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Model-Free Predictive Control of DC-DC Boost

Converters: Sensor Noise Suppression With
Hybrid Extended State Observers

Oluleke Babayomi

Abstract—DC-DC boost converters find versatile application as
power conversion interfaces to renewable energy sources including
wind, solar photovoltaic, fuel cell, and energy storage systems.
The model predictive control (MPC) of these power converters is
characterized by multivariable, constrained, optimal control with
higher performance than linear control methods. However, MPC
is limited by sensor measurement noise and model uncertainties.
Although model-free predictive control based on the ultralocal
model and conventional extended state observer (MFPC-ESO)
can mitigate model uncertainties, MFPC-ESO is limited in noise
suppression. Noise suppression is an important control objective
in order to keep the steady state ripples bounded and guaran-
tee the stability and robust performance of power converters.
Therefore, this study proposes the novel hybrid parallel-cascade
ESO, which has better measurement noise suppression than the
conventional linear ESO. New higher order hybrid ESO struc-
tures are also discussed along with their detailed theoretical anal-
yses. The generalized selection and design guidelines for robust
control with measurement noise suppression using hybrid ESOs
(including cascade-parallel ESO) are presented. The proposed
control schemes are experimentally demonstrated for the robust
MFPC of a bidirectional dc—dc boost power converter, under condi-
tions including load, input voltage, measurement noise, and model
uncertainties.

Index Terms—DC-DC boost converter, extended state observer
(ESO), measurement noise, model predictive control (MPC), model
uncertainty, noise suppression, renewable energy sources.
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NOMENCLATURE
ADC Analog-to-digital converter.
BDBC Bidirectional dc—dc boost power converter.
CESO Cascade extended state observer.
CP-ESO Cascade-parallel extended state observer.
ESO Extended state observer.
ESO-1 Conventional linear extended state observer.
MFPC Model-free predictive control.
MPC Model predictive control.
MEF-ESO Multifrequency extended state observer.
PC-ESO Parallel-cascade extended state observer.

1. INTRODUCTION

HE ongoing decarbonization of electrical power genera-
T tion systems accounts for the growing application of power
electronic converters as interfaces to renewable energy sources.
These power converters reduce costs and improve the efficiency
and reliability of modern energy conversion systems [1]. DC—
DC boost converters, in particular, are applied to wind, solar
photovoltaic, fuel cell, and energy storage conversion systems.
The BDBC facilitates two-way power flow, and steps up the
voltage of renewable energy sources. The BDBC operates in
the continuous conduction mode or discontinuous conduction
mode [2].

MPC of BDBCs is of interest in this study due to its well-
reported faster dynamic response than linear control methods.
MPC’s optimal constrained multiobjective control for pulsed
power [3], energy storage [4], fault-tolerant electric vehicle
charging [5], and fuel cells [6] has also been reported. Nonethe-
less, since the prediction model for MPC is strongly dependent
on the accuracy of the model (and the measured states), MPC’s
performance deteriorates with sensor measurement noise and
parameter uncertainties. Measurement noise can also lead to
instability. Thus, the mitigation of these challenges will decrease
the steady state ripples, improve power quality, and guarantee
the robustness and stability of MPC for power converters.

The leading types of noise in switch-mode power converters
are thermal noise, switching noise, quantization noise, measure-
ment noise, and synchronous sampling errors. Among these,
it has been shown that measurement noise can have the most
dominant influence on the converter’s performance [7]. Mea-
surement noise arises from the practical limitations of signal
transducers (including ADCs) and their conditioning circuits.
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Although high-resolution ADCs are preferred for improved
measurement accuracy, they also increase the system’s cost.
Hence, lower precision ADCs (16-bits and below) are commonly
employed, which can introduce nontrivial measurement noise
content to the closed loop. Furthermore, both measurement and
quantization noises are random, frequency-independent white
noise, which are added to the measured signal [8]. Therefore,
attenuating measurement noise also inherently limits quanti-
zation noise too, improving the overall noise immunity of the
system.

Multirate digital control was proposed for the suppression
of switching, quantization, and measurement noises in dual
active bridge dc—dc converters [7]. Inoue et al. [9] introduced
LC low-pass filter function and zero-ripple-current operation
to reduce differential- and common-mode switching noises in
high-density isolated dc—dc converters. These techniques are
not ideal for MPC since they are based on linear control and
low-pass filters; the latter slows down the dynamic response.

