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Abstract—Model predictive control has gained increasing pop-
ularity in power electronics in recent years for its simple principle
and excellent control performance. However, the traditional model
prediction is highly dependent on the mathematical model of the
exact system, and the mismatch of system parameters may degrade.
Moreover, accurate system modeling remains inherently challeng-
ing due to the coexistence of inherent uncertainties and time-
varying parametric characteristics. In this regard, a model-free
predictive control strategy based on hybrid extended state observer
is proposed in this article. It constructs an ultralocal model of the
system instead of an accurate physical model to reduce dependence
on model parameters. The unmodeled portion of the system is
compensated into the unknown terms of the ultralocal model to
eliminate steady-state errors and improve the system robustness
against disturbances. And the effect of error accumulation in case
of model parameter mismatch is reduced. Besides, its stability is
analyzed in detail. Finally, a three-phase interleaved buck con-
verter is constructed for simulation and experimental verification.
The results show the efficacy of the proposed method with strong
robustness.

Index Terms—Hybrid extended state observer (HESQ), inter-
leaved buck converter, model-free predictive control (MFPC),
robustness, ultralocal model.

1. INTRODUCTION

NTERLEAVING technology is widely used in power elec-
I tronics converters due to its advantages in reducing current
ripple, switching stress and fault tolerance, such as energy stor-
age systems, dc microgrids, photovoltaic power generation, and
aerospace [1]. At the same time, complex operating conditions
bring more challenges to the system to maintain precise control.
Therefore, many advanced control methods, such as sliding
mode control [2], fuzzy control [3], and intelligent control [4]
have been developed to improve the control performance of the
system.

Among them, model predictive control (MPC) has attracted
extensive attention owing to its excellent dynamic perfor-
mance, the possibility of multiobjective optimization and easy
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implementation [5], [6]. Due to the limitation of computational
resources, MPC was initially mainly applied to the control of
industrial processes with slow transients. The rapid development
of high-performance processors is driving the use of complex
control schemes, making MPC more popular in high perfor-
mance power electronics [7].

Despite significant advantages over conventional control,
MPC performance is highly dependent on the model accuracy
of the plant. Model mismatches and prediction biases in practice
lead to degraded control performance and trajectory deviations.
Existing solutions, such as PI-MPC [8] or the addition of an
integral term [9] address the steady-state error but can de-
grade dynamic response by increasing phase lag. In this regard,
adaptive model predictive control (AMPC) has been discussed
seen from the perspectives of model approximation, parameter
identification, and disturbance observation.

For the model approximation method, the system utilizes
a series of submodels to simulate dynamic behavior under
different operating conditions, which mitigates the impact of
parameter uncertainty on the control performance to a certain
extent. In [10], a set of linear time-invariant (LTT) models under
different operating points was used to describe the converter
dynamics and adjust the predictive model accordingly. In [11],
the authors have shown that a model logic system based on
input—output data can quickly and smoothly identify the system
state without any prior knowledge. However, the above two
methods need to limit the range of parameter variations, and
the prediction accuracy is affected by the size of the model
ensemble. Furthermore, adaptive strategies were adopted to
update the sensitive parameters of the system in [12] and [13],
by designing the adaptive rate of model parameters based on the
gradient descent method, where the stability of the closed-loop
system was verified. In addition, parameter online identification
methods have also been used to identify the unknown parameters
in the prediction model. Certain methods include recursive least
squares (RLS) [14], [15], observer method [16], fuzzy infer-
ence [17], and intelligent algorithm [18]. As for the parameter
identification, the problem of identifying parameters that cannot
be converged due to under-ranking may occur when the number
of parameters to be recognized is too large. A prevalent approach
involves predefining subsets of system parameters to decrease
the number of parameters requiring identification [19], [20].
However, this will result in biased recognition results when
the preset parameters are inaccurate. Another method is to
inject an external excitation signal to realize the full rank of
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the model [21], [22], but this method will increase the output
harmonics and requires a separate filter design. It should be
noted that the aforementioned methods can only suppress the
effect of parameter mismatch on the system, but fail to com-
pensate for the disturbance arising from the unmodeled part
of the system. This critical limitation has prompted scholarly
investigations into a disturbance observer (DOB) that enables
estimates such unmodeled perturbations. For instance, in [23],
the problem of predictive accuracy enhancement for continuous
time MPC is solved by using a perturbation observer, unbiased
tracking performance obtained with less computational burdens.
In [24], a sliding mode perturbation observer was applied to
a current predictive control, method improving the prediction
performance.

