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Abstract—The CLLC resonant converters are preferred for their
high-power density and high efficiency. Nevertheless, their dynamic
performance deteriorates due to the low impedance characteristic
of the resonant tank near resonant frequency. This study proposes
optimal switching patterns under specified peak resonant current
conditions to enable rapid and smooth dynamic transitions. Build-
ing on this, a seamless, synergetic control strategy is developed for
integration with the widely used proportional-integral controllers.
The efficacy of this methodology is validated on a 2-kW CLLC res-
onant converter prototype, demonstrating zero inrush current and
approximately ~100% increase in the speed of dynamic response
compared to existing techniques, across both step load changes
and output voltage reference changes. Remarkably, the proposed
methodology maintains high performance despite significant elec-
trical component parameter variances, obviating the necessity for
supplementary sensors.

Index Terms—CLLC resonant converters, dynamic process,
optimal switching patterns, zero inrush current.

I. INTRODUCTION

HE CLLC resonant converters find extensive application
T in various fields such as data centers [1], [2], [3], dc
transformers [4], [5], [6], battery chargers [7], [8], [9], [10], and
energy storage systems [11], [12], [13], attributed to their bidi-
rectional power flow capability, inherent zero voltage switching
(ZVS) characteristic, and galvanic isolation.

Zung et al. [14] elaborated on the operational mechanics and
steady-state analysis of CLLC resonant converters, highlighting
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Fig. 1. Topology and typical PFM control of CLLC resonant converters.

their significance in steady-state efficiency. On the other hand,
dynamic performance is crucial for ensuring stable operation
under variable loads, prompt response to transient conditions,
and adaptability to a wide spectrum of applications, thereby
playing a pivotal role in the overall efficiency, reliability, and
lifespan of power electronic systems.

A typical schematic of an output voltage regulated CLLC
resonant converter is illustrated in Fig. 1, featuring eight power
MOSFETs S1—Sg, resonant inductors and capacitors (L,1, Cy; on
the primary side and L,5, Cy2 on the secondary side), a trans-
former with turn ratio n, and an excitation inductance denoted
as Ly,. The prevalent control strategy employs pulse frequency
modulation (PFM) combined with a proportional-integral (PI)
controller, where the discrepancy between the output voltage
V, and the reference voltage V..t is processed by the PI con-
troller. To mitigate abrupt step changes in V,ef, a ramp function
may be employed, facilitating a smoother transition. A voltage-
controlled oscillator (VCO) converts the voltage error into a
frequency signal, which is then dispatched to driver circuits
on both primary and secondary sides to maintain synchronous
rectification through controlled phase alignment of secondary
side power MOSFETs [15], [16].

The dynamic performance of CLLC resonant converters tends
to degrade near the resonant frequency due to the low impedance
characteristic of resonant tank within conventional PI controller
framework, leading to a tradeoff between regulation duration and
resonant current and voltage spikes. To mitigate peak resonant
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TABLE I

CHARACTERISTIC COMPARISON OF DIFFERENT METHODS

Advantage

Disadvantage

Trajectory
control
[18]. [19], [20]

1) Straightforward,
2) Does not require
additional sensors.

1) Complex control.
2) Limited to step load
dynamics consideration.

Time-domain
model-based
method [9],
[21], [23]

1) Addresses all potential
operational conditions in
PFM and PSM.

2) Accounts for both load
step change and output
voltage dynamics.

Fails to achieve the fastest
output voltage step change
during dynamic processes.

Constant current
control method
[22]

Enhances dynamic re-
sponse in step load
change scenarios.

1) Necessitates additional
Sensors.

2) Limited to step load
dynamics consideration.

This work

1) Achieves the maxi-
mum output voltage
increment under resonant
current limit.

1) Complex control.
2) Slightly performance
degrades with significant

electrical component

2) Does not require .
) q parameter mismatches.

additional sensors.

currents, a conservative PI parameter setting is often adopted,
which invariably extends the regulation period.

A review of methodologies addressing this challenge is sum-
marized in Table I, including early state plane analysis of
resonant converters [17], multistep trajectory control for the
LLC resonant converters [18], [19], [20], and constant resonant
current limiting techniques [21]. Enhancements in dynamic per-
formance have been achieved through methods such as sliding
mode control [22], constant current control based on state tra-
jectory analysis, and dynamic transition techniques combining
PFM with phase shift modulation (PSM) [23].

Previous methodologies predominantly concentrate on the
dynamics of load step changes, neglecting variations in output
voltage. Moreover, the enhancement of dynamic performance
typically necessitates additional sensors for measuring resonant
voltages and currents. In practice, resonant parameters are sub-
ject to tolerances, necessitating a robust control strategy, partic-
ularly in the absence of supplementary sensors for monitoring
high-frequency resonant components.

To address this deficiency, this article introduces an approach
for achieving a swift and smooth dynamic transition in CLLC
resonant converters within a specified resonant current range.
Following an in-depth steady-state analysis and output voltage
increment examination, this study compares the performance
of traditional PI controllers, PI controllers with ramp function,
and the proposed optimal switching patterns under a defined
peak resonant current criterion. An integrated synergetic control
algorithm designed for seamless incorporation into existing PI
controllers is also presented. The preceding analysis has been
empirically substantiated through experimentation with a 2-kW
CLLC resonant converter prototype. The advantages conferred
by the proposed methodology are delineated as follows.

1) Facilitates an increased dynamic under a predefined reso-
nant current limit for both step load variations and output
voltage reference adjustments.

2) Eliminates inrush resonant current throughout the dy-
namic phase, enhancing system robustness.
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3) Demonstrates seamless compatibility with the prevalent
PI controller architectures, ensuring straightforward adop-
tion in existing frameworks.

4) Delivers consistent performance, albeit moderate, in sce-
narios characterized by significant mismatches in the elec-
trical parameters of resonant components.

