
The differential equation expressing the below-resonant opera-
tion of the LLC converter in Interval I is given as follows:

dip,(t)
dt

Integrating (2) from tpo to tp; results in the following
equation:

Vin —nVo = Ly

+ ver(t). 2)

T. . .
(Vin — nVO)Hb% = Ly[ir,(tg1) — irr(tBo)]

tB1
+ / ver(t)dt. 3)
tBo
The circuit schematic corresponding to the below-resonant
operation of the LLC converter in Interval Il is shown in Fig. 3(b).
The differential equation expressing the below-resonant opera-
tion of the LLC converter in Interval II is given as follows:

digm(t)
dt

Integrating (4) from tp; to tps results in the following
equation:

+ver(t) + L “

Tw
‘/m(l - Hb) 9

= Lr[iLr(tBQ) - iLr(tBl)] + /tB2 ’Ucr(t)dt

tB1
+ Lpnlinm(tB2) — inm(te1))]- (5)

The resonant current is periodic. Therefore, iz, (tp2) =
—iry(tpo) and  ir.(tp2) —irr(tBo) = Alm.  Also,
irr(tp2) ~ir,(tp1). Therefore, adding (3) to (5) results
in the following equation:

T

W Tow
5 + Vin(1 = Hy) —

(Vin —nVo)H, >

tp2
=L, Al + / Vor (t)dt. (6)
tBo
Fromtpgtotpi, nVo drops across L, and linearly increases
iLm- In this time period, i, can be calculated using the
following equation:

. nV Alr,,
ZLm(t) = 7[/ o (t — tB()) — ; b

(tB() <t<t31). (7)

Below resonance, tp; —tpg = 1,./2. T, is the series-
resonant period and can be calculated using 27+/L,.C).. There-
fore, Al ,,; can be obtained using the following equation:

nVoTT
2L’H’L .

Al = ®)

Below resonance, L, AIr ., + fffj vor(t)dt = (Vi Tyw) /4.
Therefore, (6) can be rewritten as follows:
T Via T

2 2 2

Manipulating the above equation results in an equation ex-

pressing the dc voltage gain of the LLC converter operating

Tew
(Vin—nVO)Hb%-ﬁ-Vm(l—Hb) &)
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below resonance as a function of Hy

Vo 1
Vie  2nH,’ (10)
According to Fig. 3(a), the conduction time period of the rec-
tifier in half a switching cycle equals HyTy,, /2. This conduction
time when the LLC converter operates below resonance is half
a series-resonant period (7. /2). Therefore, (HpTyy)/2 = T} /2.
The ratio of the series-resonant frequency F, to the switching
frequency I+, is called Ky and is defined as follows:

F, _ T
FQW B TT’ .
By applying (11) to (10), the relationship between the below-

resonant voltage gain, homopolarity cycle, and switching fre-
quency is obtained as

Vo 1

Ky =

(1)

Ky
Vin  2nH, 2n°
In the following, the conditions under which the below-
resonant voltage gain equation given by (12) remains accurate
is discussed. While deriving the below-resonant voltage gain
equation of the LLC converter, it was assumed that the variation
in the magnetizing current is negligible in Interval II, and that the
converter has four operating intervals in a switching cycle. To
guarantee that the variation in the magnetizing current in Interval
IT is negligible, the resonant period (7)) of the resonance
occurred in Interval II in the below-resonant operation must
be much larger than the largest period that the LLC converter
remains in Interval II. Below resonance, from tg; to tpo, the
LLC converter is in Interval II. According to the above discus-
sion, tgo — tp1 = (1 — Hyp)(Tyw/2). The largest period within
which the LLC converter operates below resonance in Interval
IT happens when the LLC converter is required to produce
the largest voltage gain. According to (12), the largest voltage
gain is achieved when the switching frequency is minimum.
If the switching frequency is minimum, the below-resonant
homopolarity cycle Hj is minimum as well. The minimum
below-resonant homopolarity cycle Hy_n,, can be calculated
by using the following equation:

12)

o o E SW—min
b—min Fr .
The resonant period of the resonance that occurs in Interval
Il in the below-resonant operation can be calculated through the
following equation:

13)

Ty = 27/ (Ly + Lyn)Ch. (14)

In order to guarantee the accuracy of the below-resonant
voltage gain, even at the minimum switching frequency, the
following condition must be satisfied:

(1= Hy_min) << 2n\/(Ly + Lp)Cr.  (15)

1
2F‘swfmin
As illustrated in Fig. 1(b), as long as the above condition
is satisfied, and the quality factor @) is smaller than Q. (full
instructions to calculate ),y is provided in [32]), in the below-
resonant operation, from Fy,,_ni, to F;., the voltage gain curves
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Fig. 4. Half-bridge LLC converter. (a) Key time-domain waveforms at res-
onance. (b) Corresponding circuit schematic of the first operating interval at
resonance.

converge to each other, and this is expressed by the proposed
below-resonant voltage gain equation given by (12). If the above
conditions are satisfied, this phenomenon can also be seen in
other works, such as the one presented in [33].

B. Voltage Gain at Resonance

The LLC converter, working at resonance, has two operating
intervals in a switching cycle. Since the operation of the LLC
converter is symmetrical in a switching cycle, the analysis of
the first operating interval suffices. The key time-domain wave-
forms and circuit schematic corresponding to the first operating
interval of the LLC converter, at resonance, are shown in Fig. 4.
As shown in this figure, from trg to tgr1, viny — (Vin/2) and
Usee O igec have the same polarity (both are positive). Since
tr1 — tro = Tsw/2, the homopolarity cycle equals 1 when the
LLC converter operates at resonance.

The circuit schematic corresponding to the LLC converter,
operating at resonance and in Interval I, is shown in Fig. 4(b).
The differential equation expressing the resonant operation of
the LLC converter in Interval I is given as by (2). Integrating (2)
from t g to t gy results in the following equation:

Tsw ) ) tr1
5 = Ly lir,tr1) —irr(tro)] +

tro

(Vin — nVo) ver (t)dt.