In addition to the above methods, model-free predictive con-
trol (MFPC), an important branch of the MPC field, is gain-
ing increasing attention, with the idea to use sampled data
models. The objective of the MFPC is to achieve system pre-
diction and optimal control action calculation with minimal
reliance on mathematical models [25]. Current MFPC method-
ologies can be categorized into three principal approaches based
on their model independence levels: 1) Ideal model output
error compensation, 2) totally model-free strategies, and 3)
hyperlocal modeling techniques in [26]. The first category
minimizes discrepancies between ideal and actual system re-
sponses. For example, Lee et al. [27] integrated partial feed-
forward compensation to enhance disturbance rejection under
model mismatch, leveraging historical current tracking discrep-
ancies from prior sampling intervals. Advanced implementa-
tions strengthen robustness with the aid of adaptive mecha-
nisms by integrating historical switching-state data-driven pre-
diction error correction in feedback-oriented MFPC [28] and on-
line parameter-compensated incremental modeling in adaptive-
parameter MFPC [29]. The second methodology eliminates ex-
plicitpredictive models by executing forecasts through empirical
input—output datasets archived in lookup tables, thus bypassing
conventional model-based prediction frameworks. Lin et al.[30]
proposed an MFPC method only based on a current gradient
lookup table, which is simple and easy to implement, but it
may suffer from the problem of stagnant lookup table updates.
In [31], an improved MFPC was thus developed, which updates
the current gradient based on two consecutive measurements.

Another idea is to construct a virtual equivalent model to
make MPC model-free, and the most commonly used one is
the ultralocal model [32], which uses the unknown terms in the
equations to represent certain state variables and the set total
perturbations. For example, Zhou et al. [33] employed ultralocal
modeling with algebraic parameter identification, theoretically
robust yet computationally intensive for real-time systems. To
overcome this constraint, Zhang et al. [34] introduced a linear
extended state observer (LESO)-based MFPC method, replacing
iterative identification with direct state observation to reduce
computational burdens. However, the mismatches of control
gain cause proportional estimation errors, degrading feedfor-
ward compensation and allowing residual disturbances to de-
grade closed-loop performance.

To address the above issues, this article first analyzes the
framework and gain design of the conventional PI controller,
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Fig. 1. Topology of interleaved buck converter.

with the parameters tuned based on frequency-domain criteria
derived from the system’s small-signal model. This serves as
a baseline for performance comparison. Subsequently, a MFPC
structure is developed based on the traditional LESO. The effects
of model parameter mismatch on the stability of the observer
and the system according to the linear system theory and
the Lyapunov theory are analyzed. Subsequently, an improved
MFPC control scheme based on HESO is proposed to reduce
the effect of parameter mismatch, and to improve the dynamic
performance while guaranteeing the system robustness. Finally,
the scheme is validated on a three-phase buck converter.

The rest of this article is organized as follows. Section II
presents the converter modeling and the basics of the HESO.
Section III describes the proposed control method and presents
the corresponding analysis. Sections IV shows the simulation
and experimental results. Finally, Section V concludes this
article.

II. MODEL OF INTERLEAVED BUCK CONVERTER

A multiphase interleaved buck converter is shown in Fig. 1,
where S; and S, are power switches of a phase, L; and Ry
denote its inductor and parasitic resistance, respectively, C;
denotes the input capacitor, C' and R, represent the output
capacitor and its parasitic resistance, I? represents the equivalent
load resistance, v; and v, denote the input voltage and output
voltage, respectively, 71, is the nth-phase inductor current, and
tsum and i, denote total current and the load current, respectively.
Its dynamic mathematical model can be expressed as

= dn(t)vi(t) -

N
CHg = 3 ira(t) — " ()

n=1

Rinirnn(t)

dipn(t
L, %iza(D R0

dv.
CR. dt(t) = o (t) — ve(t)
where n is the phase index (n = 1,2,3--- N).
The ultralocal model of a smgle input single-output (SISO)
system [32] can be represented as

) () = bu(t) + F(t) 2)

in which y and u represent the input and output variables of
the system, respectively, F' represents the lumped disturbances
of the ultralocal model, and b denotes the control gain of the
system. v specifies the order of the plant.

From (1), the n-term interleaved buck converter is an (n+1)-
order system, where are model parameters are not to easily
access. It can be reconfigured as a first-order ultralocal model
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Fig. 2. Block diagram of voltage and current dual-closed-loop PI control.

of the series structure to reduce the system order
4 Rinirn Vo
= Sl d(t) — Mg
N 3)

— R - v, (1)
= omerm 2l o

The capacitor voltages v, is difficult to obtain. It can be
replaced with output voltages v, approximately.

III. PROPOSED MFPC SCHEME
A. Background

This article takes the widely acknowledged proportional-
integral (PI) controller as the fundamental reference framework.
The schematic diagram of the PI control structure employed for
comparative analysis is illustrated in Fig. 2. The PI controller
adopts a dual-loop structure comprising a voltage outer loop and
a current inner loop.