This concise presentation underscores the method efficacy in
improving dynamic performance and system reliability, while
also highlighting areas of potential performance variability due
to component mismatches. The rest of this article is organized
as follows. Section II presents a detailed examination of the
steady-state analysis alongside the investigation of output volt-
age variations during dynamic conditions. In Section III, an
in-depth analysis of the dynamic behaviors associated with
the PI controller, both with and without ramp modifications,
is conducted. The determination of optimal switching patterns
under a specified peak resonant current threshold is undertaken.
The experimental results are discussed in Section IV. Finally,
Section V concludes this article.

II. EQUIVALENT CIRCUIT DERIVATION AND ANALYSIS

The literature highlighted in [24] demonstrates that an asym-
metric CLLC resonant tank can be converted into a symmetric
configuration through the reconfiguration of electrical parame-
ters. Given the symmetric nature of the CLLC resonant converter,
our subsequent analysis focuses on the forward power transfer.
In symmetric CLLC resonant converters, specific relationships
are established, such as L,; = n*L,s, and Cy5 = n?C,1, and the
inductor ratio k is defined as k = L,,/L;;. The input voltage
and output voltage of the CLLC system are denoted as Vj,, and
V., respectively, with the reflected output voltage expressed as
V,' = V,/n. The voltage gain M of the CLLC is defined as M =
V,/IVin. The load is modeled as a constant current source I,
while the primary and secondary resonant currents are labeled i,
and i,o, respectively. The excitation current is denoted as i,,,. The
voltages across the primary and secondary resonant capacitors
are represented as v, and vyo, respectively. Additionally, the
voltages across the ac terminals of the primary and secondary
full-bridge circuits are denoted as vaop and vcop, respectively.

A. Operation Stages in Steady-State Operation

The equivalent circuit of the CLLC resonant tank is depicted in
Fig. 2. Typically, the secondary bridge operates in synchronized
rectifier mode. In the case of a PFM modulated CLLC, both
the input and output voltages of the resonant tank manifest as
square waves. The equivalent switch Sy is employed to indicate
the output connection status. Specifically, when So = 1, vep =
Vo, S5 and Sg conduct; When Sg = 1, vep = -V, Sg and Sy
conduct; When Sy = 0, S¢—Sg are all cutoff. The steady state
operation of the CLLC can be categorized into six stages within
half switching cycles based on the values of vaop, vep, and Sp.

To streamline the analysis, normalization is employed, and
the base values are specified as

Lrl I VBase
> 4 Base

C(rl ZBase

VBase = Vin; ZBase =
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Fig. 2. Steady state equivalent circuit of the CLLC resonant tank, and three
stages in one positive half switching cycle.
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Capital letters signify these normalized variables, with all
electrical variables being time-dependent functions of 6.

Regarding stages A and C, we can derive the following set of
constant coefficient original differential equations (ODEs):

fBase = = 27TfBaset' (D

k(Iyx (0) — Liox () + Ii1x (0) + Viax () = 1
k (Ii1x (0) —Iox (0)) —Liox (0) = Viex (0) ={—M, M}
Liux (0) = Viix ()
Liax () = Viox (0)
(2)
and the general solution is given as
L () cos (0) 0
Tox (6) . 0
sin (0)
Inx (0) X 0 3)
cos (k10)
Viax (0) sin (k10) L
| Viax (0) M
Ax =
cax+tcax  _ cax+tceax C1X —C2X k1(cax—cax)
2 2 2
cix+cax  _ cax+tcax CaxX —C1X k1(eax —cax)
2 . c1x—c¢ *k1(63?(+04x)
0 0 1X_rax 5 . @
Cax+cax cix+cax k1 (cax—cax) C1X —Cax
2 2 2 k1
c3x Feax cix+eax k1(cax—c3x) Cox —C1X
L 2 2 2 2k

In (3) and (4), each electrical variable incorporates two reso-
nant frequencies, and there are four coefficients c1x—csx (X =
A or C) to be determined.

Stage B differs from stages A/C as the output side constitutes
an open circuit, resulting in only one resonant frequency in the
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Fig.3. (a) Two-dimensional density plot of the relation interplay among F, P,
and M in CB sequence of the CLLC resonant converters, where the dashed lines
illustrate the contour lines of voltage gain M. (b) Typical waveform in sequence
CB.

resonant tank. The general solution for stage B is provided as

I (9) C1B —C2B 0

Iop (0) 0 0 0

o (0) [ = e e | |20 0 |
Vs (0) C2B  —CIB 1

Vios (0) 0 0 Vian (0)

where ci1p and cop are two coefficients to be determined, and
V2B (0) is the initial value of the secondary side resonant voltage.
The frequency coefficients k; and ko are given as

1 1
“Vitow M Viyw ©

Each stage has its constraint conditions. As for stages A-C,
the constraint condition can be expressed as

V0 € [0,04] : Iria (0) < Ima (6) <> Lo () <0 (7)
VO €[0,08] : |(k3 — 1) (Vas (0) — 1) — Vias (0)| < M (8)
Vo € [0 (9(}] I1c (9) > Inc (9) — I (9) > 0. ©)

The operation sequence of the CLLC resonant converter
within a half-switching cycle is delineated through a concate-
nation of various stages. The typical operation sequences of
CLLC resonant converters, as outlined in PFM, include C, CB,
BCB, CBA, CA, and AC [24], [25], [26]. Within these, the CB
sequence is often favored due to its extensive range of power
transmission and voltage regulation, inherent ZV'S on capability,
and the simplicity of integrating synchronous rectification. The
interplay among F, P, and M in CB sequence is illustrated in
Fig. 3. This sequence is demarcated by boundaries of maximum
and minimum power. In Fig. 3(a), dashed lines illustrate the
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Dynamic state stages

Stagea Caj ) 1,(0)

1,(6)

15(0)

1:(0)

Fig. 4. Equivalent circuits transitioning from stage a to stage ¢ in dynamic
processes.

contour lines of voltage gain M. Fig. 3(b) presents four rep-
resentative waveforms, labeled 1 through 4, where the black,
purple, red, brown, blue, orange, and green lines correspond to
Vas, Vep, Vi, Vio, L1, Lo, and I, respectively.

