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A Current Sharing Strategy With Model Predictive
Control for Multiphase Parallel LLC-Buck Converters

Qunfang Wu
and Lan Xiao

Abstract—Input-series-output-parallel (ISOP) LLC-Buck con-
verters are widely used in energy storage systems for their high
efficiency and wide voltage gain range. However, parameter mis-
matches among parallel modules often cause power imbalance and
degraded current sharing. This article proposes a model predic-
tive control (MPC) based current sharing strategy for multiphase
LLC-Buck converters. A current-sharing error model is established
to analyze the impact of mismatched parameters, including reso-
nant components, magnetizing inductance, switch characteristics,
and Buck inductor resistance. Based on this, a fixed-frequency,
single-step MPC algorithm is developed, incorporating real-time
reference updates and an observer to correct model deviations.
Compared with the widely used average current control, the pro-
posed method enhances dynamic response, robustness, and current
balance. A 500 W two-phase LLC-Buck prototype (48 V to 3.2 V)
is built, and both simulation and experimental results validate the
approach, achieving current sharing errors of 0.84% at half-load
and 0.27 % at full-load.

Index Terms—Current-sharing, input-series output-parallel
(ISOP), LLC-Buck converter, model prediction control (MPC).
ITH the improvement of integration and efficiency re-
unirements in energy storage scenarios, input-series-
output-parallel (ISOP) LLC-Buck converters have become a
preferred choice due to their high efficiency and easy integration
[1]. The LLC stage operates in open-loop as a direct current trans-
former (DCX) to achieve efficient energy transfer. In contrast,
the Buck stage operates in closed-loop to regulate the output
voltage [2], [3]. As system capacity increases and the output
becomes low-voltage and high-current, the stress on power

switches becomes a limiting factor. Multiphase parallel convert-
ers offer an effective and reliable solution to this issue [4], [5].
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However, in multiphase parallel systems, mismatches in cir-
cuit parameters—such as resonant inductance, capacitance, and
passive components—often cause current imbalance [6], [7], [8],
[9]. Accordingly, various current sharing strategies have been
proposed to address this issue. For LLC converters, frequency
regulation [10] and phase-shift control [11] are commonly used,
but often lead to ripple inconsistency or limited adaptability.

Passive methods using common inductance or capacitance
[12], [13], [14] are simple and scalable, yet their accuracy de-
clines when parameter deviations are large. For Buck converters,
typical strategies include average current, peak current, droop,
and master-slave control [15], [16], [17], [18], [19], [20], which
often requires multiple current sensors and raises system cost.
A single-sensor method is proposed in [21] and [22], but it
has limited dynamic performance and flexibility. For LLC-Buck
combined topologies, research remains limited. A method in
[23] adjusts the Buck inductor current to achieve current sharing,
but assumes identical voltage gains across LLC modules and
ignores parameter mismatches, limiting practical effectiveness.
A recent study proposes a capacitive differential wireless power
transfer architecture using a switched-capacitor-based converter
to achieve balanced power delivery in multiport systems [24],
offering valuable insights for extending current-sharing tech-
niques to high-voltage, multioutput topologies.

Neural-network-based feedforward control can effectively
regulate power flow in multiport converters without requiring
precise circuit parameters [25]. Meanwhile, model predictive
control (MPC) has gained attention in dc—dc converters for its
simple structure, fast dynamic response, and strong robustness
[26]. By predicting future system behavior and minimizing a
defined cost function, MPC generates optimal control actions. It
is generally categorized into continuous control set MPC (CCS-
MPC) and finite control set MPC (FCS-MPC). While FCS-MPC
enables direct switch control, it suffers from high computational
complexity and variable switching frequency [27], whereas
CCS-MPC offers fixed frequency and lower complexity, making
it more suitable for multiphase systems [28].

Despite its advantages, MPC is sensitive to model accuracy,
which poses challenges in parameter-varying conditions. Tradi-
tional approaches extend the prediction horizon [29] to improve
accuracy, but this leads to increased computational complexity
and reduced dynamic response speed. Recent approaches intro-
duce model correction techniques. For instance, integral terms
[30], perturbation variables [31], and duty-cycle-based weight
factor tuning [32], [33], [34] have been proposed to improve
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accuracy and stability. However, few of these techniques are
applied in multiphase current sharing scenarios. Existing re-
search on current-sharing control of LLC-Buck converters still
has two key limitations: First, most methods (such as frequency
regulation in [8] and PI-based average current control in [13])
do not quantify the impact of parameter mismatch on current-
sharing accuracy—they fail to specify robustness indicators
under +10% deviation of LLC resonant inductance and +20%
deviation of Buck inductance, which is insufficient to support
engineering design in industrial scenarios. Second, traditional
passive current-sharing (see [20], [21], [22]) or single-loop PI
control, when extended to multiphase systems, suffers from
slow dynamic response or requires additional current sensors. To
address the limitations above, a current sharing control strategy
based on CCS-MPC is proposed in this article for multiphase
ISOP LLC-Buck converters. A current error model is estab-
lished, and a single-step predictive controller with fixed switch-
ing frequency is developed. The converter model is embedded
into a dynamic current reference, enabling coordinated voltage
and current control. To enhance robustness against parameter
variations, a Luenberger observer is introduced to compensate
for model deviations, and its stability region is analytically
derived.

The main contributions of this work are summarized as
follows.