(16)

Since LT'[iLT'(tRl) — iLr(tRO)] = nVO(Lr/Lm)(Tsw/Q)’

S vep(H)dt = {(Vin/2) = [0Vo(Ly/Lim)]}(Tw/2),  and
L, < L,,, (16) can be simplified as follows:
Tow — Vin Tow

(Vin —nVO)T 9 9 (I7)

Manipulating the above equation results in an equation, ex-
pressing the dc voltage gain of the LLC converter, operating at
resonance

2 (18)
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Fig. 5. Half-bridge LLC converter. (a) Key time-domain waveforms above
resonance. (b) Circuit schematics corresponding to the first half cycle in the
above-resonant operation.

C. Voltage Gain Above Resonance

The LLC converter, working above resonance, has four oper-
ating intervals in a switching cycle. Since the operation of the
LLC converter is symmetrical in a switching cycle, the analysis
of the first two operating intervals suffices. The key time-domain
waveforms and circuit schematics corresponding to the first
two operating intervals of the LLC converter, operating above
resonance, are shown in Fig. 5. As shown in this figure, from ¢ 4¢
tot a1, Viny — (Vin/2) and vgec OT i have the same polarity (both
are positive). When the LLC converter operates above resonance,
the homopolarity cycle is defined as follows:

_tar —tao

H, = To]2 (19)

The circuit schematic corresponding to the above-resonant
operation of the LLC converter in Interval I is shown in Fig. 5(b).
The differential equation expressing the operation of the LLC
converter in Interval I is given by (2). Integrating (2) from ¢ 49
to t 41 results in the following equation:

TSW

(Vin - nVO)Hai

5 = L.[ir, (ta1) —ir-(tao)]

tal
+ / vor(t)dt.

tao

(20)

The corresponding circuit schematic to the above-resonant
operation of the LLC converter in Interval Il is shown in Fig. 5(b).
The differential equation expressing the operation of the LLC
converter in Interval I is given as follows:

dip,(t)

_ -,
nVo 7

+ v (). 1)

Integration the above equation from ¢ 41 to £ 4o results in the
following equation:

Tiw . .
_nVO(l - Ha) 2 = LT[ZLr(tA2) - ZLr(tAl)]

taz
+ / ver(t)dt.

tal

(22)
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Adding (20) to (22) results in the following equation:

Tow
2

Tsw
(‘/in — nVo)Ha 2 — TlVO(l — Ha)

taz
— L, AIL. + / ver(t)dt (23)

tao
where Al = (nVoTyw)/2L,, and (2/T4) ::02 vor(t)
dt =0.5Vin + Vo [(1/Ky) — 1]/[8nFywCrRL] — Ly (nVoTew)
/2L,,. Therefore, (23) can be rewritten as follows:

TSW
2

{te , Yol0/t) ) 2.

TQW
(V{n — TZVO)HQ? — ’ILVO(]. — Ha)

2 8nFwCr Ry, 2 @4

Manipulating (24) results in the following equation, express-
ing the dc voltage gain of the LLC converter operating above
resonance:

LS T e

The above equation shows that the voltage gain of the LLC
converter depends not only on the switching frequency (the
control signal), but also on the above-resonant homopolarity
cycle H, and load. Since H, is indeed a consequence and
cannot be controlled directly, it has to be calculated. To calculate
the output voltage or voltage gain, the input voltage, load, and
switching frequency are considered as known parameters. The
unknowns are H, and V. To compute the unknowns, in addition
to (25), another equation as a function of the same unknowns is
required.

Ideally, it can be said that Pp = P,,, where Py and P, are the
output and input powers, respectively. As a result, the following
equation can be written as:

Vo _ 1

= — 2
T (26)

where [, and I are the average input and output currents,
respectively.

As illustrated in Fig. 5, the input voltage is connected to
the circuit in Interval I, and in this interval, the input current
equals the current through the resonant inductor ¢7,,-. [j; can be
calculated through the following equation:

tal 1

1 tal 1 tal
/ ipdt = — — g dt +/ iLmdt.
nw tao TSW tao n tao
(27)

From t 40 to t a1, im(t) = (nVo /L)t — tao) — (AlLma
/2). As discussed later in this article, Al = nVo /2Ly Fey.

According to the discussion made in Section III-B and Fig. 8,
above resonance and in Interval I, i,, = I,osin(w,t). I, is
given by (60). By solving (27), the following equation is
obtained:

Iin =

L

[ nVoH,(H, — 1)
me 2mn Ky

[1—cos(mK¢H,)| + 1L T

. (28)
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By applying (28) and (60) to (26), and considering that
Vo/Io = Ry, the following equation is obtained:

Vo _ 1 —cos(rKsH,)

Vie  2n[l —cos(mK;H,)] + 0.5(1 — H,)sin(mK;H,)

nRyHy(H, — 1)
4L, Fy,

By using (29) and (25), the LLC converter voltage gain and
H,, can be calculated.

Equations (12), (18), and (25) can all be unified in one
equation. In general, the dc voltage gain of the LLC converter,
homopolarity cycle, and switching frequency can all be calcu-
lated using the following equation:

(29)

1 Ky

v 2nH, — 2n° fsw<f0
1
70 —{ 50 Jsw = Jo (30)
‘ H,—0.5
m — TR T fow > fo.

SnFswCr R

III. BEHAVIORAL AVERAGE EQUIVALENT CIRCUIT:
FIRST STAGE

In order to accurately predict the small-signal dynamic be-
havior of the LLC converter from below to above-resonant
operations, and to reduce the complexity of the analysis, the
homopolarity cycle was introduced in Section II. As it will be
discussed in the following, by using the homopolarity cycle, the
theoretical analysis is simplified to a level that the small-signal
dynamic behavior of the LLC converter can be expressed by two
second-order circuit models.

Now that the homopolarity cycle is defined, and the dc voltage
gain, switching frequency, and homopolarity cycle relationships
are formulated, the process of extracting the average small-
signal model (ASSM) of the LLC converter can be started. The
process of obtaining the ASSM of the LLC converter, using
the homopolarity cycle concept, has three stages. The first two
stages are involved in the obtainment of two behavioral average
equivalent circuits. In the third stage, small-signal perturbations
are applied to the signals of the LLC converter in order to
theoretically obtain the small-signal model of the LLC converter.
In this section, the focus of the analysis is on the first stage, in
which the order of the LLC converter is reduced to three from
four using the behavioral averaging technique, enabled by the
homopolarity cycle concept.