The steady-state operational behavior of the CLLC resonant
converter is encapsulated by an implicit function f(.) = f(k, F, M,
P)=0. During the positive half-cycle of the switching period, the
terminal values of each resonant variable are the inverse of their
initial values, establishing a symmetrical operational framework
[27], [28].

B. Output Voltage Increment in Dynamic Processes

During the dynamic process, the voltage gain M manifests
as a time-variant function, symbolized by 6. Regrettably, a
closed-form expression for the electrical variables under these
conditions remains elusive. To surmount this challenge, a simpli-
fication approach is adopted, predicated on the premise that the
time constant of the resonant tank (ordinarily within us range)
is markedly less than the time constant of the output capacitor
(customarily spanning in ms range). This assumption permits the
presumption that the output voltage remains stable throughout a
single switching cycle. In the dynamic sequence, corresponding
to stages A—C, the equivalent circuits transitioning from stage a
to stage c are delineated in Fig. 4. The voltage gains in different
stages are represented as M, (6)~M_.(6), while the output current
source is denoted as 1,(0).

Taking stage c as an illustrative case, the relationship between
1,(6) and M.(0) can be expressed as

I, (0) = gM. (0). (10)
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The energy transfer leads to an incremental output voltage
dM., which can be expressed as

dM,

[Z8 0c
/ ¢ (Lo (0) — gM. (8)) d0 ~ / ¢ (Lo (6) — gM) d6
0 0

C

2

(e3¢ + cac) cos (0.) + (cic + cac) sin (6.)
— (e3¢ — cac) cos (k16.) — k1 (c1c — cac) sin (k16.)
—2(cac + gM0,.)

1D

where ¢ and g are the output capacitor and load coefficients,
respectively. A higher value of c¢ indicates a smaller output
capacitor, while a higher value of g indicates a heavier load.

The expressions for the output voltage increments in stages a
and b are provided as

0a
M, — / ¢ (g (0)—gM, (6)) 46

6
~ / ¢ (<30 (8) — gM) 6
0

o

— (e3a + can) cos (0,) — (c1a + con) sin (6,)
+ (c3a — cqn) cos (k10,) + k1 (c1a — con) sin (k16,)
+2 (C4A - gMea)

O
dM,, = / c(—gMy (0)) df ~ —cgMby,. (12)
0

Within a single switching cycle, the increment in output
voltage, symbolized as dM, is constituted by the sum of dM,,
dMy,, and dM.. Given the direct proportionality of dM,, dM},,
and dM. to the output capacitor coefficient c, it consequently
follows that dM also exhibits a proportional relationship to c.

For a CLLC resonant converter with k = 6, the interrelation
among dM and M, g, Ipe.y is depicted in Fig. 5. The dashed
line within the figure represents dM = 0. At a certain Ipe,, a
condition where dM > 0 indicates the output capacitor is in the
process of charging, whereas dM < 0 denotes its discharging
phase. The value of dM escalates with an increase in Ipe,) but
diminishes with a higher g. Under a no-load scenario, wherein
g = 0, dM maintains a constant value, showing no dependency
on M.

In conclusion, the dynamic operational behavior of the CLLC
resonant converter can be encapsulated by an implicit function:
g() =gk, F, M, g, c) = 0. The numerical resolution of g(.) =
0 facilitates the determination of both dM and Ipe,x, provid-
ing insights into the converter performance under dynamic
conditions.
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with inductor ratio k = 6. (a) Ipeax = 0.6. (b) Ipeak = 0.8.

III. OPTIMAL SWITCHING PATTERNS DERIVATION
A. Description of the Dynamics Process

When the input voltage of the CLLC resonant converter re-
mains constant, the dynamic processes can primarily be cate-
gorized into load dynamics (indicated by step changes in the
load coefficient g) and output voltage dynamics (reflected by
step changes in the output voltage reference M,.¢). It is pertinent
to observe that each data point in Fig. 5 is associated with a
distinct switching frequency F. As for a given k = 6, and ¢ =
0.03, the relation of load coefficient g, voltage gain M, Ipeax,
and F are depicted in Fig. 6(a), where the shaded red, green,
and blue regions denote three cases with g = 0.20, M = 1.2,
and Ipea = 0.6. In Fig. 6(b), where the load resistance is a
constant, a higher M corresponds to a higher Ipe,y. In Fig. 6(c)
when M is determined, Ipe,i increases with the increase of g.
However, the variation of F is very narrow. On comparison of
Fig. 6(c) and (d), it can be inferred that /pe,y is almost linearly
proportional to g when M is a constant. This indicates that the
CLLCresonant converter is insensitive to load step change. Upon
a load step increase, Ipeai linearly rises, yet the control variable
(switching frequency F) exhibits minimal variation. In contrast,
F demonstrates sensitivity to the variations in both M and g,
suggesting that the CLLC resonant converter exhibits greater
sensitivity during output voltage dynamic processes.

The methodology for deriving the switching pattern during
dynamic processes is outlined in Fig. 7. Initially, key parameters
such as the inductor ratio k, output capacitor coefficient ¢, and
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Switching Patterns with Constraints in Dynamic Process
Electrical parameter normalization: &, ¢, Vpase, IBaser ZBase> fRase-
Initialization: MM, < Gnit.