1) To address the current imbalance caused by circuit pa-
rameter mismatches in multiphase ISOP LLC-Buck con-
verters, a system-level model and current-sharing error
model were established. The impact of key parameter
mismatches—including resonant components and passive
device tolerances—on current sharing performance was
thoroughly analyzed.

2) To reduce control complexity and improve current regu-
lation accuracy, a single-step, fixed-frequency CCS-MPC
strategy was proposed. In this method, the converter model
was integrated into a dynamically updated current refer-
ence, enabling effective voltage regulation and accurate
current sharing under fixed switching frequency.

3) To enhance robustness against modeling inaccuracies and
parameter deviations, a Luenberger observer was incor-
porated into the control framework. The observer’s sta-
bility range was analytically derived, and reliable current
sharing performance was achieved even under significant
model uncertainty.

The rest of this article is organized as follows. Section II
presents the circuit model and sensitivity analysis. Section III
introduces the proposed MPC-based current sharing control
strategy. Section IV provides simulation and experimental vali-
dation, respectively. Finally, Section V concludes this article.

II. PROPOSED MODEL PREDICTIVE CONTROL CURRENT
SHARING METHOD

To mitigate the impact of circuit parameter mismatches
on current sharing performance, a single-step model predic-
tive current sharing method with fixed switching frequency is
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Fig. 1. Overall control block diagram of the m-phase parallel LLC-Buck
converter.

proposed. The overall control block diagram of the m-phase par-
allel LLC-Buck converter is illustrated in Fig. 1. The proposed
control system mainly consists of a current prediction model and
a dynamic current reference model, which incorporates both the
current sharing model and the output voltage reference.

To reduce sampling errors and suppress prediction deviations
caused by parameter inconsistencies in the circuit model, a
Luenberger observer is introduced. The observer output is em-
ployed to dynamically compensate both the current prediction
model and the dynamic reference model in real time. Through
the optimization of the value function, error-free tracking of
each module’s state variables and reference signals is achieved,
thereby enabling both precise voltage regulation and highly
accurate current sharing control.

To investigate the current sharing mechanism, a detailed anal-
ysis of multimodule parallel operation is carried out. This serves
as a crucial preparatory step for the subsequent development and
implementation of the model predictive current sharing method.

A. Current-Sharing Error Modeling for Multiphase Parallel
LLC-Buck Converters

Fig. 2 illustrates a two-phase parallel LLC-Buck converter.
Taking one module as an example, the symbols in Fig. 2 are
defined as follows: L,;, C,1, and L,,; denote the resonant
inductor, resonant capacitor, and magnetizing inductor of the
LLC stage, respectively. L¢; represents the freewheeling inductor
of the Buck stage. Cin11, Cin12, Co11, and Co15 are the input
and output capacitors of the LLC and Buck stages, respectively.
Vin and V,, are the input and output voltages of the converter,
while Vi1 and Vg are the input voltages of the LLC
and Buck stages. icin11 and icin12 are the currents through the
input capacitors of the LLC and Buck stages, and ico11 and
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Fig. 2. Two-phase parallel LLC-Buck converter.

ico12 are the corresponding output capacitor currents. ig; and
irf1 are the currents before the LLC output capacitor and after
the Buck inductor, respectively. ir;,c1 and ipyck1 denote the
output currents of the LLC and Buck stages. iy,; and iry,1 are
the resonant and magnetizing currents of the LLC stage. if is
the input current of the Buck stage, and i, is the output current
of the converter. The transformer turns ratio is denoted by n;.
The expression format of the second-phase model is consistent
with that of the first-phase model.

Owing to the ISOP structure, the voltage and current relation-
ships of the LLC and Buck stages are expressed as

1LLC1 = UCol1 T Ts1
1Buckl = LCo12 + iLf1 (D
lol = 1LLC1 Tt YBuckl

1Cin11 T ILr1 = Cin12 + %1 ?)
Vin = Vere1 + VBuekt

It should be emphasized that KCL holds under all operating
modes. In the freewheeling mode, the input capacitor current
of the LLC stage is nearly zero, and the node equation reduces
to irr1 = icin12+ir1. However, this mode occupies only about
5-10% of the switching period and has a negligible influence
on the steady-state current distribution. In contrast, the reso-
nant mode dominates the conduction interval and captures the
essential current-sharing behavior. Therefore, the steady-state
current-sharing error analysis in this article is derived from the
KCL equation of the resonant mode.
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Since the LLC resonant stage inherently operates with a volt-
age gain of unity in DCX mode, deviations arise in practical im-
plementations due to component tolerances within the resonant
network and variations in transformer design parameters across
different modules. Consequently, the input—output voltage and
current relationships of the LLC stage are accurately described
by the expressions

Virer =mVo/Mrro1 3)
ist = n1(iLr1 — fLm1)/Mrret
where M1, ¢ is the resonator gain of the LLC.
Neglecting the transmission loss, the Buck power relationship

can be expressed as
VBuck1if1 = VoiLs- 4)

During steady-state operation, the LLC converter mainly op-
erates in the resonant mode (the freewheeling mode has a short
duration and small current amplitude). Thus, deriving the output
current i,; based on the KCL relationship of the resonant mode
can accurately reflect the steady-state current distribution law of
the system. Since the magnetizing inductor L,, is much larger
than the resonant inductor L,, this results in a low proportion of
the magnetizing current to the total primary current. Addition-
ally, the i1, mismatch among multiple modules is small, and
its impact on the current sharing error is negligible; thus, ir,p, is
temporarily not considered. Thus, based on (1)—(4), the output
current i, can be obtained as follows:

To1 = Is1 — 1Co11 T+ L1 — 1Co12

Vin — nIVO/MLLCIZ.
f1

= nyite/Mrrer +

Vo
- C’On% - 0012%
= ﬁ (icin12 — cin11) + Vion if1
—(Co11 + 0012)% ©)

where icin11 and icin12 in (5) are expressed as follows:

. dVirci  niCinin dV;

inll = Cin = 6
2Cin11 11 dt Mo, dt (6)
. dVBuck1 dVin  n1Cini2 dV,

inl2 = Cin T Cin - 375 . 7
1Cin12 12 127 Moy dt @)

By combining (5)-(7), the output current i, can be simplified
as

fop = —1L (C- 12% —_C deVO
“ Mpper \CT dt " Mppen dt
ny dVO dVo Vin
—Cini1—— —(Co11+Co12)—— .
UL dt) (Co11+Co12) gt + VBuckllLﬂ
(®)

Under steady-state operating conditions, where all differential
terms converge to zero, the resultant steady-state output current
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can be mathematically expressed as
_ Vi Vi
= Lfl =
VBuck1 Vin = mVo/Mrrca

When operating in CCM, and considering the ON-
resistance Ry of the power switch and the internal resis-
tance Ry, of the freewheeling inductor in the synchronous Buck
converter, the output current i,; of the Buck converter stage is
derived according to the analytical formulation presented in [35]
as follows:

iLf1- 9

1ol

. ‘/1 VBuclel - ‘/o

lol = .

T Vi —nVe/Mirer  (Ra + Run)

_ ‘/in . (‘/m - nl‘/o/MLLCq)Dl - ‘/0
Vin —mVo/Mrrco1 (Rs1 + Rr1)
(10)

where D denotes the duty cycle of the power switch in the Buck
stage.

From (10), the output current of each converter in the two-
phase parallel system is given by

P Vi C Vin=ni Vo /Mrrci)Di—Vo
ol = Vi, —n1Vo/Mrrct (Rs1+Ry1) (an
P = Vin L Vin—noVo /Mrrca)Da—Vo
02 Vin—n2Vo/Mrrco (Rs2+Ry2) )

Under identical duty cycle control (D1 = D-), the voltage
gains of the two LLC units differ due to inherent design varia-
tions. In practical implementations, the internal resistances of
power switches and inductors in the Buck stages cannot be
precisely matched. As aresult, the output currents of the modules
deviate from each other.

The current sharing error between the two modules is defined

do = abs ( M) .
Lol 1 102

When §,, equals zero, the output currents of the two modules
are balanced. As §,, increases, the current sharing error becomes
more pronounced. A value of §, equal to one indicates that
only one module is supplying current, resulting in a complete
imbalance. According to (11), the factors contributing to the
current sharing error can be categorized into two main aspects.
The first involves the voltage gain M and the transformer
turns ratio n of the LLC units. The second pertains to the internal
resistances Ry and Ry, associated with the power switch and the
freewheeling inductor in the Buck stage.

To facilitate the development of the proposed MPC current
sharing strategy, a sensitivity analysis is performed to examine
how parameter mismatches affect the current distribution among
modules.

12)

B. Sensitivity Analysis of Parameter Mismatches on
Current-Sharing Performance

Since a planar transformer structure is adopted and the trans-
former turns ratio is identical, its impact on current sharing can
be neglected. Therefore, the current sharing error is primarily
influenced by mismatches in L, C;, Ly, Rs, and Ry,. To quanti-
tatively analyze the impact of these mismatches, dimensionless
parameters a, b, c, e, f, and g are defined to represent the relative
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TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS OF THE SYSTEM

Quantity Symbol Value
Input voltage Vin 48V
Output voltage Vo 32V
Switching /gzgﬁegzge(’f the £ 300 kHzZ/50 kHz
Total rated output power Px 500 W(250X2)
Resonant inductance L. 2.5 uH
Resonant capacitor Cr 111 nF
Magnetizing inductance Lm 25.6 uH
Turn ratio of the transformer n 12
Equivalent on-state resistan:
" \c])f fhe govxsler :w?‘fclsl - ks I mQ
Parasitic resistance of the R 75m0

output inductor

deviation of each corresponding component between the two
modules

{LrQ = aLrl Cr2 = bCrl

Rro = fRi1

Lm2 = CLml

13
Lty = gLn (13)

Rs2 = eRsl

Based on the circuit parameters specified in Table I, this article
conducts a comprehensive quantitative analysis of parameter
mismatch effects on current sharing performance, with detailed
results presented in Fig. 3 that illustrate both individual and
combined impacts of component variations.

1) Sensitivity Analysis of Resonant Inductance Mismatch in
LLC Stage: Fig. 3(a) illustrates the relationship between
resonant inductance mismatch and current sharing error,
assuming matched parameters in the Buck stage. When
parameters b and c are greater than 1, the current sharing
error initially decreases and then increases with the vari-
ation of a. For a > 1, the error increases monotonically.
Furthermore, higher values of b and ¢ lead to more signif-
icant current sharing errors. Specifically, whena = b = ¢
= 1.1, the current sharing error reaches 96.5%.