A. Below-Resonant Third-Order Behavioral Average
Equivalent Circuit

The small-signal model of the LLC converter can be obtained
by average behavioral modeling of the elements. In this section,
the first element that is behaviorally modeled is the magnetiz-
ing inductor L,,,. The behavioral modeling of the magnetizing
inductor requires discussion on its below-resonant voltage and
current waveforms. The process of modeling L,,, is based on
obtaining the average values of the magnetizing voltage and
current in half a switching cycle. As it will be discussed later
in this section, in half a switching cycle, the average current
through L,, is a function of nV, and nVy is indeed the average

4081

voltage over L,, in half a switching cycle. Therefore, below
resonance and in half a switching cycle, it can be concluded
that L,,, behaves similar to a voltage-dependent current source,
on average. Since the current of the voltage-dependent current
source depends on its average voltage, it can be simply modeled
by a resistor.

If it is considered that the LLC converter is operating in the
steady state and below resonance, as shown in Fig. 3(a), nVp
drops across the magnetizing inductor L, from tpq to tp1 and
causes %1, to linearly increase. In interval I (tpo <t < tp1),
irm can be calculated using (7). According to this equation,
irm(tgo) = —AlLmp/2. In Section II, it was discussed that
tp1 —tpo = Hp(Tsw/2) = T,/2. Therefore, at t = tp;, the
current through the magnetizing inductor becomes Aly,,;/2.
This means that iy, (t51) — iLm(tBo) = Alpmy. Al is
already calculated using (8).

In Interval II, as shown in Fig. 3(a), the variation in the
magnetizing current (dir,,,, /dt) is almost zero. This means that
from tp1 to tgo, the amplitude of 7 r,,,, remains almost constant
at Alyp,p/2. The average current through the magnetizing in-
ductor in half a switching period can be calculated using the
following equation:

) 2 228 nVo Alrmp
YLm—avg = E {/tso [Lm(t - tBO) - 9 dt

te2 AT
+ / ;’”b dt} .
tB1

In the above equation, ftt;; [(nVo/Lm)(t —tpo) —
(AILmb/2]dt =0. Since tpo —tp1 = (1 — Hb)(Tsw/2),
(31) results in the following equation:
TLVo(l — Hb)

4L77LF7'

€1V

Z.meavg = (32)

Below resonance and in Interval I, nV, drops across L,,. In
Interval II, diy,,, /dt ~ 0. Therefore, the average voltage over
L,, in half a switching cycle from tp( to tpo equals HynVp.
By dividing the average voltage of the magnetizing inductor by
its average current, L,, can be modeled by a resistor whose
resistance is given by the following equation:

4Hy L, F,

1— H, (33)

Rrmp =

According to (12), H, = 1/K ¢ Therefore, another way to
write (33) is given as follows:
4L, F,
Ky — 1

Rpmp = (34)

The latter form to mathematically express R, is more ap-
propriate because the actual control signal in the LLC converter
is the switching frequency, and Ky = F,./Fy,.

The differential equation, describing the below-resonant be-
havior of the LLC converter in Interval I, is given by (2).
The below-resonant rectifier current, 4,4, in Interval I can be
calculated using the following equation:

lpy = n(iLr - ZL?ﬂ) (35)
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Fig. 6. Actual and equivalent rectifier current of the LLC converter, operating
below resonance.

By applying (35) to (2), the following differential equation is
obtained:

Ly dipg(t) . dipm(t)
in — - Lr
Vin =nVo = Z5 =5 =+ dt

1

t
1

iy (t)dt + —
+nCr/tBOZb() +Cr

t
<[ttt + o). GO
tBo
In Interval I, nV,, drops across L,,. Therefore, we have
difm (t) nVo
—_— = . 37
dt L., @7

By applying (37) to (36), the following differential equation
is obtained:

d*i(t) 1 d?i.(t)
dt* L.C. dt?
The characteristic equation of the above differential equation
is S* + [1/(L,C)]S? = 0. The roots associated with the char-
acteristic equation are 0 and +51/v/L,.C,.. Therefore, i, below

resonance and in Interval I, can be mathematically expressed in
the time domain as follows:

=0. (38)

1

Z.Tb(t) = ﬁ
o« Vin —ver(tho) —Z[l + (Ly/Lm)nVo sin(wn(t — t50))
' (39)

where
1

“r= e (40)
7, = é— 41)

From tp, to tpo, i, = 0. The waveform of the below-
resonant rectifier current is shown in Fig. 6 in red. In the steady
state, the load current I equals the mean value of ¢,.;,. Therefore,
the pick current of i, can be simply calculated as w1o /(2Hp).
This simply states that the coefficient of sin(w,-(t — tpo)) in (39)
equals m1o/(2H,) or mlp K /2. Therefore, we have

7TKF

ir(t) = 5 Tosin(w, (t — tso)). 42)
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Below resonance, as shown in Fig. 6, ¢,; has discontinuity.
This creates nonlinearity. In order to obtain the third-order
behavioral average equivalent circuit of the LLC converter,
operating below resonance, the next step is to solve this discon-
tinuity. This can be performed by adjusting the parameters of the
LLC converter in such a way that the dashed green waveform
represents the rectifier current below resonance. The dashed
green waveform in Fig. 6 is called the below-resonant equivalent
rectifier current (7,.4¢). In order for this to be correct, the area
under 4, from ¢pg to ¢ 5o must be equal to the area under 7,
in the same period of time. This guarantees the transfer of the
same energy to the load side in half a switching cycle. The area
under 4,4, from tgg to t g2 is called A and calculated as follows:

tpa tB1
A= [Tt = [ T Tosinge ¢ - tao))at.

tpo tBo
(43)
The above equation results in the following:
K 1
A= WTFIO—H — cos(nKF)). (44)
w

T

The area under i,, equals the area under 7,4, in half a
switching cycle, only if w, and i,;, = n(ir, — i) are divided
by K or alternatively multiplied into Hj,. If w, is divided by
Ky, anew angular frequency, called w,y, is obtained as follows:

1
“r T KL G

The above process does not change Z,. in (39). Therefore, by
using (45), it can be concluded that L, and C, are multiplied
into Kp. Therefore, the below-resonant equivalent resonant
inductance and capacitance can be calculated using the following
equations:

(45)

Lyay == KyfL,
Cru,b = KfCT.