Determine the operation sequence;

Solving ODEs in sequence CB with constraints via (2)~(5);

Check the operation conditions in stage C and B,

Lo ==L (), Lroo=-L2(00), Viio=-Via(6h), Viao—-V:aO0).
repeat
Operation condition: M., .
// Tterative solving ODEs in sequence CB until M reaches M,¢
Check the operation conditions;
// Save the end electrical qualities
Liio=-Iu(Ob), Lo ~=-Li2(0), Viro=-Vi1(0), Viao~
//Calculate dA via (10)~(12);
dM = dM +dM,,, M~M + dM.
Record the switching frequency /- and the voltage gain M.
until M/ = M,
Output :

1) The switching frequency trajectory (£, F5,.

2) The output voltage trajectory (M, M,,..., MN).

Illpllt: (k9 ¢ 8, Tpears Miyies M-ef)
M ]

Olltput: ({F], Ml}, {Fz, Mz}q-oq{FNﬂ MN})
Flowchart of deriving switching patterns during dynamic processes.

Vo 6).

o ).

Fig. 7.

the base values are established based on the specifications of the
CLLC resonant tank. Subsequently, given an initial condition
characterized by an initial voltage gain Mr,;; and an initial load
coefficient gyynit, the initial steady-state operation data of the
converter is ascertained by solving the ODEs in CB sequence.
This involves verifying constraint conditions and preserving the
terminal values of resonant variables as the initial conditions for
the subsequent switching cycle. In scenarios where there is a
change in M,.s or g, mathematical representation of the ODEs
undergoes modification. During the iterative computation phase,
the output voltage increment, dM is determined following the
resolution of the ODEs. Subsequently, the switching frequency
F and the voltage gain M are recorded until M reaches M,s.
The culmination of this process yields the switching frequency
trajectory (F1, Fa, ..., FN), as well as the output voltage trajec-
tory (M1, Mo, ..., M), facilitating comprehensive analysis and
optimization of the converter dynamic performance.

After executing the diagram in Fig. 7, the trajectory ({F7,
Mq}, {Fa, M2}, .., {FN, Mn}) corresponds to specific operat-
ing conditions (k, ¢, g, Ipeak, Mmit, Mret) 18 Obtained. When
operating conditions change, the trajectory changes as well. To
prepare training data, the process in Fig. 7 is iteratively executed
with the variables k, ¢, g, Ipeak Minit, and M. The ranges
for these variables are: k = [2:1:10], ¢ = [0.01:0.01:0.1], g =
[0:0.01:0.1], Ipeax = [0.4:0.1:1.4], M1ni, = [1.0:0.05:1.6], and
M of =[1.0:0.01:max(Mry;t, 2.0)]. This data preparation process
takes around 7.3 h to iteratively solve the ODEs.

For artificial neural network (ANN) training, the data structure
is modified. For real-time execution, the input data should be
the sampled or calculated values, and the output data should
be the switching frequency. Thus, the input data is (k, ¢, g,
Ipeax, M), and the output data is the switching frequency f.
This restructured dataset, consisting of 967 508 data points, is
created by modifying the F/M pairs in the switching sequence.
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Fig. 8. Data reconstruction and ANN training process.

The training process of the ANN is shown in Fig. 8. The
original dataset is shuffled and split into three sets: 70% for
training, 20% for testing, and 10% for validation. The Adam
optimizer with an initial learning rate of 0.01 is used. Training
occurs over 1000 epochs, with the learning rate reduced by a
factor of 10 every 100 epochs. The batch size is set to 64, and
the model is trained using the PyTorch framework [29].

First, the dataset is loaded, and the ANN is initialized with
weights and biases randomized using Gaussian initialization to
achieve zero mean and controlled variance. The ANN consists
of input, hidden, and output layers. Data is normalized with
min-max normalization to ensure values are within the range
[0, 1]. Each hidden layer uses the tanh activation function.
The difference between ANN predictions and actual outputs is
calculated as the error, with mean square error used as the loss
function. The error is backpropagated to update the weights and
biases through gradient descent. This process is repeated for the
predefined number of epochs or until convergence. Validation is
used to prevent overfitting, and the test set assesses final model
performance [30].

Increasing the number of layers and neurons can enhance
prediction accuracy but also increases computation time. Con-
sidering the problem size and available computational resources
on a digital signal processor (DSP), a single-layer ANN with 12
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Fig. 9. Typical waveforms during the dynamic process of the PI controller.

neurons is used for this multivariable fitting problem. The mean
absolute percentage error on the test set is 0.13%, demonstrating
high predictive accuracy.

B. Dynamic Process in PI Controller

The typical waveforms observed during the dynamic process
of the PI controller are illustrated in Fig. 9, where the red and
blue lines represent /.1 and M, respectively. The steady-state
peak resonant current is indicated as I1y;t, and the magnitude of
the resonant current spike is labeled as Igpike. The normalized
dynamic transition duration is expressed as Tpr.

As for a PI controller based CLLC resonant converter, where
the output voltage V,, serves as the feedback variable, and the
switching frequency f; is derived as

e (k) = Vo (k) = Voret

Afs (k) =kp(e(k) —e(k—
fs (k) :fs (k_ 1)+Afs (k)
M (k) =M (k—1) +dM
6(]41) :M(k)) —Mref
Fk)=F(k—1)+k,(ek) —e(k—

1)) + kie (k)

1)) + Ke (k)

13)

where k;,, k; are the control parameters of the converter, and k",
k’; are the corresponding normalized control parameters.

By applying (13) in the iterative computation outlined in
the flowchart, the cycle-by-cycle operational waveforms for the
CLLCresonant tank are derived. Illustratively, considering a step
change in the output voltage reference, the dynamic process is
influenced by factors suchas k', k', Mnit, Mref, g, and c. Fig. 10
showcases typical resonant waveforms along with variations in
the normalized switching frequency F, and the output voltage
M. From this analysis, several key insights emerge.