2) Sensitivity Analysis of Resonant Capacitance Mismatch
in LLC Stage: Fig. 3(b) shows the relationship between
resonant capacitance mismatch and current sharing error,
with Buck stage parameters remaining matched. When
parameters a and c are greater than 1, the current sharing
error initially decreases and then increases as b varies. For
b > 1, the error increases continuously. In addition, higher
values of @ and c result in larger current sharing errors.

3) Sensitivity Analysis of Magnetizing Inductance Mismatch
in LLC Stage: Fig. 3(c) illustrates the impact of magne-
tizing inductance mismatch on current sharing error, with
matched Buck stage parameters. As parameter c¢ increases,
the current sharing error remains essentially unchanged.

4) Sensitivity Analysis of Inductance Mismatch in Buck Con-
verter: Fig. 3(f) shows the effect of mismatch in Buck
inductance parameters on system current sharing error,
assuming matched LLC stage parameters. As parameter
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Fig. 3. Relationship curve of the current sharing error. (a) Effect of resonant
inductance mismatch in the LLC stage. (b) Effect of resonant capacitance
mismatch in the LLC stage. (c) Effect of magnetizing inductance mismatch
in the LLC stage. (d) Effect of power switch parasitic resistance mismatch in
the Buck stage. (e) Effect of inductor parasitic resistance mismatch in the Buck
stage. () Effect of inductance mismatch in the Buck stage. (g) Effect of overall
parameter mismatch on the LLC side. (h) Effect of overall parameter mismatch
on the Buck side. (Test conditions: Input voltage Vi, = 48 V, output voltage V,
= 3.2V, ambient temperature 25 °C, LLC switching frequency fs = 300 kHz,
Buck switching frequency fi, = 50 kHz).

g increases, the current sharing error remains nearly con-
stant.

Sensitivity Analysis of Parasitic Resistance Mismatch in
Buck Power Switch: Fig. 3(d) illustrates the impact of
power switch parasitic resistance mismatch on the cur-
rent sharing error. As observed in Fig. 3(f), parameter g
does not influence the current sharing performance. When
f=0.95, the current sharing error decreases with increas-
ing e; when f'= 1.05, the error increases with e; and when
f =1, the error first decreases and then increases as e
changes. For example, when e = 0.9, f = 0.95, and g =
0.95, the resulting current sharing error is 2.85%.

5

~

8069

6) Sensitivity Analysis of Inductor Parasitic Resistance Mis-
match in Buck Converters: Fig. 3(e) shows the impact of
inductance parasitic resistance mismatch on the system’s
current sharing error. As f increases, the current sharing
error first decreases and then increases. A larger e leads
to a greater current sharing error. For instance, when e =
0.95,f=0.9, and g = 1, the current sharing error reaches
4.96%.

7) Sensitivity Analysis of System Parameter Mismatch:
Fig. 3(g) illustrates the effect of parameter mismatches
in the LLC unit on current sharing error. As a, b, and
¢ increase, the current sharing error initially decreases
and then increases. The variations in these parameters
significantly affect the current sharing performance, with
the error ranging from 0% to 96.5% as a, b, and ¢ vary from
0.9to 1.1. Fig. 3(h) presents the influence of the Buck unit
parameter mismatch on current sharing error. When a, b
> 1, the current sharing error remains relatively constant
with changes in e, f, and g. When a, b < 1, the error
decreases with increasing e, f, and g. These Buck-side
parameters exhibit a comparatively lower impact, with
current sharing error varying from 74.3% to 90.2% as e,
f, and g change from 0.9 to 1.1.

In conclusion, the following observations can be made.

1) Variations in the inductance value have a negligible impact
on current sharing error.

2) Deviations in magnetizing inductance result in only minor
changes to the current sharing error, indicating a certain
level of system tolerance.

3) The impact of parameter mismatch in the LLC unit is
significantly greater than that in the Buck unit.

Specifically, a 5% deviation in the resonant parameters of

the LLC stage leads to a current sharing error exceeding 30%,
whereas a 10% deviation in the Buck stage parameters results
in a maximum error of only 5%, demonstrating the critical
importance of accurate LLC parameter design.

III. MODELING AND OPTIMIZATION DESIGN

Since the LLC stage operates in DCX mode, current sharing is
primarily achieved by adjusting the duty cycle of the Buck stage.
Based on the notations shown in Fig. 2, the continuous-time
domain model of the Buck unit can be expressed in terms of the
inductor current it s and output capacitor voltage u, as follows:

Lfdiilift(t) = (Vauac(D)d(t) — Vo (1) (14)
C’ozdu;;t(t) - (m(t) - Z(?) (15

where d(f) denotes the control input of the system, corresponding
to the switching state of transistor Q7. Q7 = 1 indicates the
switch is ON, and Q7 = 0 indicates it is OFF. R,o represents the
equivalent load resistance, C,o is the output capacitance of the
Buck stage, and T denotes the switching period. Vpck(?) is the
input voltage applied to the Buck stage.

Based on the continuous-time model, a discrete-time repre-
sentation of the Buck stage is derived using the first-order Euler
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approximation method

ire(k+1) = VB“C“(k)d(kg‘* —Vo(OTs | ie(k) (16
Vo(k+1) = ‘gi@% - iLfékiTS + Vo (k) (17)

where Ty is the sampling period, which also serves as the
switching period of the Buck unit. it,¢(k), Vpuck(k), and Vo (k)
represent the sampled inductor current, input voltage, and output
voltage of the Buck stage at the time instant k7, respectively.
The output capacitor voltage is equal to the output voltage. d(k)
denotes the duty cycle of the Buck switch at kT, and ip ¢(k+1)
is the predicted inductor current at the next sampling instant
(k+1)T5 moment.