(46)
(47)

The current through the output capacitor equals 4., — .
Therefore, the pick-to-pick variation in the output voltage (AV)
of the LLC converter, operating below resonance, can be calcu-
lated using the following equation:

AVp = ! tBl il 1)1 d
= _— — in (w,(t — tpo))dt
© Co /tso (2Hb ) o sin (w ( BO))

1 /th
- — Iodt. (48)
CO tB1
The result of the above equation is given as follows:
1 T Io Tow
AVp=—|=—-1)—|1- »Hi
o= (a1 2 e (o)
1 TSW
— —1p(1—H, . 49
o ol b= 49)

As discussed, A equals B only if w, and i, are divided by
K or equivalently multiplied into H},. Therefore, by applying
(45) to the above equation, the following is obtained:

H, (7r )210 o, = Ty

AVp = — .
VO Oo Werp OO 2

2

(50)
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Fig. 7. Below-resonant third-order behavioral average equivalent circuit of
the LLC converter, in half a switching cycle.

From the above equation, it is clear that the equivalent output
capacitance when the LLC converter operates below resonance
equals Co/H, or equivalently K ;Cp. Therefore, the below-
resonant equivalent output capacitor can be defined as follows:

Co
Hy,"

All the above discussions result in a third-order behavioral
average equivalent circuit, as shown in Fig. 7. This equivalent
circuit represents the linear high- and low-frequency steady-state
and dynamic behaviors of the LLC converter, operating below
resonance, in half a switching cycle.

COb = KfCo = (51)

B. Above-Resonant Third-Order Behavioral Average
Equivalent Circuit

If it is considered that the LLC converter is operating in the
steady state and above resonance, according to Fig. 5(a), nVp
drops across the magnetizing inductor L, from ¢ 4 to t 42 and
causes ir,,, to linearly increase. Therefore, the current through
the magnetizing inductor can be calculated using the following
equation:

AILma
2

. nV

iLm(t) = 7= Ot —tao) —

Since t a2 — tao = Tsw/2, Al canbe calculated using the
following equation:

, (tAO <t< tAQ). (52)

_nVo
2L Py

The average current through the magnetizing inductor of the
LLC converter, operating above resonance, in half a switching
cycle can be calculated using the following equation:

9 [ta 2 a2 [V N
) t)dt = — — -t — dt.

To /tAo T (t)dt = 7 - {Lm( A0 2 }
(54)

Solving the above equation reveals that the average current
through L,, in half a switching cycle, above resonance, is zero.

The differential equation, describing the above-resonant be-
havior of the LLC converter in Interval I, is given by (2).
As shown in Fig. 5(b), i = n(iL, — irm ). By applying this
current relationship to (2), the following equation is obtained:

AILWLa = (53)

L, diyq(t) dipm(t) 1 [P
Vin —nVo = — L, 7atdt
T + dt +nCT tAOZ ®)
1 t
+ — / L Lm (t)dt —+ UCT(tAO)' (55)
CT tao
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Fig. 8.  Actual and equivalent rectifier current of the LLC converter, operating
above resonance.

By considering the fact that diy,,,, /dt = nVo /L,,, solving the
above equation gives the rectifier current of the LLC converter,
operating above resonance in Interval I:

1

7;7«@ (t) == E

% ‘/in - UCT(tAO) B [1 + (LT/LWL)]TLVO
Zy

sin(w,-(t — ta0))-
(56)

In Interval II, the following differential equation describes
the dynamic behavior of the LLC converter, operating above
resonance:

L, diyq(t)

—nVop = — + L,
n

dt +

dt nC,

t 1 t
X / irq(t)dt + ron / iLm (t)dt + ver(tar).
tal tal
(57)

Solving the above equation results in the rectifier current in
Interval 1T
1 _UCr(tAl) - [1 + (Lr/Lm)]nVO

ira(l) = —
ira(t) = ~ 7

sinw, (¢ — ta1)).

(58)

By using (56) and (58), the actual waveform of rectifier current

is illustrated by red in Fig. 8. As shown in this figure, the load

current /o equals the average of the above-resonant rectifier

current in half a switching cycle. Therefore, /o can be calculated
using the following equation:

2
lo=7 {

tax
/ I sin (w,.(t — tag))dt
t

A0
2

where I, is the pick current of the actual above-resonant recti-
fier current. By using the above equation, I,, can be calculated
as follows:

T.
+ Ipe(1— Ha)% sin (w,.Ha (59)

Io
Tpa = ﬁ[l —cos(KyH,m)| 4+ +(1 — Hy)sin(KsH,m)’
(60)
According to Fig. 8, the actual rectifier current shows non-
linearity. The above-resonant rectifier current waveform can
be modeled by a linear current waveform that guarantees the
transfer of the same amount of energy to the output in half a
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Fig. 9. Circuit seen from the right-hand side port of the resonant tank when
the LLC converter operates above resonance.

switching cycle. The waveform of the above-resonant equivalent
rectifier current (7,4, ) is shown by green in Fig. 8. As illustrated
in this figure, the pick current of the equivalent rectifier current
equals 71 /2. irqc is an equivalent to i, if the area under the
actual rectifier current (C) equals the area under 4,4, (D) in
half a switching cycle. This condition is satisfied only if w, is
divided by K. In this case, a new angular frequency, called
wrab, already given by (45), is obtained.

Since this equalization does not have any effect on Z,. in (56)
and (58), it is concluded that L, and C'. of the LLC converter,
operating above resonance, are both multiplied into Ky. The
above-resonant equivalent resonant inductance and capacitance
can be calculated using (46) and (47), respectively.