The PI gains are determined using frequency-domain stability
criteria based on a small-signal model derived from state-space
averaging method. For the current loop, the crossover frequency
of 16 kHz and the corner frequency of 1.6 kHz are selected in
accordance with switching frequency constraints. The propor-
tional K, and integral gains Kj; are calculated by enforcing the
magnitude condition |G (jw)| = 1 atw = 27 x 16 kHz to en-
sure critical stability, and the pole-zero relationship Kj;/ K, =
2m x 1.6 kHz to optimize transient response. For the voltage
loop, similar principles apply, with a lower bandwidth of 200 Hz
chosen to ensure loop decoupling. The gains K, and K,; are
obtained by solving analogous frequency-domain equations,
yielding a phase margin of 90° and a gain margin of 33.7 dB.

B. Current Loop Design

Based on the ultralocal model, a cascaded control scheme
for interleaved buck converters is proposed. The outer loop
stabilizes the output voltage and generates the inner loop current
reference based on the HESO model-free predictive controller,
and the inner loop generates the optimal duty cycle to make the
current follow the reference according to the beat-free predictive
control principle.

1) LESO Design for Inductor Currents: From the current
equation in (3), the mathematical expression for the first-order
ultralocal model of the n-phase converter can be given as

dipn, v (t / r
dfni
dt(t) = h(t)

“)
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where ”i(t) denotes the control gain b,, of the system. According

to (4), the LESO with i n and f,; as state variables can be
constructed as
eni = irLn(t) — 2n1(t)
Zn1(t) = bondn(t) + zn2(t) + kien; 5)
Zna(t) = kaen;
in which z,; and z,5 denote the estimates of i;,, and f,;, re-

spectively, and by,, tabulates the controller gain of the converter.
The Laplace transform of (5) can be derived as

$2n1(8) =bondn (8)+2n2(8)+k1 [inn(s) —2n1(8)] ©
$zna(t) =ka [inn(s)—2zn1(s)].
Rearranging (6), gives
{m(s) = Ak ) taEm D)
n2(5) = piitam; Ton(5) — 2 i D).

From the above, the characteristic equation of the second order
LESO can be obtained as

P(s) = s> + k15 + ko. (8)

Subsequently, considering the observer gain according to the
bandwidth method so that all the roots of the characteristic
equation stay in —wg;, we have k1 = 2wg; and ky = w%i . The
inductor current observer bandwidth is set to 20 kHz.

Assuming that the sampling frequency of the system is 75,
discretization of (5) using the forward Euler method yields
the predicted values of the inductor currents and perturbation
estimates as

eni(k) =ipn(k) — z,1(k)

Znl (k + 1) - an(k) + T@ [bOndn(k) + ZnQ(k) + kleni(k)]

Zn2 (ki + 1) = an(k‘) + kQTsem(k).

9

2) MFPC Design for Inductor Currents: In order to ensure that
the inner loop has good trajectory tracking characteristics, the
cost function with the objective of minimizing inductor current
tracking errors can be expressed as

J = [iznr —izn (k+1)]%. (10)

Substitute (5) into (10) for solution, and considering con-
straints and the sampling delay of one cycle in the digital system,
the inductor current control law can be obtained as

iLnr—Znl (k+1)_zn,2(k+1)Ts
bon T

dn(k) S Dn,min
dn(k) Z Dn,max-

d”(k) = Dn,minu (11)

Dn,maxa

The controller gain by, is analytically determined through the
synergistic integration of the hyperlocal model discretization (2)
and the control law formulation (11), yielding

iL’rL (k+1) _iLn(k):bi [iLn'r—Z'rbl(k)_z’rﬂ(k)Ts] +F(k)T5

b()n
(12)
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Assuming the system perturbation to be constant, let the error
between the current reference and feedback be e,,, = i, —
zn1- The error recursive equation can be obtained as

(1— 522) [ern (k) —erm (k—1)]
T2 (k—1).

ern (k+1) —epn (k)=

13)

From the above, it can be seen that the convergence of the
error is related to the controller gain and the observer error. The
observation error is zero under the ideal condition, and thus the
gain of the controller should meet: b,, < by,,.

C. Voltage Loop Design

1) HESO Design for Voltage: Let the total inductor currents
in the voltage equation be u, (t) = ZnN:1 irn(t). Then, its first-
order hyperlocal model can be expressed as

dv,
{ 57 = oy (t) + fo(t)
dfy

fdt(t) = g<t)'

Similarly, the LESO with v, and f, as state variables can be
obtained as

o k) =vdk) —zu1(k)
o1 (k+1) =2p1(k) +Ts [boy unk) + 202 k) + kpreo(K)]
Ug(k-i- 1) = ng(k)-l-kaTSev(k)

where z,,1 and z,,2 represent the estimates of v, and f,,, and b,
is the controller gain. Let the bandwidth of the observer be wy,,,
where wq,, = 27 fo,. If the bandwidth of the voltage observer
fou 1s chosen to be 15 KHz, the observer can be obtained as
ko1 = 2wq, and ko = wgv. When the control gain of the system
is not equal to the controller gain, it will cause deterioration in
the LESO performance. An improved ESO, which considers
adding a correction to the observations to reduce the impact of
the control gain deviation is proposed in this article. Discretizing
and rearranging (14) gives