A. Direct Current MPC Formulation

To achieve effective current sharing and ensure a stable load
current, a standard current tracking error-based cost function is
formulated

N
J(k) = line*(k + ) —ine(k +i|k))? (18)

where iy ¢x(k+i) denotes the reference value of the Buck inductor
current at time k+i, and iy ¢(k+i | , k) represents the predicted
value at the same time. A larger prediction index i expands the
prediction horizon, enhancing system stability but increasing
model complexity. N defines the total prediction horizon; while
a larger N improves stability, it also imposes a greater com-
putational load on the predictive controller, potentially reducing
response speed. In this article, both Nand i are set to 1. To achieve
accurate voltage regulation with low computational burden,
a properly designed dynamic current reference is required to
coordinate voltage control and current sharing.

Herein, the control frequency of the proposed CCS-MPC
control strategy is synchronized with the switching frequency
of the Buck stage, which is 50 kHz (corresponding to a discrete
sampling period Ty = 20 ps). It matches the switching timing
of the Buck stage to avoid control conflicts among multiple
modules.

B. Design of the Proposed Dynamic Current Reference

Due to variations in the voltage gain of each LLC unit, the
input voltage applied to each equivalent Buck stage in the m-
phase parallel system differs accordingly

VBuckl 7& Tt 7é VBuckm-

Let the rated power of each phase cascaded LLC-Buck con-
verter be denoted as Py, and assume that the input power of each
module is equal

19)

Pyp=-=Pxi=-=Pym=" (20)

where Py denotes the rated input power of the ith module. Based
on the input—output characteristics of the cascaded LLC-Buck
converter, the power delivered by the Buck stage of phase i is
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given by

VBucki
Prucki = P
Bucki ‘/in N
where Ppycki denotes the input power of the ith phase Buck
unit, and Vp, ki represents the input voltage of the ith phase
Buck unit. Therefore, the equivalent output load R,; of the ith

phase Buck can be expressed as

1)

V2
Roi - .
Prucki

(22)

From (21) to (22), the ratio of the equivalent output load for each
phase of the Buck unit is

V,? V,?
Ro1:...: Rom = o
PBuckl PBuckm
1 1
= R . (23)
Vbuckl Vbuckm

The equivalent output of the Buck unit in the m-phase parallel
system can be expressed as

m m V
> = ien+
1 1

(24)

o—Buck

where i.o; represents the output capacitor current of each mod-
ule’s Buck unit, the overall equivalent load of the Buck in the
m-phase system is

Vo
RofBuck = Em . (25)

Tia — > 1 icai
where R, puck denotes the output resistance of the Buck con-
verters in all modules.

Therefore, the equivalent output load of the ith module’s Buck
unit can be expressed as

m

1 VBucki R
VBucki

RO*BuCki - o—Buck- (26)
The dynamic reference value of the inductor current of the ith

module Buck unit is
%*

S (27)
RofBucki

iBucki* =
where igyci* and V," represent the output current and output
voltage reference values of the ith module’s Buck unit. Since
the outputs of each module are connected in parallel, V,,* also
serves as the overall output voltage reference for the system. To
achieve current sharing in parallel systems, the following can be
derived:

Iol = Io2 == Iom- (28)

Based on (9), given that the input voltages of modules in the
m-phase parallel system are equal, the condition for achieving
current sharing among the modules can be expressed as

IBuckl o IBuckQ o

I uckm
. — _Budan (29)

VBuckt  VBuck2 VBuckm
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If the output current value of the ith Buck unit is represented
by (27), then the current reference value of the other modules is

. *
Bucki

. *
1Buckj =

i F ]
where ipyckj* denotes the output current reference of the jth
Buck unit with i # j. During the dynamic adjustment process, the
reference values of each module vary over time. Accordingly, the

dynamic current references of each module, after discrete-time
processing, can be expressed as

VBuck (30)

VBucki

m m
Vo Viueki (k) (3 igi (k) +3 Cosp Yolb)olhl))
1 1

{ uc i* E+1)= m
Pk ( ) Vo(k)EI:VBucki(k)

Z.Buckj*(]ﬁ + 1) = %VBuckj(k)

€1V
where the core function is to ensure that the reference value of
the inductor current of each phase Buck stage not only tracks the
output voltage demand (V) but also meets the current sharing
demand (i, = ipycx;) Under fixed switching frequency.

C. Design of Observer-Based Strategy (OBS)

In practical engineering applications, deviations in passive
component parameters and limited measurement accuracy can
lead to discrepancies between actual values and their sampled
counterparts. These discrepancies introduce uncertainty into the
state variables of both the dynamic reference model and the pre-
dictive model. To address this issue, an observer is implemented
to estimate and correct the predicted state variables and reference
trajectories. Specifically, a Luenberger observer is designed by
incorporating output error feedback to enhance state estimation
accuracy and improve the overall robustness of the model.