The voltage gain of the LLC converter, operating above reso-
nance, is given by (25). This equation can be rewritten as follows:

(1/Ky) =1
8nFSWCTRL ’

As shown in Fig. 1(a), the resonant tank of the LLC converter
has two ports. One port is connected to the inverter and another
to the rectifier. According to (61), the average voltage applied to
the left-hand side port of the resonant tank is Vi, H, — 0.5V},. As
discussed in the beginning of Section II, the resonant capacitor
of the LLC converter has a dc voltage offset of V4, /2. Therefore,
VinH, — 0.5V;, means that the input voltage source is scaled by
H, and then is subtracted by the dc voltage offset of the resonant
capacitor. If the average voltage, applied to the right-hand side
port of the resonant tank, is shown by V315, according to (61),
Vy12 equals Vo [n + %]. By factoring out n, Vy-12 can
be rewritten as follows:

Vin(Hy — 0.5) = Vo [n + (61)

(1/Ky)—1

Vo = nVo |1 .
viz=nVo |1+ gp-m ok,

(62)

The above equation explains that nV} is a fraction of Vy-1s.
Fig. 9 illustrates how nVy is related to V3-12. As shown in
this figure, this relationship can be simply explained by using
a resistive voltage divider. In this case, the resistive network is
made of the reflected resistor from the secondary to primary side
of the transformer (Rpim) and a series resistor with the resonant
tank, called R, . By considering (62) and the configuration shown
in Fig. 9, R, can be calculated using the following equation:

-1
RGZTQ o (63)

All the above discussion results in a third-order behavioral
average equivalent circuit that explains the steady-state and high-
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Fig. 10.  Above-resonant third-order behavioral average equivalent circuit of
the LLC converter, in half a switching cycle.
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Fig. 11.  Unified third-order behavioral average equivalent circuit of the LLC
converter, in half a switching cycle. This model is valid below, at, and above
resonance.

Ruimp

and low-frequency small-signal dynamic behavior of the LLC
converter, operating above resonance, in half a switching cycle.
This equivalent circuit is shown in Fig. 10.

C. Unified Third-Order Behavioral Average Equivalent Circuit

In this section, the third-order behavioral average equivalent
circuits of the LLC converter, operating below, at and above
resonance are obtained. Instead of working with two equivalent
circuits, shown in Figs. 7 and 10, it is more convenient to unify
them. The unified third-order behavioral average equivalent
circuit of the LLC converter valid below, at, and above resonance
is shown in Fig. 11. By considering the discussions made in this
section and Section II, the parameters of the unified third-order
behavioral average equivalent circuit are given as follows:

Ly =KL, (64)
Cor = K1C, ©635)
Cuo = [Kfu(Kf -1 +u(l- Kf)]Co (66)
(1/Ky) =1
o = —————u(l — K 67
Rus = Lp (1 - K)) a
AL, F, 1
RuLmb - Kf 1 U(Kf — 1) (68)
1
Nyo = {u(Kf - +ul—-Kyf)|n (69)
Ky
Nui = [W(Ky — 1) + Hyu(l — Kj)ln (70)
where u(z) is the step function, defined as follows:
1, >0
v ={g 72y a

Depending on the operating region of the LLC converter, x
can be either Ky —lor 1 — Ky.
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Fig.12.  Unified second-order behavioral average equivalent circuit of the LLC
converter. This model is valid below, at, and above resonance.

IV. BEHAVIORAL AVERAGE EQUIVALENT
CIRCUIT: SECOND STAGE

For decades, the focus in the LLC converter modeling has been
reducing the order of the small-signal model while maintaining
the accuracy. The key to gaining more simplified small-signal
models for the LLC converter is to perform the analysis in the
time domain. Before, the analysis of LLC converters in the time
domain was very difficult; however, after the introduction of the
homopolarity cycle, the analysis is simplified to a degree that
the small-signal dynamic behavior of the LLC converter can be
expressed by two second-order circuit models.

As discussed, the process of obtaining the ASSM of the LLC
converter has three stages. The first two stages are involved
in the obtainment of two average equivalent circuits, using the
behavioral averaging technique. The first stage was addressed
in Section III, where the unified third-order behavioral average
equivalent circuit of the LLC converter below, at, and above
resonance was developed. In this section, the analysis is fo-
cused on the second stage, in which the unified second-order
behavioral average equivalent circuit is obtained. Using this
second-order equivalent circuit, two circuit models, representing
the small-signal dynamic behavior of the LLC converter below,
at, and above resonance, are later obtained.

In Section III, the operation of the LLC converter below,
at, and above resonance was linearized in a half switching
cycle, and a unified third-order behavioral average equivalent
circuit was developed to illustrate this linear behavior. This
equivalent circuit demonstrates both high- and low-frequency
average dynamic behaviors of the LLC converter. From control
point of view, the high-frequency dynamic behavior is not of
interest, and linear compensators are designed based on the
low-frequency dynamic behavior of a power converter. Gener-
ally, linear compensators are designed to achieve a closed-loop
bandwidth approximately ten times smaller than the switching
frequency of power converters, including LLC converters, in
order to guarantee a stable closed-loop operation [34]. In most
practical applications, having an accurate and straightforward
model of the converter up to one-tenth to one-fifth of the switch-
ing frequency is enough to design proper compensators. As it
will be discussed later in this section, the average response of the
LLC converter operating in the quiescent area to small changes
can be modeled with a second-order system, as shown in Fig. 12.
According to the basic concepts governing the electrical circuit
theory, the dynamic response of a linear circuit in the steady state,
fed by a dc source, can be obtained by analyzing its response to
a step input while considering that all the initial conditions are
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zero from the step input point of view. The output of the LLC
converter and consequently of the unified third-order equivalent
circuit can be connected to any type of load, such as a resistor,
current source system, etc.

If astep input v with an amplitude of Vg is applied to the third-
order behavioral average equivalent circuit in the beginning of a
switching cycle, the following differential equation, called 1/,
can be defined:

dipur
wl = _nuiVS + Lur ;t
1 . .
+ Cf ZLurdt + RuLmeRmb =0. (72)

Since Rrmpirmb = (Rua/Mwo)iur + Nuovo, the above def-
inition can be rewritten as follows:

diLur
wl = =Ny Vs + Loy C?t
1 . bur
+ = /ZLurdt + Rya— + nyovo = 0. (73)
Clur Noyo

The limit of 1)1 as K¢ approaches 1 is given as follows:

. diLur 1 nfw .
I;i}gl wl -—_VS‘FLuTT“F (C’ur + Cuo) /ZLurdt =0.
(74)

Since Cyo >> Cy,, the coefficient of the integral in the
above equation can be simplified as 1/C,,.. Therefore, solving
the above differential equation results in the following equation:

i Lur = Z—isin(wut) (75)
where
L’U.’I"
Zy = Cur (76)
1
Wy = (77

Vv Lurcur .

The average of (75) in its half a switching period is given as
follows:

- 4VS Cur

LLur = Tur (78)

where T, = 27w/ Ly Clyse.