(14)

s5)

Vo(k + 1) —vo(k) — fu(k)Ts = by, (k)T (16a)
Vo(k) —vo(k — 1) — fu(k — 1)Ts = byu,(k — 1)Ts. (16b)
Then, it can be obtained that
Vo(k+1) vk Uy () [V (k) (k—1
folk) = ( Tz (k) _ uy( )qE,U(EcJ1)TE )] )

Uy (k
+oteBs £y (k= 1).
There are output voltage difference terms in the above equa-
tion. In order to reduce the impact of sampling noise, a first-order

low-pass filter is applied. Set the bandwidth be wy, and let
lo = Tswow/ (1 + Tswoy), it can be derived that

For(k) = lo fu (k) + (1 — lo) for (k — 1) (18)

where fvl represents the filtered estimates. There is no term
associated with b,, in (17) and (18). The effect of controller gain
bias on the estimates can be eliminated. However, the method
is highly dependent on the previous step estimation results and
there is no feedback compensation term. There may be a problem
of not converging to the correct value when this method is used
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alone. Therefore, a new observer that combines the LESO with
this method is designed, where f3 is in the interval of (0,1)

Follk = 1)=Bfs1(k—1) +(1—B) zp2(k — 1) (19a)

zo(k) = Bzoa(k—1)+1—B) fo (k— 1) +kpoTsen (k—1) .
(19b)

At last, a low-pass filter is connected between the observer
and the controller to increase the rejection of high-frequency
noise in the measurement and thus to improve the steady state
performance

{91 (k+1) = rzy1 (k) + (1 — 1) 01 (k)

(20)
02 (k +1) = Azpa(k) + (1 — 1) O2(k)

in which 6, and 65 denote the low-pass-filtered value of of z,;
and z,2. To keep the performance of the observer, the bandwidth
is settoremain at wo,,, and A = wo, s/ (wo, Ts + 1) inthe above
equation.

2) Controller Design for Output Voltages: To balance the
dynamic and steady state performance, both the error of the
controlled variable and the deviation of the control quantity will
be taken into account when constructing the cost function, which
can be expressed as

J = [vor —vo (k + 1)}2 +pluo (k+1) - “v<k)]2 :

Combining (14)—(21) for solution, and the output voltage
control law can be derived as

[Eco(vor—bi(k+1))Ba( k)T boo Tetpuok-1)
p+(booTy)?

Isum,min;uv(k) S Isum,min

Isum,maXa uv(k) > Isum,max

21

(k)= (22)

where Iy, is the sum of each branch current of the converter,
let the nth branch current distribution coefficient be ¢,,, then the
nth branch current is given as

7;Lnr(k) - ¢nuv(k)

When each of the items is completely equalized, ¢n = 1/N.
Consistent with current-loop controller design principles, the
gain of the voltage controller needs to satisfy b,, < by,,. Capacitor
parasitic parameters, while inherently small, exhibit significant
dependence on temperature, operating frequency, and environ-

mental factors. Moreover, R, can be ignored, considering that
b, =1/C.

(23)

IV. STABILITY ANALYSIS

A. Observer Performance Analysis

1) Convergence Analysis of LESO: The LESO is in both
voltage and current loops, and the LESO in the current loop
is taken for analysis. Combining (4) and (5), the error equation
for the observer can be derived as

€nt o —2wo; 1| |enmt 0
o) = 12 o] ]+ )

where e,1 =15, () — zp1(t) and e,2 = fri(t) — zp2(t). en1
and e, represent the observation errors for the inductor current

(24)
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and disturbance, respectively, and h denotes the derivative of the
perturbation.

Let €, = e,/ (woi)* 1, then the above equation can be re-
constructed as

él — s -2 1 €1 + 0 h
€9 01 0] |es 1| wo,
N— AN~ =~

Ac € B,

(25)

from which, the solution for the observation error can be ex-
pressed as

t
h

(t) = eAewoitg(0) +/ eAcwoit-1)B__— dqr (26)
0 Woj

where €(0) = [e1(0) €2(0)]" = [en1  £22]" is the initial ob-

servation error.

Assume that the derivative of the lumped disturbance h(t) is
bounded, there is constant H, such that |h(t)| < H. Let p(t) =
ft Acwoi(t=7) B h -d7, then

H
I < 1=
Il < IIwgi

(A;'B. — Aj'e?= ™' B,) ||

H , . _ _
— (1A Be|| + Al e B ) .

07

IN

27

The inverse of the matrix A.. The inverse of matrix A exists
and is unique. It can be easily derived

A'B. - ﬁ) _ﬂ m = B] .