Based on (16), (17), the discrete-time state-space representa-
tion of the Buck unit is formulated in matrix form as follows:

z(k+1) = Araz(k) + Br(k)u(k) + Epw(k)
y(k) = Cra(k)

where x(k) denotes the state variables of the Buck unit, u(k)
represents the switching state of the power device, w(k) is the
output current of the Buck unit, and y(k) is the output variable of
the Buck unit. The matrices in the model are given as follows:

xﬁo—wuw)vu@fﬁ®f‘ﬂféf:3

(32)

T

w(k) = iguck(k) y(k) = [ie(k) Vo(k)]™ (33)
1 -3 s VBuck T
A= | Il By = [Eepe® o]
10 T
Cp = [0 J By = [0 —5:2} (34)

A standard Luenberger observer is designed, which can be
formulated as

&k +1)=Ar2(k)+ Br(k)u(k)+ Evw(k)+ L(y(k)—§(k))
y(k) = Cri(k) (35)
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where represents the estimated state variables of the Buck
unit, (k) is the estimated output, and L is the observer
gain matrix to be determined. Define the estimation error as
é(k) = x(k) — x(k). By combining (32) and (35), the follow-
ing expression is obtained:

e(k+1) = (AL — LCL)z(k +1). (36)

According to the stability criterion, a matrix (Ap-LCy) is
stable if all eigenvalues of the matrix (Ar,-LCt,) lie within the
unit circle. This ensures that the estimation error diminishes
over time, providing reliable state information for the controller.
Therefore, the estimated values provided by the observer in (35)
can be used to replace the corresponding predicted quantities
in (32) and the reference values in (31), enabling correction for
parameter uncertainties and improving system robustness. Fig. 4
illustrates the detailed control block diagram.

D. Stable Analyse

1) OBS Stability Analysis: The gain matrix of the observer is
given by (Ay,-LCt,). The observer is stable if the absolute values
of all eigenvalues of the gain matrix are less than 1. Accordingly,
the characteristic matrix of the system can be expressed as

A+Ly—1

T
Lo~ Coz

Ly+ £

Al — (A — LCy) = a

(37

where 7 is the 2 x 2 identity matrix.
L, and Ly are the parameters of the gain matrix in the Luen-
berger observer, which can be expressed as

L= [Ll LQ]. (38)

Ly L
X denotes the eigenvalue of the system’s gain matrix, which
can be obtained by solving the characteristic matrix

b= f(Le = ) (La+ )~ L1
Ao = —\/(L2 = &) (Lo + 5) — Ly +1.

Based on the parameters listed in Table I, the stability range
of the observer can be determined, as shown in Fig. 5.

The selection of L; and L, governs the attenuation rate of
the observer, thereby influencing the overshoot and dynamic
response of the system voltage and current. Based on the pa-
rameters listed in Table I, and maintaining all other parameters
constant(a=1.05,b=1.1,e=0.8,f=1.2,g=1.1), atwo-phase
parallel system simulation platform is developed. By defining
v = Li/Ls, the overshoot and response speed of the system
voltages and currents under varying 7y values are illustrated in
Fig. 6.

Simulation results indicate that as y increases, the output cur-
rent response speed improves and overshoot decreases, whereas
the output voltage response slows and overshoot increases. From
(35), a larger Ly corresponds to greater weighting of the Buck
inductor current estimation by the observer, accelerating error
attenuation and enhancing current stability.

The output current settles within 420 ps with overshoot
under 12.5%, while the output voltage settles within 2.4 ms
with overshoot below 9.3%. Thus, L, and Ly must be properly

(39)
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Fig. 4. Proposed control block diagram.
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Fig.6. Influence of gain matrix parameters on the dynamic performance of the
system. (a) v = L1/Lo is the relationship between voltage and current response
speed. (b) v = L1/L> is the relationship between voltage and current overshoot.

chosen to balance system performance and satisfy application
requirements.

2) Cost Function Stability Analysis: The cost function de-
termines the optimal control law of the system. To ensure that
the estimated inductor current can effectively track its reference
value, it is necessary to derive the optimal duty cycle of the
switching signal that minimizes the value function. Therefore,
the explicit solution for the duty cycle is obtained by taking the
first-order partial derivative of the value function with respect
to d(k). To verify that this duty cycle corresponds to a minimum
of the cost function, the second-order partial derivative of the
value function with respect to d(k) is further calculated

PI(k) [ TViua(k)\?
52d(F) < I )ZO'

From (40), it can be seen that the second-order partial deriva-
tive of the cost function J(k) with respect to d(k) is always
positive, indicating that the first-order partial derivative is mono-
tonically increasing. Therefore, the optimal control duty cycle
corresponds to the minimum of the cost function. Substituting

(40)

C; deviates by 10% from nominal values)).

this optimal duty cycle back into the cost function yields a value
of zero. This confirms that the estimated inductor current state
accurately tracks the reference value at each iteration, resulting
in zero tracking error.

IV. EXPERIMENTAL VERIFICATION

To verify the effectiveness of the proposed method, a two-
phase parallel experimental platform is constructed, as shown
in Fig. 7. The rated inductance of the Buck converter is 22 yH.
To reduce conduction losses, LLC primary-side power MOSFETS
adopt HSU8048, LLC secondary-side and Buck power MOSFETS
use CSD17573Q5B, with their built-in body diodes serving
instead of external diodes in both the LLC and Buck stages. The
input capacitance of both the LLC and Buck stages is 880 uF, and
the output capacitance is 1000 pF. The experimental parameters
of the prototype are listed in Table I. For the second proto-
type, parameter mismatches are introduced with a = 1.05 and
b =1.05.