If the same step input v, with an amplitude of Vg is applied to
the second-order behavioral average equivalent circuit, shown
in Fig. 12, in the beginning of a switching cycle, the following
differential equation, called 15, can be defined:

digm,

¢2 = 7V5nui + Luamw

+ Rua (iam - iRmb) + NyoVo = 0. (79)

The limit of 1) as Ky approaches 1 is given as follows:
2

ue tamdt = 0. (80
CuO/Z ( )

. digm n
1(1?31 ’L/}Q = _VS + Luam dt +
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Solving the above differential equation results in the following
equation:

Tam = sin(wamt) 81)
am
where
Nyo
am = — 82
“ LuamCuO ( )
Lyam
Zam = Nuo (83)

CuO

By averaging the above equation in half a period of (75), the
following equation is obtained:
LurCu'r
Luam CuO

1 — cos (wnuo

If the circuit shown in Fig. 12 is a model of the third-order
behavioral average equivalent circuit, (78) must be equal with
(84). By using this condition, L,,4,, can be calculated using the
following equation:

- 2VsCuo

= T2
nz T,

(84)

Zam -

2 C 2L
Luam = Huour T . (85)

OLO _ n2, Cur 2
! {cos L (1 - 207)}

uO

V. AVERAGE SMALL-SIGNAL MODEL

Through the analysis of the homopolarity cycle, two sim-
ple second-order circuit models, representing the small-signal
dynamic behavior of the LLC converter, below, at, and above
resonance, can be obtained. The process of obtaining the two
circuit models has three stages. So far, the first two stages
are covered, and a second-order behavioral average equivalent
circuit, demonstrating the low-frequency dynamic behavior of
the LLC converter, is developed. In this section, the focus of the
analysis is on the third stage, in which perturbations are applied
to the signals of the LLC converter in order to obtain the ASSM
of the LLC converter below, at, and above resonance.

A. Below-Resonant ASSM

When the LLC converter operates below resonance, according
to the definition of u(x), provided by (71), u(1 — Ky) = 0 and
u(Ky — 1) = 1. Therefore, according to (64)—(70), the second-
order behavioral average equivalent circuit is simplified to the
circuit shown in Fig. 13(a). In order to obtain the ASSM of
the LLC converter, the following perturbations are added to the
parameters of the system:

fow = Faw + fow (86)
Vin = Vin + Uin (87)
vo = Vo + o (88)
iam = Tam + Gam. (89)

According to Fig. 13(a), the differential equations, express-
ing the small-signal dynamic behavior of the LLC converter,
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Fig. 13.  LLC converter, operating below resonance. (a) Second-order behav-
ioral average equivalent circuit. (b) Below-resonant average small-signal circuit
model, through which the small-signal transfer function is obtained.

operating below resonance, can be written as follows:

diam o 1 Vin n
At Luem \." 2 K;°

n\> 1 L
=) =——+—=1vo,-
Ky) Rurmv Rr ©
oD
By applying the perturbations given by (86)—(89) to (90) and
(91), neglecting the second-order perturbations, and consider-
ing that I,,,, = (K¢/n)(Vo/Rr) + (n/K¢)(Vo/Rurms) and
K = F, /F,,, the following equations are obtained:

d%am _ 1 [V] nVo A :|

(90)

dUo 1 n .
—_— —{—1
dt KfCO Kf am

n

Ky

? + Vin

dt - Lo (V0+Uo)—Trfsw
92)

dbo 1 n . n\? 1 1
Y T 7~ N\ Iam bam) — || —
dt KfCO {Kf ( e ) [(Kf> RuLmb i RL

2 A
n 1 1 fsw
— — | VL .
(Kf) RuLmb * RL OF%W}
(93)

The above equations describe the ASSM of the LLC converter,
operating below resonance, and can be translated to the circuit
shown in Fig. 13(b).

By using the circuit representation of the below-resonant
ASSM, shown in Fig. 13(b), the control-to-output and input-
to-output transfer functions are given as follows:

(Vo +vo) +

rf)o _ %Luamstlb
foo  Eipooos|SK,C +i+(i)2 |4+
n Huam f~o Ry Ky Rurmb Ky
94)
bo 1
S [SKCo i+ () |
7 Luam YO T R, Ky ) Rurpmb Ky
(95)
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Fig. 14.  LLC converter, operating above resonance. (a) Second-order behav-
ioral average equivalent circuit. (b) Above-resonant average small-signal circuit
model, through which the small-signal transfer function is obtained.

where
nV,
Ky, = Fo (96)
n\> 1 1| Vo
Kop = — —_— . 97
2 (Kf ) RuLmb RL F%W ( )

B. Above-Resonant ASSM

When the LLC converter operates above resonance, according
to the definition of u(x), provided by (71), u(1 — Ky) = 1 and
u(Ky — 1) = 0. Therefore, according to (64)—(70), the second-
order behavioral average equivalent circuit is simplified to the
circuit shown in Fig. 14(a). In order to obtain the ASSM of the
LLC converter, the perturbations given by (86)—(89) are added
to the signals of the converter.

According to Fig. 14(a), the differential equations, express-
ing the small-signal dynamic behavior of the LLC converter,
operating above resonance, can be written as follows:

digm 1 Vin ‘
- Ha in — — fyalam — 98
7 T ( Vin > Ruat m)o> (98)
d’UO 1

1
- _ am — —— ) 99
it  Cuo (m Ry ”O> ©9)
By applying the perturbations given by (86)—(89) to (98) and
(99), neglecting the second-order perturbations, and considering
that Io,,, = (1/n)(Vo/Ry1) and Ky = F,./F,, the following
equations are obtained:

digm 1
dt  Luam

1 Fow
- Ha - 5 in — -
(1= 3) Voo 2

 KfRuwVo fw
n(l1— Kf)Ry F,

. Vin
Ha(v;n + 'Uin) - 7

- Rua(%am + Iam)

—n(Vo + 0,) (100)

fw : Vot-s
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Fig. 15.  Pole and zero displacement of the below- and above-resonant small-
signal transfer functions.

do 1 N 1 .
d_to = [n(]am +tam) — — Vo +00)| -

Co R, (101)
The above equations describe the ASSM of the LLC converter,
operating above resonance, and can be translated to the circuit
shown in Fig. 14(b).
By using the circuit representation of the above-resonant
ASSM, shown in Fig. 14(b), the control-to-output and input-
to-output transfer functions are given as follows:

/‘A)o Kla +K2a

B _ _ (102)
fw L(LuamS + Rua) (RLL + SCuo) +n
Yo _ Hy (103)
U L(LyamS + Rua) (7 +SCuo ) +1
where
1
Ko = 7 [(Ha — 0.5)Via = nVo) (104)
K
Koy = ———J"wa?0 RuaVo (105)

" n(l— K)RLF,

The denominators of (94) and (95), and those of (102) and
(103), are the same. Moreover, in the control point of view,
the control-to-output transfer function is the most important
transfer function that linear controllers are often designed based
on. Therefore, discussing the poles and zeros of the control-to-
output transfer functions suffices. Fig. 15 illustrates the concep-
tual pole and zero displacements of (94) and (102). The system
displays a double pole that moves depending on the switching
frequency. As shown in the figure, at different operating points,
the system shows different damping ratios and natural frequen-
cies. There is a right-half-plane zero (RHPZ) at below-resonant
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TABLE I
SPECIFICATIONS OF THE LLC CONVERTER
Parameter  Value Description
Vi 400V Nominal input voltage
Vo 48V Nominal output voltage
Po 650 W Nominal output power
F, 96 kHz Resonant frequency
n 4 Turn ratio of the transformer
L, 82 nH Resonant inductor
Lo, 240 uH Magnetizing inductor
[ol 33 nkF Resonant capacitor
Co 55 pF Output capacitor

frequency operation. The position of the zero is far from the
imaginary axis, and it increases when the switching frequency
is increased. Therefore, the effect of the RHPZ in the range of the
frequency that a linear controller is designed is not significant
and can be neglected.

VI. EXPERIMENTAL AND SIMULATION RESULTS

In order to reduce the complexity of the analysis and to achieve
high accuracy in small-signal modeling of the LLC converter,
below, at, and above resonance, the homopolarity cycle can be
introduced to the time-domain equations of the LLC converter.
The analysis of the homopolarity cycle and average behavior of
the converter results in two simple second-order circuit models,
which demonstrate the small-signal dynamic behavior of the
LLC converter. In order to validate the theoretical analyses, in
this section, simulation and experimental results of a 650-W LLC
converter are provided. The specifications of the LLC converter
are given in Table I.

A. Steady-State Validating Experimental Results

In Section II, the homopolarity cycle concept was defined, and
the voltage gain, homopolarity cycle, and switching frequency
relationships were obtained. Since the process of obtaining of
the ASSM of the LLC converter is based on the homopolarity
cycle, first, the accuracy of the analysis performed in Section II,
especially that of the unified voltage gain equation given by (30)
must be validated. In Figs. 16 and 17, the theoretical, simulation,
and experimental homopolarity cycle and normalized voltage
gain diagrams obtained from the homopolarity cycle and first
harmonic approximation (FHA) analysis versus the switching
frequency are compared against each other. As shown in these
figures, (30) predicts the voltage gain of the LLC converter
below, at, and above resonance and under different loading
conditions with high accuracy. As anticipated, when the switch-
ing frequency moves away from F)., the accuracy of the FHA
analysis degrades. In order to plot the FHA voltage gain curves,
the equation introduced by [32] is used.

In Fig. 18, the time-domain experimental waveforms of the
LLC converter, operating below resonance under full- and half-
loading conditions, are shown. In this case, the switching fre-
quency equals 80 kHz. As shown in Fig. 18(a) and (b), the
period of time during which the polarities of vy, and v,
in half a switching period, are both the same equals 5.2 ps.
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Fig. 16.  (a) and (b) theoretical, simulation, and experimental below-resonant

normalized gain diagrams. The theoretical curves obtained from the analysis of
the homopolarity cycle align well with the experimental and simulation curves.
The accuracy of the FHA curves degrades when the switching frequency moves
away from the resonant frequency.
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normalized gain diagrams. The theoretical curves obtained from the analysis of
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The accuracy of the FHA curves degrades when the switching frequency moves
away from the resonant frequency.
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Fig. 19.
(a) Full-loading condition. (b) Half-loading condition.

According to the definition of the homopolarity cycle, this time
period is H;, Ty /2. The resonant frequency of the LLC converter
is 96 kHz, and therefore, half the resonant period (7;./2) equals
5.2 us. Therefore, as theoretically predicted in Section II,
H,Ty,/2 =T,/2. In Fig. 18(a) and (b), it is also shown that
under the full- and half-loading conditions, the output voltage
remains the same. According to (12), in this scenario, the output
voltage must be equal to 59.5 V. As shown in Fig. 18, the output
voltage of the LLC converter was measured as 59 V under full-
and half-loading conditions. Therefore, the theoretical analysis
performed in Section II-A is validated.

In Fig. 19, the time-domain experimental waveforms of the
LLC converter, operating at resonance under full- and half-
loading conditions, are shown. In this case, the switching fre-
quency equals the resonant frequency. As shown in Fig. 19(a)
and (b), the period of time during which the polarities of vj,y
and vy, in half a switching cycle, are both the same equals
5.2 ps. According to the definition of the homopolarity cycle,
this time period is Ty /2. The resonant frequency of the LLC
converter is 96 kHz, and therefore, half the resonant period
(T’-/2) equals 5.2 us. Therefore, as theoretically predicted in
Section I, Ty /2 = T)./2. In Fig. 19(a) and (b), it is also shown
that under the full- and half-loading conditions, the output
voltage remains the same. According to (18), in this scenario, the
output voltage must be equal to 50 V. As shown in Fig. 19, the
output voltage of the LLC converter was measured as 50 V under

Resonant time-domain experimental waveforms of the LLC converter. These waveforms validate the accuracy of the steady-state theoretical analysis.

full- and half-loading conditions. Therefore, the theoretical anal-
ysis performed in Section II-B is validated.