1) The occurrence of a resonant current spike during the
dynamic process is a common phenomenon under a tra-
ditional PI controller configuration. To mitigate the am-
plitude of this spike, it is advisable to fine-tune the PI
controller parameters according to the specific operational
conditions.

2) In lighter load conditions, the resonant current spike can
be diminished within identical operational contexts.

3) The resonant current spike Igpike typically manifests only
during the initial switching cycles of the dynamic process.

Normalized current /;; (p.u.)

Normalized current /,; (p.u.)
'
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Fig. 10.  Typical resonant waveforms of the conventional PI controller along
with variations in F, and M in the dynamic process. (a) Impact of M,it and
M ef. (b) Impact of g.
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Fig. 11.  Typical waveforms during the dynamic process of the PI controller
with a ramp.

C. Dynamic Process in PI Controller With Ramp

To mitigate Ispike While concurrently achieving a reduced
Tpr, employing a ramp during an output voltage reference
step change presents a logical approach [c.f., Fig. 1]. Fig. 11
illustrates the typical waveforms during the dynamic process
with a PI controller with a ramp function. Under these cir-
cumstances, the voltage gain follows a ramp profile, leading
to the occurrence of two distinct resonant current spikes (/spike1
and Igpike2). When compared with a standard PI controller
setup, the implementation of a ramp results in significant re-
ductions in both Ispie and TpT, demonstrating the effective-
ness of this strategy in enhancing the dynamic response of the

system.
The switching frequency f; in this condition is calculated as
e(k) =V, (k) — Voret (k)

Afs (k) =ky(e(k) —e(k—1)) + kie (k)
‘/oref (k) = ‘/oref (k - 1) + dv;)ref
s (k) = fs (k - 1) +Afs (k)
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Fig. 12.  Resonant current spike versus the total dynamic transition. (a) PI

controller scenario when Ipeak = 0.25 and g = 0.1. (b) PI controller with ramp
scenario when Ipeak = 0.25. (¢) Proposed method.

M (k) =M (k — ) +dM
L Je(k) = M (k) = My ()
M (): ( —1)+eref
Fk)=F(k—-1)+ky(e(k)—e(k—1))+ ke (k).
(14)
When k’, k’;, and dM,¢ are well tuned to ensure the output

voltage tracks the output voltage reference, (14) can be simpli-
fied to

M (k) =M (k—1)4+dM = Myt (k — 1) + dMyr.  (15)

The corresponding F(k) can be solved from g(.) =0

Fig. 12 shows the resonant current spike versus total dynamic
transition for the PI controller and PI controller with ramp
under different conditions. In this figure, the x-axis represents
the normalized current spike Ispike %, and the y-axis represents
the total dynamic transition duration TpT. When conservative
PI parameters (i.e., small values of k', and k’;) are selected,
Ispike% can be reduced, but this results in an increased Tpt. The
trends of &, and k’; are shown as different lines in these figures.
Compared to k', k’; can achieve a reduced Tpt for a given
I3pike%. The minimum /g ;. % observed, when k’;, and k’; range
from 0.02 to 0.40, is 24.42%, indicating that PI controllers are
unable to achieve a smooth transition without resonant current
spikes.
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For PI controllers with a ramp, three parameters need to be
adjusted: k', k’;, and dM,¢. In this scenario, larger values of
k’, and k’; can be chosen when an appropriate value of dM,..¢
is selected. Fig. 12(b) shows the trends of dM, . under different
load conditions with k’, and k’; both set t0 0.10. There is aregion
with zero Igpiie % for each operating condition. When dM.,.; is
smaller than a critical value, Ispike% becomes zero, indicating
the absence of resonant current spikes. Further reduction in
dM et only increases Tpr.

Since the proposed method effectively eliminates current
spikes, the x-axis in Fig. 12(c) represents the peak current Ipeak.
In this case, TpT is a function of both Ip.,x and the load
condition g. A higher peak current and a lighter load result
in a shorter Tpr, though the relationship is nonlinear. Three
typical comparison cases are highlighted where Ipe, = 0.25
and g = 0.1, with their corresponding Tpt indicated. For the PI
controller method, TpT ~ 3667 is needed to achieve a relatively
low Igpike%. With PI controllers using the ramp method, Tpt
in the zero Igpike % region when g = 0.1 is approximately 1277.
In contrast, the proposed method achieves Tpt ~ 71.87 under
the same operating conditions. This comparison demonstrates
that the proposed method outperforms the other two methods in
terms of TpT under the same conditions and constraints.

D. Optimal Switching Patterns

Analysis from Figs. 9-11 reveals that the PI controller alone
is insufficient for a smooth dynamic transition devoid of reso-
nant current spikes, primarily due to the lack of control over
the resonant current. By integrating a peak resonant current
limitation within each switching cycle, both the output voltage
increment dM and the corresponding switching frequency F can
be accurately determined. Fig. 13 showcases typical resonant
waveforms alongside variations in F and M, illustrating that
with a predefined Ip.,x, the transition process can be effectively
managed to prevent resonant current spikes. To adhere to the
peak resonant current constraint, it emerges that the switching
frequency F depends on a set of parameters (k, Ipeax, M, g, ).