The matrix A, is a Hurwitz matrix and its eigenvalues are A1 o =
—1. Then

(28)

Pc(t) _ P, (1)

AEU)Oit: _
el L+t+8 4+

e (29)

4

n!

where P (t) represents a first-order polynomial matrix in ¢. This
matrix asymptotically converges to zero, with its convergence
rate governed exclusively by the observer bandwidth

€@l =lleA=te(0)] + (8
< HIA B _ JEn 30)
- w; wg;

From (30), the observation error is related to the derivative
bounds of the lumped disturbance and the bandwidth of the
observer. It can track the step disturbance without bias.

When the system control gain b,, is not equal to the controller
gain by,,, the ultralocal model is expressed as

1Ln = bndn + fnz = bOndn + (b - bOn) dn + fnz
7

3D

in which, the new lumped disturbance term contains variables
that introduce high-frequency terms to the original disturbances.
This will negatively affect the performance the entire system.
2) Convergence Analysis of HESO: To simplify the analysis,
assume that the lumped disturbance is a constant F', and set e P=

F— fy, e,o = F' — z,5. According to (19a) it can be obtained

1803
that

ej(k+1)—es(k)=(1-p)[es2(k)—es2 (k—1)]

+B(1—lo)le (k) —e (kD)) +Blolf (—1)— ()] (32)

= Aef+A6Z2 —i—Aef

where the convergence of f,,, is determined by three components.
f is derived from the control variable u, and differential of
v,. Provided that the system satisfies the asymptotic stability
condition, there must be Ae; = 0 when the system reaches its
steady state. However, the terminal value of f(k) is not certain,
and e, is exclusively determined by LESO. Based on the
preceding convergence analysis of the inductor current observer,
it can be derived that Ae.o < 0. Meanwhile, Ae.o < 0. Aef
is contingent upon both the initial state and the filtering time
constant, with its convergence rate being intrinsically linked to
the parameter /.

According to the above analysis, the part represented by
(19a) is convergent. Since (19b) integrates the LESO together
with (19a), it is easy to obtain that the proposed HESO is also
convergent.

B. Closed-Loop Performance Analysis

The current loop is first analyzed by assuming that the ratio of

the actual system gain b,, to the controller gain b, is ky,, = ban
Combining (4), (5), and (11), the closed-loop transfer function

can be derived as

irn(s) k”” (s + k1s+ kg)

ir(s) s3+k152—|—k2kbns+ ’“b" (824K s4ks)
(33)
In particular, when ky,, =~ 1, the current loop can be equated
to an inertial link as shown in (34), while the bandwidth is
independent on the observer

Gci(s) =

ZLn(s) ~ kbn
I.(s) Tys + kyy,

(34)
Based on (33), the characteristic equation with respect to ky,,
is reformulated as

% (s —|—k18+k2) + kos
$3 + kys2

1+ kpy, =0. (35)

The root-locus of the current closed-loop as ky,, varies from O to
2.1386 is shown in Fig. 3. It can be seen that the characteristic
root lies outside the unit circle when k;,, = 2.1386, the system is
unstable. Therefore, kj,, cannot be too large, which is basically
consistent with the previous analysis.

The closed-loop Bode plot of the system when kp, < 1 is
shown in Fig. 4. There is a certain degree of decrease in the
closed-loop bandwidth of the system when k,, changes from
1 to 0.7. But the current loop still has a high bandwidth with
negligible overall performance impact. In order to ensure that
the system has a sufficiently large stability margin, kp,, = 0.7 is
selected.
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Let u“(éf)l) = N, the Z-transformation of (17) can be derived

as

1—zlgz—1 (2)
= — Vo(2) = ——
1—z7tng Ts

from which, f, can be by replaced with the first-order derivative
of the output voltage approximately. Neglect the effect of the
filters and take itinto (19b), z,,2 in the S-domain can be expressed
as

fo(2)

(36)

kvlTﬁ ['Uo(s) - Zvl(s)]
TBS +1

SU,(8)
T/gs +1

Zu2(8) = (37)
where T3 = T, /(1 — 3). The current loop is replaced with the
first-order inertial link depicted in (34). Assuming the filter-
ing time constant of this element to be 77, it is defined as
Ty = Ts/kpy. By setting the external disturbance f, = 0 and
simplifying calculations with p = 0, the governing transfer func-
tion can be derived as follows:
sV6(8) = by G1(8)irn(s)

irn(s) = kcu[vm(s)b—oj}(gs)]—zw(s)

321}1(3) = bOvuv(S) +‘Zv2(5) + kwl[vo(s) - 2111(5)]
$zp2(8) = kyalve(s) — zu1(8)].

(38)

By solving (38), a simplified system control block diagram
can be obtained as shown in Fig. 5. Let k,o = k., /Ts and
kb, = by /boy, Where k., denotes the actual control gain, and
ky, represents the ratio between the actual control gain and the
voltage controller gain. Consequently, the equations are given
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Fig. 5. Simplified diagram of the control system.

by
kv2kooT,
Ge(s) = koukvo + rrii 39
kyaTs+s ky1koaTp &

G(s) = U¥T,e) ~ TFT,9) stk

Furthermore, the closed loop transfer function of the system
can be derived as

vo(s) _ kokuo [T+ (Tsko1+1) s+ (kv +Tshuo)]
vr(8)

where
ag =TT, a3 =TTk, + T+ Tp
ap = Tsky1 +Tgky1 + 1 4 kyy + Tkppkoo
a1 = ky1 + kookoo (Takv1 + 1) + kpokor + Takpokue
ap = kypkyo (ko1 + Tpky2) .