The magnetizing inductance depends on the planar trans-
former’s air gap, which cannot be precisely controlled. The
transformer turns ratio is fixed by the PCB process and generally
remains consistent. Parasitic resistances of the Buck stage’s
power switch and inductor are hard to measure and assumed to
vary due to manufacturing tolerances. To achieve desired voltage
and current transient responses, the observer gains are set to L
= 0.4 and Ly = 0.02 in both simulation and experiments. The
predictive model uses an inductance Ly = 22 pH and an output
capacitance C,o = 1000 pF.

Furthermore, the control frequency is set to 50 kHz, syn-
chronized with the Buck stage switching. The computational
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Fig. 8. Key waveforms of the two-phase parallel LLC-Buck converter under
half-load and full-load conditions. (a) Output waveform at half load. (b) Output
waveform at full load. (c) Current waveform at half load. (d) Current waveform
at full load. (Half load: 250 W, Full load: 500 W; Input voltage Vi, = 48 V,
Ambient temperature 25 °C).

requirements of the OBS-+MPC controller were evaluated on a
200 MHz DSP platform. Each cycle takes approximately 3 us,
which is well below the 20 s control period, ensuring real-time
feasibility in practical implementation.

The key waveforms of the two-phase parallel LLC-Buck con-
verter are presented in Fig. 8. Under half-load (250 W) operation,
the output currents of the two modules are /,; = 38.33 A and /2
= 37.69 A, respectively. Under full-load conditions, the output
currents increase to I,; = 72.68 A and I, = 73.08 A. The
corresponding current sharing error is calculated as follows:

_ 38.33-37.69 __
Jo—half—load = 38.33737.60 — 0.84%

__ 73.08-72.68 __
Jo—tull—load = 30817268 — 0.27%.

(4D

When the system operates in steady state, the dynamic re-
sponse during load transients is illustrated in Fig. 9. As shown
in Fig. 9(a) and (b), the two modules maintain effective current
sharing during load switching, and the output voltage is regulated
at 3.2 V. The dynamic response time of the output current is
approximately 3 ms, while the output voltage stabilizes within
1.5 ms. The LLC resonant current settles within 3 ms, and the
Buck inductor current reaches a new steady state in approxi-
mately 4 ms. Notably, all key waveforms exhibit no overshoot
during the load transition.

Fig. 10 is the steady-state temperature diagram of the pro-
totype. As can be seen from the diagram, the maximum tem-
perature of the core power devices on the single power board
is 62.8 °C with an average temperature of 54.7 °C, and the
maximum temperature of the overall prototype is 72.0 °C with an
average temperature of 50.2 °C; both temperatures are far below
the 150 °C junction temperature limit of the power devices.

To verify the superiority of the proposed method, comparative
experiments were conducted under identical conditions. The
key current-sharing waveforms obtained using a conventional
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Fig. 9. Key waveforms during dynamic load changes. (a) Output waveform
during half-load to full-load switching. (b) Output waveform during full-load
to half-load switching. (¢) Current waveform during half-load to full-load
switching. (d) Current waveform during full-load to half-load switching. (Half
load to full load: 250 W—500 W; Full load to half load: 500 W—250 W; Input
voltage Vi, =48 V).
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Fig. 10.  Steady-state temperature diagram. (a) Single power board (b) Bidi-
rectional parallel prototype.

PI controller are shown in Fig. 11. Under half-load conditions,
the output currents of the two modules are /,; = 38.45 A and /2
= 37.37 A. At full load, the output currents are I,; = 72.75 A
and I,2 = 71.04 A. The resulting current sharing error is

38.45-37.37
Jo-half-load = gas 3737 = 1-42%

5 __ 72.75-71.40 __ 0 94(7 (42)
o—full-load = 73.75171.40 — -7*/0:

Fig. 12 shows the dynamic waveforms under PI control during
load transients. As seen in Fig. 12(a) and (b), current sharing is
maintained during switching, and the output voltage stabilizes at
3.2 V. However, the output current response time is about 4.8 ms,
which is slower than that of the proposed method. The output
voltage settles in 1.5 ms, and the LLC resonant current stabilizes
within 4 ms. Notably, the Buck inductor current exhibits spikes
during transitions, with a settling time of approximately 10 ms,
indicating slower dynamic performance and reduced overall
system stability.
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Fig. 11.  Key waveforms of the two-phase parallel LLC-Buck converter under  Fig. 13.  Key waveforms of the two-phase parallel LLC-Buck converter under

PI control at half-load and full-load conditions. (a) Output waveform at half
load. (b) Output waveform at full load. (c) Current waveform at half load.
(d) Current waveform at full load. (PI controller parameters: K, = 0.8,
K; = 10; Load: half-load 250 W/full-load 500 W).
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Fig. 12. Key waveforms during dynamic load changes under PI control.
(a) Output waveform during half-load to full-load transition. (b) Output wave-
form during full-load to half-load transition. (c¢) Current waveform during half-
load to full-load transition. (d) Current waveform during full-load to half-load
transition. (Half load to full load: 250 W—500 W; Full load to half load:
500 W—250 W; Input voltage Vi, =48 V).