E. Synergetic Control and Implementation

The core algorithm of this methodology is outlined in Fig. 14,
where the control diagram is segmented into the steady-state
control part (illustrated in black) and the transient control part
(depicted in red). V,(k), Vier (k), and I, (k) represent the kth step
sampled output voltage, reference output voltage, and output
current, respectively. Voer, and Iye, denote the predefined
output voltage error and output current error thresholds. In a
steady-state condition, characterized by (|Vo(k) — Viet(k)| <
Voerr) && (|Io(k) — I,(k — 1)| < Ioerr), only the output voltage
V, is sampled and compared against V,es. The error is sent to
a PI controller and a VCO, the output signal of the VCO is
the switching frequency f;. According to the PFM modulation
and synchronous rectification control, the driver signals for
S1—S4 in the primary inverter bridge and S5—Sg in the secondary
synchronous rectification bridge are obtained. When the steady-
state condition is not satisfied, the switching frequency of the
nextcycleis calculated via the programmed ANN. Subsequently,
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Fig. 14. Core algorithm of the proposed methodology implemented in the

DSP, including the steady-state control part as well as the transient control part.
A single-layer 12-neuron ANN is utilized in the transition controller to determine
the switching frequency fs(k + 1) in the next switching cycle.

the active and shadow enhanced pulsewidth modulation registers
are adjusted in alignment with this computation. The transition
process concludes once the steady-state condition is reestab-
lished. Thereafter, the PI controller undergoes a reset, and the
default output frequency is aligned with the final switching fre-
quency to preclude any abrupt changes in switching frequency,
ensuring a smooth transition back to steady-state operation.

Empirically, Vierr and Ioer should be set to small values, typi-
cally around 1% or 2% of the rated value. Larger values indicate a
prematurely terminated transition process. While discrepancies
between V..t and V, increase the input to the steady-state PI
controller, the initial output of the PI controller inherits the
final switching frequency of the transition controller, preventing
abrupt frequency changes. Although large values of Ve, and
Iery may slow the transition, they do not cause resonant current
or voltage spikes, nor do they lead to instability.
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Fig. 15.  Experimental prototype of the 2-kW CLLC resonant converter.
TABLE I
SPECIFICATION OF THE EXPERIMENTAL PROTOTYPE
Component Part number Parameters
MOSFETs C3M0021120K 1.2-kV, 21-mQ
MCU TMS320F28377D Digital signal processer
D capacitors EKXG401ELL330ML20S  33-uF, 4 seri;s, 2 parallel.
F862BZ564K310ZV054 560-nF 4 series.
Resonant BF(238350473 47-nF, 550-V, MMKP
capacitors
Resonant B82559B3222A027, 4.7-uH and 2.2-uH
inductors B82559A6472A024 extra inductors
Transformer IST/ 12.T, 600 strands L =7.3-uH,
Litz wire, EE70 core Ly~ 64.7-uH

The implemented 12-neuron ANN requires 19 additions and
87 multiplications per control cycle, taking 10.26 us. Although
this significantly increases the computational burden compared
to the PI controller or PI controllers with a ramp, which require
fewer than 10 float32 multiplications per cycle, it remains man-
ageable. Given the converter resonant frequency of 83.9 kHz,
even in the worst-case scenario where the switching frequency
matches the resonant frequency, the control cycle is still shorter
than the switching cycle. Therefore, real-time cycle-by-cycle
implementation of the 12-neuron ANN is feasible.

IV. EXPERIMENTAL VERIFICATION

Fig. 15 illustrates the experimental prototype and testbed.
The experimental assessment of the proposed methodologies
utilized a 2-kW, 480 V input voltage CLLC resonant converter
prototype, with the electrical parameter specifications delineated
in Table II. The design specification of the converter is based on
time domain analysis. The specifications of the CLLC resonant
converter is given as Vi, = 480V, 160 V< V, < 480V, n =
3/2, 60 kHz< f; <150 kHz. The design goal is to achieve a
power loss minimization, and the detailed design processes are
given in [28]. The transformer turn ratio results in a rated output
voltage of 320 V at the designated resonant frequency point.
The leakage and excitation inductances of the transformer are
ascertained by measuring the open/short circuit impedance with
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TABLE III
OPERATION CONDITIONS IN DIFFERENT CASES

Output voltage . Peak resonant
Case ‘e ferr) ence Vrf Load resistor Ry current e (A)
Case 1 320 V448V 10kQ 8

M:1.0—-1.4 P, 10 W—23 W
Case 2 480 V400V 150 Q 8

M:1.5-1.0 Py: 1.5 kW—1.0 kW

10 kQ—100 Q 8

Case3 400V Py 16 W—1.6 kW
Case 4% 320 V—448V  10kQ 8

M:1.0—-1.4 P,: 10 W—23 W

* In this case, the transition controller ANN model is retrained with an 50%
increased of excitation inductance (L, = 100 xH). However, the experimental
prototype hold the actual L, = 64.7 uH excitation inductance.

a frequency analyzer. To align with the resonant frequency, 6
and 13 47 nF MMKP film capacitors are connected in parallel
on the primary and secondary sides, respectively. Additionally,
resonant inductors of 4.7 ;H and 2.2 ;4H are incorporated on the
primary and secondary sides, setting the resonant frequency at
83.9 kHz and achieving near symmetry in the CLLC resonant
tank configuration.

In the experimental section, the performance of the proposed
method is benchmarked against four cases: 1) the conventional
PI controller approach, 2) the PI controller with a ramp, 3)
the self disturbance rejection control based on [31], [32], and
4) the proposed method under both output voltage reference step
change and load step change scenarios. For fair comparisons,
all tests are conducted using the same hardware and software
configurations. At the hardware level, the cutoff frequency for
the voltage sampling signals is set to 1 kHz, while for the
current sampling signals, it is set to 10 kHz. At the software
level, a four-bit moving average digital filter is applied to the
sampled signals, resulting in very clean input variables (Viy, Vo,
and 1) with minimal electrical noise. The electrical parameters
for these experiments are summarized in Table III. An ITECH
IT6012B power source is employed as the input voltage source,
and another unit of the same model served as the electrical load
in constant load mode.