40
asst+assd+aoss2+ars+ag (40)

Similarly, the characteristic equation with respect to Tz derived
from (40) can be expressed as

Tyst +(Tyokyy +1)s%+
(kv1+kbv kv0)52+kbv (k’UO kv1+kv2)3+kbv k'u[) k'uZ

+1=0
P T3 Tk 1+ + Ky (Ruothp) +Rol sty o1 ko
(41)
kpokoo (82 + kp1s + ky
Govt (5)H (s) = ; o . 1 i 2)
T13 + (1 + kvlTl)S + kvls + k1)2kb1)5
(42)
UO(S) - kbvkv() (52 + kvls + ka)
”UOT(S) o T184 + (]. —+ kvlTl)SS —+ (kvl + kbvkvo)SQ
kvokpy 4 ko1 kpokoy ko1 kpoky
(kv2kpy + ku1kpokvo)s + ko1 kbokuo @3

T134 + (1 + kvlTl)SB + (kvl + kbvkq,o)SQ

The voltage-loop open-loop and closed-loop transfer func-
tions under LESO scheme are respectively givenin (42) and (43).
Following analogous derivation procedures to the previous, the
mathematical proofs are therefore omitted for conciseness. The
root-locus of the voltage closed-loop as the parameter Tz varies
is shown in Fig. 6. When T = 0, the characteristic root lies
on the unit circle, while the system is in critical stability. When
Tz > 0, the closed-loop characteristic root of the system lies in
the unit circle, and it is always stable. It has been previously
defined that (3 is in the interval (0,1), so the HESO control
strategy does not affect the closed-loop stability of the system.
The design simulation parameter 5 = 0.6.

The closed-loop bode plot of the voltage loop when kj,, < 1
is shown in Fig. 7. It can be seen that the amplitude-frequency
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curves overlap within the bandwidth of the voltage loop when
ky, varies, which reduces the impact of parameter mismatch.
When LESO is employed, the ky,, is reduced from 1.0 to 0.7, and
the maximum increase in voltage amplitude in the midfrequency
band is about 1 dB. In contrast, the amplitude-frequency curves
overlap within the bandwidth of the voltage loop when ky,,, varies
with the implementation of HESO, which reduces the impact of
parameter mismatch. However, the shortcoming is that it may
cause a drop in gain in the middle and high frequency bands.
This problem can be solved by increasing the controller gain
key.

As the controller gain k&, varies, the closed-loop Bode plot
of the voltage loop is shown in Fig. 8,where ko = 1/7Ts. It
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TABLE I
CIRCUIT PARAMETERS OF INTERLEAVED BUCK CONVERTS
Variables Quantity Nominal Values
Vo Output voltage 15V
V5 Input voltage 30V
fs Switching frequency 200 kHz
L1 ,Lo L3 Filter inductors 33 uH
C Output capacitor 150 uF
P, Output power 180 W

110us (#.01, 15.47—~—

T
T

3.01, 14.54 25us
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Fig. 9. Simulation results under step load disturbance.

can be seen that the control performance of the system is
mainly influenced by k. Meantime, increasing k,o can im-
prove the closed-loop bandwidth of the system. LESO imple-
mentation exhibits a resonance peak in the amplitude-frequency
characteristic at k,o = 0.4ko, accompanied by output voltage
overshoot. Conversely, HESO method eliminates resonant phe-
nomena through midfrequency gain attenuation, maintaining
flat amplitude-frequency characteristics. When ko increases
to 0.8kg, the amplitude-frequency characteristic curve appears
resonance peaks, while there is an output voltage overshoot.
Considering the control performance of the system, the design is
kyo = 0.3kg when LESO is used and k, o = 0.4k when HESO
is employed.

V. SIMULATION AND EXPERIMENTAL RESULTS

To verify the above theoretical analysis, a simulation model
based on the proposed method is built in Matlab/Simulink,
and experimental verification is carried out on a three-phase
interleaved buck converter prototype. The circuit parameters
of the converter are given in Table I. The sampling rate of the
inductor current and output voltage are both 200 kHz. Maximum
inductor current reference is 10 A.