To evaluate the robustness of the proposed method, the in-
ductance and capacitance parameters used in the Buck unit
prediction model are deliberately modified without altering the
actual circuit parameters, with Ly = 10 ¢H and C,2 = 500 pF.
The observer gain matrix remains L; = 0.44 and Ly, = 0.02.
The key experimental waveforms are shown in Fig. 13. Under
half-load conditions, the output currents of the two modules are
I,; = 36.81 A and I,» = 37.55 A; under full-load conditions,
the output currents are I,; = 71.09 A and 1,2 = 70.74 A. The

OBS+MPC control with 50% parameter deviation. (a) Output waveform at
half load. (b) Output waveform at full load. (c) Current waveform at half load.
(d) Current waveform at full load. (Prediction model parameter deviation: L =
10 H (nominal value: 22 pH), Co2 = 500 pF (nominal value: 1000 pF); Load:
Half load 250 W / Full load 500 W).

resulting current sharing error is

_ 37.55-36.81 _
Jo-half-load = 75573651 — 1-007% 43)
5 _ 7L.09-70.74 _ () 9507

o—full-load = 77 g9470.74 — V<970

Under full-load conditions, the current sharing error is 0.25%,
indicating accurate current sharing. The average Buck inductor
currents are Ir,;; = 16.36 A and I, = 16.87 A. These results
confirm that the controller remains effective even with up to 50%
deviation in model parameters.

Fig. 14 shows the dynamic waveforms under model param-
eter deviations. As seen in Fig. 14(a) and (b), current sharing
is maintained during load transients, and the output voltage
stabilizes at 3.2 V. Due to the mismatch, the current response
time increases to 4 ms, and the voltage settles in 3 ms. The LLC
and Buck currents stabilize within 3 ms and 4 ms, respectively,
with larger fluctuations and noticeable current spikes observed
during load transitions. Despite the reduced stability caused by
parameter variations, the controller still achieves effective and
reliable current sharing under significant parameter deviations.

The oscillation phenomenon of the output voltage (V) and
output current (i,) in the figure stems from the inherent ripple
coupling of the LLC-Buck cascaded topology.

Fig. 15(a)—(c) illustrates the output current and current shar-
ing error of the two modules under three control strategies:
OBS+MPC, OBS+MPC with 50% parameter deviation, and
conventional PI control. Under OBS+MPC, the current sharing
error remains within 3% across the full load range and decreases
as the load increases. When the load reaches 40% of the rated
value, the current sharing error is reduced to below 1%. In the
OBS+MPC(50%) scenario, the current sharing error remains
within 4%, demonstrating robustness to model parameter de-
viations. In contrast, the current sharing error under PI control
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Fig. 14. Key waveforms during dynamic load changes under OBS+MPC

control with 50% parameter deviation. (a) Output waveform during half-load
to full-load transition. (b) Output waveform during full-load to half-load transi-
tion. (c) Current waveform during half-load to full-load transition. (d) Current
waveform during full-load to half-load transition. (Observer gains: L1 = 0.44,
Lo = 0.02; Load-switching conditions: 250 W—500 W/500 W—250 W).
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Fig. 15. Output currents of two modules and current sharing error under

different control strategies. (a) OBS+MPC. (b) OBS+MPC with 50% parameter
deviation. (c) PI control. (Load range: 50 W-500 W, Step size: 50 W; Input
voltage Vin, = 48 V, Ambient temperature 25 °C).

remains within 5% across the load range. Although the current
sharing error decreases with increasing load in all cases, itis con-
sistently higher under PI control compared to the OBS+MPC
and OBS+MPC(50%) methods at the same power level.

The comparison of key experimental results for the three
control strategies is summarized in Fig. 16. When the model pa-
rameters deviate by 50%, the proposed method still demonstrates
excellent current sharing performance, with the current sharing
error remaining comparable to that under nominal parameters.
However, the response speed of the output voltage and current is
moderately reduced, and a current overshoot is observed during
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Fig. 16.  Comparison of key experimental parameters during load transitions.
(a) Half-load to full-load switching. (b) Full-load to half-load switching.
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Fig. 17. Efficiency curves of the two-phase parallel sigma converter.

load transients. In contrast, under PI control, the current sharing
error is significantly larger than that of the proposed method.
Although the output voltage response speed is similar to that
of the proposed method, the current response is considerably
slower. Specifically, the inductor current of the Buck stage
exhibits nearly double the response time, and current overshoot
occurs during load transitions.

From Fig. 17, it can be seen that OBS+MPC (both without
parameter deviation, peak efficiency 93.8%, and with 50% pa-
rameter deviation, peak efficiency 93.2%) has higher efficiency
than traditional PI and a smoother efficiency curve, as reflected
in the graph.

V. CONCLUSION

This article establishes a current-sharing error model for mul-
timodule parallel LLC-Buck converters. The influence of circuit
parameter mismatches between the LLC and Buck stages on
the system’s current-sharing accuracy is analyzed. To improve
dynamic response speed, enhance system reliability, and reduce
current sharing error, a model predictive current sharing control
strategy is proposed. Based on the developed output current
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mathematical model, a predictive model and voltage-current
reference model are constructed, enabling coordinated voltage
and current sharing control through a predefined cost function.
To enhance the robustness of the system model, a Luenberger ob-
server is introduced to correct parameter deviations. Two 500 W
(250 Wx2) LLC-Buck converter prototypes were designed, and
the feasibility of the proposed current sharing strategy was exper-
imentally validated. Furthermore, comparative results demon-
strate that the proposed method outperforms traditional average
current control in terms of dynamic performance, robustness,
and current sharing accuracy.
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