A. Output Voltage Reference Step Change

InCase 1, the load resistor is Ry, = 10 k{2, simulating a no-load
condition, the reference output voltage Vier is adjusted from an
initial value of 320 V to 448 V, equivalently altering the voltage
gain from M = 1.0 to M = 1.4. The performance comparisons
are illustrated in Fig. 16. For the conventional PI controller,
parameters are set to k', = 0.02 and k’; = 0.02, determined
through empirical fine-tuning based on the analysis in Fig. 12.
Peak resonant current spikes are observed at 14 A fori;; and 19 A
for i 5 at the onset of the step change in V.., with the total voltage
regulation time, Tyr = 2.6 ms. By incorporating a ramp with
a 3-V increment per switching cycle (through trial-and-error),
based on identical PI control parameters, a smoother transition
is achieved with the ramp-based PI controller, reducing T+ to
860 us. As for the linear active disturbance rejection control
(LADRC), the unknown dynamic system can be treated as a
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Fig. 16. Operation waveforms and comparisons in case 1. (a) Casel.l: Con-
ventional PI controller. (b) Casel.2: PI controller with ramp. (¢) Casel.3:
LADRC control method. (d) Casel.4: The proposed method.
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cascaded integration system, allowing for a simple proportional-
derivative (PD) control. In the experiment, the PD control is
discretized, and the bandwidth is set as with a w. = 500 Hz
(1 krr rad), determined empirically through trial and error. The
dynamic transition duration is observed to be 1.3 ms, which
is half that of the PI controller method. However, since peak
resonant current information is not included in the LADRC
control diagram, the resonant current spikes are measured at
I11Peak = 17 A, iropeakx = 21 A. The amplitudes of these
spikes are only slightly increased compared to the PI controller,
indicating that LADRC performs better than the conventional
PI controller in dynamic processes. The proposed method uti-
lized a general-purpose input/output Flag to signify the control
algorithm operational state, transitioning between modes and
achieving a Tyr of 710 us with a predefined peak resonant
current of 8 A, after which the final switching frequency is set
as the initial for the PI controller.

Case 2 explored an output voltage step-down scenario, with
performance comparisons shown in Fig. 17, where similar
outcomes are observed. The proposed method demonstrated a
capability for smooth (zero inrush current) and rapid response
(approximately +100% increased speed) in both output voltage
reference step-up and step-down changes, significantly reducing
transition time compared to the conventional PI controller, both
with and without ramp function, and eliminating the need for
trial-and-error adjustments. Upon specifying the peak resonant
current, the proposed method efficiently operates within this
constraint, showcasing its effectiveness and efficiency.

B. Load Step Change

During the load step change scenario, Ry, is adjusted from
10 k€2 to 100 €2, with the output voltage reference maintained
at 400 V. The comparative performance of the three methods is
illustrated in Fig. 18. To diminish disturbances in the sampling
signals, a 4-bit moving average filter is employed in both the
output voltage and current sampling programs. This introduces
a delay (T, = 4 switching cycles) in the control diagram
across all scenarios, leading to a maximum voltage sag Vogag =
10 V. Reducing the averaging bit count can decrease both T,
and Vogae; however, this reduction comes at the expense of
diminished steady-state performance.

In the case of the PI controller, the total load regulation time
T1r is measured at 310 ps, with peak resonant current spikes
recorded at 15 A for i,y and 20 A for i,. Incorporating a 1-V
per switching cycle ramp (also through trial-and-error method)
into the PI controller mitigated the resonant current spikes but
resulted in an increased T1,r to 460 us. The proposed method
achieved a 71, of 300 s under a peak resonant current of 8 A. It
is noteworthy that, compared to output voltage regulation time,
the load regulation time is significantly shorter due to the smaller
variations in switching frequency, as detailed in Fig. 6.

When the input voltage is reduced to 360 V, similar load
dynamic tests (Case3.4 and 3.5) are conducted with the output
voltage reference set to 340 V (M = 1.41). The comparison wave-
forms between the conventional PI controller and the proposed
method are shown in Fig. 19. With the PI controller, resonant
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Fig. 17.  Operation waveforms and comparisons in case 2. (a) Case2.1: Con-
ventional PI controller. (b) Case2.2: PI controller with ramp. (c) Case2.3: The
proposed method.

current spikes are observed at i;1peak = 16 A, i1opeak = 22 A.
In contrast, the proposed algorithm limits the resonant currents
to steady-state values, preventing current spikes under different
operating conditions.

Fig. 20 presents a comprehensive comparison of Casel, illus-
trating the theoretical relationships between the conventional PI
control method, the PI control with a ramp, and the proposed
method with red, blue, and green dotted lines, respectively.
Correspondingly, the experimental outcomes for Casel are in-
dicated by stars in red, blue, and green, denoting each method
performance. Decreasing the PI parameters or the rate of change
dM,.¢/dt has been observed to decrease Ipe.i, albeit at the
expense of an elongated 7Tpr. Notably, the proposed method
achieves the lowest Tpr for any specified Ipc,x, indicating
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Fig. 18. Operation waveforms and comparisons in case 3 when Vi, =

Vinmax = 480 V. (a) Case3.1: Conventional PI controller. (b) Case3.2: PI
controller with ramp. (c) Case3.3: The proposed method.

its superiority in performance. The experimental results are in
substantial concordance with the theoretical predictions, under-
scoring the validity of the proposed method.

C. Parameter Mismatch Conditions

The proposed method relies exclusively on Vi, V,, and I,.
Due to the limitation of the analogy-digital-converter in the
utilized DSP, the sampling frequency (also equals switching
frequency) is inadequate for capturing the resonant currents
and voltages at the switching frequency level. Consequently, the
effectiveness of the transition controller is heavily dependent on
precise values of the electrical parameters, like Ly, Cy1, Lo,
Cy2, Ly, n, and Cy. Prior to the activation of the algorithm,
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Fig. 19. Operation waveforms and comparisons in case 3 when Vi, =

Vinmin = 360 V. (a) Case3.4: Conventional PI controller. (b) Case3.5: The
proposed method.
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Fig. 20. Comprehensive comparison of different methods in Casel.

it is imperative to accurately specify these parameters within
the transition controller ANN. Deviations in these electrical
parameters can result in discrepancies in the ANN output.
Variationsin L1, C;1, L;2, C,o can lead to shifts in the resonant
frequency, while changes in L, influence the switching fre-
quency range during output voltage regulation. The transformer
turn ratio n impacts the output voltage, and the output capacitor
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Fig. 21.