Fig. 9 shows the simulation results under step load change.
The load current steps from 6 to 12 A at 3 ms. After about three
switching cycles, the inductor current keeps up with the load
current after three steps, output voltage drops about 0.46 V, and
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the dynamic recovery time is 110 ps. The load current steps
back to 6 A at 4 ms, the output voltage has an overshoot of
0.47 V, and the dynamic recovery time is about 125 us. Max-
imum deviation between estimated and actual output voltage
during transients is less than 0.3 V, about 2% of the rated
voltage. The inductor current estimate is essentially the same
as the average value with good tracking characteristics. 0,41
and Jo.4:o are the converted values of the disturbance estimates
Zypo and fv multiplied by Cjy. z,2 converges to the true value
after 10 steps. fv converges slower than z,s.

A. Simulation Results

Fig. 10 shows the simulation results under a step change of
v;. The input voltage steps from 30 to 33 V at 5 ms, and it
goes back to 30 V at 5.5 ms. The output voltage fluctuation is
about 0.51%. The dynamic recovery time less than 80 us. The
convergence rates of 2,2 and fn are essentially the same under
the input voltage disturbance.

Fig. 11 shows the simulation results of sinusoidal reference
tracking. The reference value of the output voltage is set to
v, = 15+ 0.5sin(24 x 1037t) . The amplitude of the ac com-
ponent is 0.42 V. The phase lag is about 79°. The observers
for the output voltage and inductor current still converge well.
As it can be seen from the Fig. 11, z,2 has good sinusoidal
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TABLE II
PERFORMANCE OF HESO-MFPC CONTROLLER AT DIFFERENT LOAD
CONDITIONS
Capacitance Parameter Load Conditions
25%FL | 50%FL | 75%FL 100%FL

150uF recovery time (us) 103 110 119 133
overshoot (%) 0.93 1.82 2.67 347

165 uF recovery time (us) 118 125 130 136
overshoot (%) 0.89 1.72 2.53 3.29

180F recovery time (us) 138 141 147 152
overshoot (%) 0.81 1.65 241 3.15

recovery time (us) 161 172 184 190

225uF overshoot (%) 0.76 1.47 2.17 2.85

properties. However, a nonlinear distortion is present in the
estimated disturbance fv, which introduces a small dc bias in
the output voltage. Despite this perturbation, the output voltage
waveform maintains excellent sinusoidal fidelity with negligible
distortion.

In practical applications, the quality of the components will
degrade during operations, and it will affect the control per-
formance of the entire power converter. Assuming that the
allowable variation range of inductance is 15% and the allowable
variation range of capacitance is 50%, the simulation results
obtained under a load step are shown in Figs. 12 and 13. It
can be seen that when the inductance parameter is varied, the
effect on the output voltage is small. The change in capacitance
has a relatively larger effect on the output voltage, but the
proposed method still maintains good dynamic performance in
Fig. 13. Table II presents a comparative analysis of transient
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performance metrics, revealing load-dependent capacitance ef-
fects on overshoot and recovery dynamics. Elevated capacitance
from 150 pF to 225 uF yields 0.62% overshoot reduction but
prolongs recovery time, whereas reduced capacitance enhances
light-load transient speed at the cost of voltage regulation under
heavy loads. For instance, a 150 pF capacitor exhibits 103
us recovery with 0.93% overshoot at 25% load, worsening to
133 s and 3.47% overshoot under full load. As can be ob-
served in Fig. 14, the output voltage waveforms generated by
three different control schemes under parameter-matched and
mismatched conditions are presented. It can be seen that, when
parameters are matched, the proposed HESO-MFPC scheme
achieves 2.51% and 3.69% peak overshoot attenuation rela-
tive to LESO-MFPC and PI, respectively, with correspond-
ing transient recovery duration reductions of 20 and 192 us.
This is consistent with the theoretical analysis in the previous
section.

Under parameter mismatch conditions, comparative analy-
sis of control strategies reveals significant performance differ-
ences. The conventional dual-closed-loop PI control exhibits
a substantial voltage sag of 0.7 V with prolonged transient
recovery duration approximately 300 ps. When implement-
ing the MFPC based on LESO, comparative metrics show a
0.9% relative decrease in overshoot magnitude, accompanied
by reduced transient recovery time to 200 pus. Notably, the
proposed MFPC based on HESO minimizes voltage deviation
duration to 161 us, while maintaining overshoot at 0.5 V. The
HESO method shows better performance during load pertur-
bations since the filtered perturbation estimates are indepen-
dent of the system control gain, reducing the dependence on
the model. These results confirm the superiority of the pro-
posed MFPC in dynamic regulation and disturbance rejection
capabilities.