In Fig. 20, the time-domain experimental waveforms of the
LLC converter, operating above resonance under full- and half-
loading conditions, are shown. In this case, the switching fre-
quency equals 120 kHz. As shown in Fig. 20(a), the period
of time during which the polarities of vj,, and vy, in half a
switching cycle, are both the same equals 3.85 us. According
to the definition of the homopolarity cycle, this time period is
H, T /2. The voltage gain of the LLC converter can be theoreti-
cally calculated using (25). According to (25), the output voltage
of the converter under the full-loading condition must be 40 V.
The output voltage of the LLC converter under the full-loading
condition was measured 40 V. As shown in Fig. 20(b), the period
of time during which the polarities of vj,y and v, in half a
switching cycle, are both the same equals 3.95 ps. According to
(25), the output voltage of the converter under the half-loading
condition must be 42 V. The output voltage of the LLC converter
under the half-loading condition was measured 42 V. Therefore,
the theoretical analysis performed in Section II-C is validated.

B. Frequency-Domain Experimental and Simulation Results

In this article, it was theoretically discussed that the ASSM
of the LLC converter, below, at, and above resonance, can be
obtained by using the homopolarity cycle concept and through
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Above-resonant time-domain experimental waveforms of the LLC converter. These waveforms validate the accuracy of the steady-state theoretical
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Below-resonant experimental, simulation, and theoretical Bode diagrams of the proposed small-signal model and LLC converter. These Bode diagrams

validate the accuracy of the theoretical dynamic analysis, with and without the discretization and time-delay effects: (a) under 5.5-€2 resistive load and (b) under
10-Q2 resistive load. The discretization and time-delay effects are due to the digital implementation of the modulation system.

a three-stage process. All the theoretical analyses have resulted
in two circuit models, shown in Figs. 13 and 14. These circuit
models describe the small-signal dynamic behavior of the LLC
converter below, at, and above resonance. In order to validate
the accuracy of the proposed ASSMs and their relative transfer
functions, the Bode diagram analysis, under different frequency
and loading conditions, is required. This is performed by using
an experimental setup and a simulation software.

In Figs. 21-23, the comparative theoretical, simulation, and
experimental control-to-output Bode diagrams of the LLC con-
verter, operating below, at, and above resonance, under 5.5—
and 10-(2 resistive loads are shown. In these figures, the dashed
light blue, orange, dark green, and dark blue diagrams repre-
sent the Bode diagrams of the proposed ASSM (theoretical),
simulated LLC converter without the discretization effect, sim-
ulated ASSM with the discretization effect, and experimentally

implemented LLC converter with discretization effect, re-
spectively. The discretization and time-delay effects happen
when the modulation system of a converter is digitally imple-
mented. In the LLC converter, experimentally implemented, the
TMS320F2835 DSP is used to generate the control signal, which
is the switching frequency. In order to apply the perturbation
and perform the Bode diagram analysis, the frequency analyzer
Venable Model 3120 is used. The perturbing signal, generated
by the frequency analyzer, is applied to the analog-to-digital
converter (ADC) of the DSP. In order to keep the experimental
tests reliable, the sampling time of the DSP ADC is synchronized
with the control signal. Therefore, two phenomena happens:
discretization and time delay. Discretization occurs due the fact
that the ADC is indeed a sample-and-hold system and converts
an analog signal to a discrete one. The time-delay effect is
seen because the ADC is synchronized with the control signal.
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Above-resonant experimental, simulation, and theoretical Bode diagrams of the proposed small-signal model and LLC converter. These Bode diagrams

validate the accuracy of the theoretical dynamic analysis, with and without the discretization and time-delay effects: (a) under 5.5-(2 resistive load and (b) under
10-€2 resistive load. The discretization and time-delay effects are due to the digital implementation of the modulation system.

This means that at the beginning of every switching cycle, the
ADC starts the conversion, and also, the switching frequency
of the control-signal is updated. Since at the beginning of a
switching cycle, the ADC just starts the converting process, the
control signal is updated with the last switching frequency value
remained in the memory of the ADC. Therefore, a time delay
equal to the period of a switching cycle (1) is created. Looking

at the comparative Bode diagrams shown in Figs. 21-23, it
is evident that the proposed ASSM accurately predicts the
small-signal dynamic behavior of the LLC converter, operating
below, at, and above resonance and under different loading con-
ditions. As expected, the discretization and time-delay effects
can be seen in the experimental Bode diagrams. If the effects of
discretization and time delay are considered in the theoretical
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control-to-out transfer functions, the dark green diagrams in
Figs. 21-23 are obtained. These diagrams are identical to their
relative experimental Bode diagrams.

As earlier mentioned, this article mainly focuses on charac-
terizing the LLC converter low-frequency small-signal dynamic
behavior. The reason of this approach is that accurate small-
signal models are desired for the design and implementation of
linear compensators. If the compensator gain at the switching
frequency is too large, then these switching harmonics are ampli-
fied by the compensator and can disrupt the operation of the fre-
quency modulator. Therefore, the compensator network should
contain poles at a frequency less than the switching frequency.
This consideration typically restricts the crossover frequency
to be less than approximately 10% of the converter switching
frequency [34]. As aresult, in most practical applications, having
an accurate and straightforward model of the converter up to
one-tenth to one-fifth of the switching frequency is enough to
design proper compensators.

As shown in Figs. 21 and 22, the accuracy of the proposed
small-signal circuit models is validated at a frequency 20 kHz,
which is sufficient for designing linear compensators. 20 kHz
is one-fifth of the resonant frequency (96 kHz). Therefore, the
proposed second-order circuit models are accurate enough in the
range of interest.

VII. CONCLUSION

Due to the complexity, small-signal modeling for LLC
converters has been traditionally performed using empiri-
cal/simulation methods (yielding limited insight into the dy-
namic behavior) or in the vicinity of the resonant frequency
(suffering from low accuracy below and above resonance). In
this article, a new average small-signal modeling technique,
based on the homopolarity cycle concept, for LLC converters
was proposed. The analysis of the homopolarity cycle in the time
domain showed that high accuracy, low complexity, and small-
signal circuit representation from below- to above-resonant
operations can all be achieved when deriving the small-signal
model of LLC converters. It was also shown that no simulation,
numerical computing, or programming software packages are
required to obtain the proposed average small-signal circuit
models and their small-signal transfer functions. In order to
validate the theoretical analyses, a 650-W LLC converter was
practically implemented. Both the steady-state and dynamic
operations were justified through experimental and simulation
results. The results showed that the proposed circuit models
predict the small-signal dynamic behavior of the LLC converter
with high accuracy from below- to above-resonant operations.
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