Operation waveforms and comparisons in case 4.

TABLE IV
COMPARISON OF THE NUMBER OF SENSORS

Control methods Required sensors

Trajectory control
[18], [19]. [20]

(21]

Input/output voltage, output current, reso-
nant current and resonant voltage.
Input/output voltage, output current, sec-
ondary side resonant current.

[23] Input/output voltage, Input/output current*.

Slide mode control [22] Input/output voltaget.

Input/output voltage, output current, reso-
nant voltage.
Input/output voltage, output current*f.

Charge control [33]
This work

*Resonant current control is not implemented.

FMaintaining CC mode operation is challenging.

*tRobust to potential parameter mismatches. Resonant current is controlled
without sensors. Improves dynamic transition through real-time control.

Ct plays a crucial role in determining the regulation time, par-
ticularly under output voltage reference step change conditions.
It is advised that electrical parameters be measured using an
impedance analyzer prior to prototype fabrication. Initial open-
loop tests are recommended to establish the relationship between
switching frequency, voltage gain, and output power.

To examine the effects of resonant parameter mismatches,
an adjustment is made where L,, = 100 pH, representing a
50% increase from its actual value, followed by retraining of
the transition controller ANN. The operational scenario in Case
4 mirrors that of Case 1 and the experimental waveforms are
depicted in Fig. 21. The comparison between Cases 1 and 4
reveals that a smooth transition remains achievable, albeit with a
minor increase in transition time. Similar outcomes are observed
with other types of parameter mismatches, with the actual peak
resonant current experiencing approximately +5% variation in
response to +20% variation in resonant capacitance. Consider-
ing +5% tolerance of the used BFC238350473 capacitor, the
impact on peak resonant current is minimal.

D. Comparison Analysis

A comprehensive comparison of the proposed method with
previous methods, including both hardware and software levels,
is summarized in Tables IV and V.

Input and output voltage sensors are essential for controlling
a converter with a voltage closed loop. When output current
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TABLE V
COMPARISON AMONG DIFFERENT CONTROL METHODS

Control Additional ~ Control Resonant Dynamic
. current
methods sensors complexity performance
control
Trajectory S
control Required Complext  No Fast
Time-domain Not
model-based required Easy No Slow
method 4
Constant
current control  Required Complex No Medium
method
. Not
This work . Complex Yes Fastest*f
required

*Theoretically, resonant current and capacitor voltages are required, but these
values can be derived if the converter operating conditions and precise resonant
tank parameters are known.

+These methods often require substantial look-up tables, making real-time
implementation challenging.

*The proposed method achieves the maximum output voltage increment
under given peak resonant current conditions.

control is required, an output current sensor is also necessary.
For state trajectory methods such as those in [18], [19], and
[20], resonant current and capacitor voltages are theoretically
required. However, these values can be derived if the converter
operating conditions and precise resonant tank parameters are
known. These methods use inverse triangular functions to cal-
culate the switching frequency, often necessitating substantial
look-up tables, which make real-time implementation challeng-
ing. Typically, trajectory control refreshes the control signals
every 5-20 switching cycles, reducing dynamic performance.

In [21], the secondary side resonant current is sensed to
accelerate dynamic transitions. In [23], all input/output volt-
age/current signals are sampled, and the converter operates in
PFM and PSM modes, but resonant current control is not imple-
mented, leaving room for dynamic improvement. Slide mode
control in [22] does not use output current sensors. Although
dynamic performance improves during load step changes, main-
taining constant current (CC) mode operation is challenging.
Charge control in [33] with a 240 W LLC prototype samples
resonant voltage for the inner loop, achieving a faster response
compared to voltage mode control.

In summary, time-domain model-based methods do not re-
quire additional sensors and have straightforward control al-
gorithms but exhibit slow dynamic performance. The constant
current control method samples the resonant current, speeding
up dynamic performance at the cost of increased control com-
plexity.

The proposed method senses input/output voltage and output
current, requiring knowledge of the resonant tank electrical pa-
rameters. Despite potential parameter mismatches, the method
is robust and maintains performance with slight reductions. By
setting a predefined peak resonant current, the proposed method
achieves the maximum output voltage increment through real-
time, cycle-by-cycle control, resulting in the fastest dynamic
performance among the different control methods under a given
resonant current limit.

The shortcomings of the proposed method are summarized as
follows.
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1y

2)

3)

Precise dynamic control requires accurate values for all
electrical parameters.

Nonlinear and nonideal factors, such as parasitic compo-
nents and converter deadtime, are not considered, affecting
model accuracy.

Real-time implementation on high-frequency (> 300 kHz)
CLLC resonant converters is challenging due to DSP
calculation resource limits.

V. CONCLUSION

This article introduces optimal switching patterns predicated
on designated peak resonant current conditions to facilitate
swift and seamless dynamic transitions with zero inrush current.
Extending from this foundation, a cohesive, synergetic control
strategy is devised for amalgamation with the extensively em-
ployed PI controllers. The validity of this approach is corrobo-
rated through its application on a 2-kW CLLC resonant converter
prototype, evidencing a roughly 100% enhancement in dynamic
response speed relative to conventional methods, encompassing

both

step load change and output voltage reference step change.

Notably, the proposed methodology sustains superior perfor-
mance amidst considerable variances in electrical component
parameters, obviating the necessity for supplementary sensors.
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