B. Experimental Validations

Experimental platform of the interleaved buck converter is
presented in Fig. 15. It consists of two dc power supplies,
three-phase buck converts and an electronic load. The circuit pa-
rameters and sampling rates are the same as that in simulations.
The block diagram of the overall control structure is depicted
in Fig. 16. It mainly contains the power unit and control unit.
The power unit is fundamentally composed of the power circuit,
the voltage and current signal detection circuit, as well as the
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Fig. 15. Experimental platform of the interleaved buck converter.
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Fig. 16.  Block diagram of the overall control structure.
TABLE III
MEMORY USAGE COMPARISON
Parameter PI LESO-MFPC HESO-MFPC
RAM (KB) 34.61 34.64 34.63
FLASH (KB) 8.71 8.47 8.43

drive circuit. Meanwhile, the control unit comprises the signal
conditioning circuit, the logic array, and the DSP controller. The
controller adopts a dual-core processor, TMS320F28377D, with
its operating frequency being 200 MHz. The memory usage of
these three methods is illustrated in Table III. HESO eliminates
reliance on state equation iteration in (19a), thereby, circum-
venting the vector recursive computation in LESO’s discretized
formulation in (15). Therefore, compared with LESO, there is a
slight reduction in memory usage.

Experimental results under step load disturbance is shown in
Figs. 17 and 19. Rated working condition of the full load current
is 12 A, the set load current change rate is 0.5 A/us. When the
load is increased, the output voltage drops by 1.16 V, with the
regulation time of about 272 us. When the load is decreased, the
output voltage has an overshoot of 1.08 V, with the regulation
time of 272 ps. It is closer to the simulation results, but the
steady state fluctuation of the inductor current is larger due to
the sampling noise.

In order to test the robustness of the system, the load step
test is carried out under the mismatch of inductor and capacitor
parameters.

Given the complexity involved in physical inductor replace-
ment, the simulation of actual inductor parameter mismatch is
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changes. (a) Inductance parameter is increased to 38 pH. (b) Inductance param-
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achieved by modifying the inductor parameters in the controller.
With inductor variations constrained within 4= 15% bounds, the
inductor parameters are set to be 38 and 28 ;; H. The experimen-
tal results are shown in Fig. 20. When the inductance parameter
of the controller is increased, the output voltage drop during
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are varied. (a) Output capacitance is increased to 200 pF. (b) Output capacitance
is reduced to 100 pF.

loading s 1.16 V with the dynamic recovery time of 252 us. Con-
versely, —15% deviations yield identical voltage deviation mag-
nitudes, but prolonged transient durations extending to 272 yus.

There is no significant change in the system performance
during transient process, but the steady state performance is
deteriorated by the increase in inductance parameter. Therefore,
reducing the controller inductance design parameters within
a certain range will not significantly deteriorate the dynamic
performance of the system, but can improve its steady-state
characteristics, which is basically consistent with the simula-
tion results. To simulate the mismatch of capacitor parameters,
the output capacitance is increased and decreased by 50 uF,
respectively, the output capacitance is adjusted to 100 and
200 pF, respectively, through the external capacitor board, and
the experimental results of load step are shown in Fig. 21. When
the output capacitance is 100 p F, the output voltage drop during
loading is 1.36 V, and the dynamic recovery time is 208 us. The
output voltage variation increases by 0.2 V, the regulation time
is shortened accordingly, and the voltage and current ripples
increase significantly. When the output capacitance is 200 uF,
the output voltage drop during loading is 1.04 V, the regulation
time becomes longer to 324 s, and the steady state performance
of the output voltage is also improved. This indicates that the
capacitor parameters have a large impact on the system perfor-
mance, and special attention needs to be paid to the capacitor
design when using the MFPC. At the same time, the controller
parameters should be designed so that the capacitance parameter
is smaller than the actual output capacitance to improve the
steady state performance.

To test the observer bandwidth and the reference following
performance of the converter, a sinusoidal ac signal with am-
plitude of 1 V and frequency of 3 kHz is superimposed on a
15 V fixed reference, and the experimental results are shown
in Fig. 22. The peak-to-peak value of the ac component of
the output voltage at 50% rated load is 1.44 V, which is 72%
of the ac component of the reference, and the output voltage
has good sinusoidal degree and no frequency distortion, so the
system has good reference following performance. The output
ac component is 1.40 V at rated load, and the bandwidth of the
system does not change much. In order to minimize the effect of
sampling noise, the observer bandwidth and the controller gain
are reduced. As a result, the actual system bandwidth is smaller
than the simulation result.
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VI. CONCLUSION

This article introduces a HESO-based MFPC strategy to con-
front the challenges posed by uncertain or highly time-varying
model parameters in certain application scenarios. To reduce the
computational complexity associated with algebraic parameter
identification, LESO is first introduced for inductor current con-
trol, along with a detailed design method for both the LESO and
controller gain. Furthermore, the proposed approach effectively
mitigates the output voltage overshoot caused by cumulative
error in disturbance terms due to parameter deviations in the
voltage outer-loop model. In contrast to the PI regulator, it does
notrequire accurate model parameters and has strong robustness.
Compared with the LESO-MPFC mehtod, the proposed control
algorithm has better transient performance and anti-interference
capability. Moreover, when the inductor—capacitor parameters
are varied within a certain range, the transient response of the
system is maintained. Although the effectiveness of the proposed
method is demonstrated on a buck converter, it can be extended
to the nonresonant dc—dc converter with a double-closed-loop
control structure.
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