Bi et al. [10] achieved bidirectional four quadrant MPC for
flying capacitor bidirectional buck-boost converter in an energy
storage system. The authors in [11] proposed a single-objective
cost function (without weighting factor) MPC for multilevel
flying-capacitor converter in a microgrid. Nonetheless, the ro-
bustness to both parameter uncertainties and measurement noise
were neither studied nor tested. Po et al. [12] proposed an
adaptive MPC method whereby an observer estimates the real-
time values of filter resistance and load resistance. Thus, the
controller is updated with the actual values of the parameters
to improve robustness to parameter uncertainties. However, the
work did not consider load variations and measurement noise,
limiting its robustness. A single prediction horizon continuous
control-set MPC was proposed by Cheng et al. [13] for the boost
converter. Load parameter identification was done with a Luen-
berger observer to ensure robust control to load uncertainties.
However, the work not considers filter parameter mismatches
and measurement noise, limiting its robustness. MPC for a boost
converter based on continuous and discontinuous conduction
models was proposed in [14]. A Kalman observer was applied
for improved robustness to load and model uncertainties during
current and voltage control [14]. Nonetheless, this solution
remains vulnerable to measurement noise. Robust MPC under
constant power loads was investigated in [15] for systems that
operate in both continuous and discontinuous conduction modes.
Voltage regulation and stabilization were ensured even under
load changes. However, the study did not investigate the impact
of model uncetainties and noise. The MFPC of three-phase
interleaved dc—dc boost converters was investigated in [16]. An
ultralocal model was utilized to improve the robustness to model
uncertainties. However, the influence of measurement noise was
not mitigated.

Sawma et al. in [17] proposed a cascaded dual MPC with
least mean-square algorithm for online parameter identification.
It reported robustness to multiple uncertainties, including sen-
sor noise. Passivity-based MPC relies on power shaping and
damping injection to ensure good suppression of noise and
parameter mismatch effects [18]. The use of a full-order state
observer that filters undesired components from the measured
state variable was proposed in [19]. An approximate complex
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Hall model was employed for MPC control for dc—dc floating
interleaved boost converters in [20]. Although the abovemen-
tioned schemes improved robustness, their performance is still
limited by the strong dependence on model parameters. In
summary, the existing body of research literature still lacks
solutions to mitigate the combined challenges of model uncer-
tainties and measurement noise in the predictive control of the
BDBC.

Measurement noise suppression using the CESO was re-
cently proposed for buck converters [21], [22]. The method
was extended to low-power higher order CESO with enhanced
rejection of ramp disturbances [23]. The underlying concept
supporting CESO was generalized into an MF-ESO model
that accommodates other ESO structures including parallel and
hybrid ESOs in [24]. The hybrid CP-ESO inherits the noise
suppression capabilities of CESO, and gives more superior
disturbance rejection than CESO. Furthermore, authors in [24]
applied CP-ESO to the MFPC of a grid-connected ac—dc power
converter. However, the study did not provide generalized design
guidelines for CP-ESO for arbitrary number of subfrequen-
cies. Also, some of the assumptions made for ac—dc converters
in [24] cannot hold for dc—dc converters (the focus of this
work).

Therefore, the objective of this study is to mitigate both the
model uncertainties and measurement noise of the predictive
control of BDBCs using hybrid ESOs. The main contributions
include the following.

1) Anovelhybrid ESO structure is proposed, which has better

measurement noise suppression than the ESO-1: the PC-
ESO. PC-ESO’s theoretical analysis and design procedure
are also discussed.
Higher order structures for the proposed PC-ESO and CP-
ESO are introduced and theoretically analyzed. These lead
to generalized selection and design guidelines to achieve
effective measurement noise suppression using hybrid PC-
ESO and CP-ESO.

3) The hybrid ESOs are experimentally demonstrated for the
robust MFPC of a BDBC. To the best of our knowledge,
this is the first application of hybrid ESOs to a dc—dc power
converter.

The rest of this article is organized as follows. Section II
introduces the mathematical problem statement and MF-ESO
model. Section III describes the proposed PC-ESO. Section IV
discusss higher order hybrid ESO structures and selection guide-
lines for hybrid ESOs. Section V covers the stability analysis for
PC-ESO. Sections VI and VII discuss the MFPC of BDBC with
PC-ESO and the experimental validation, respectively. Finally,
Section VIII concludes this article.

Notation: In this article, ZT is the set of positive nonzero
integers. n is the order of the physical system, m is the order
of the extended states of the disturbance model, M is the total
number of subfrequency levels of the ESO.

2)

II. PRELIMINARIES

In this section, the system to be studied, the relevant chal-
lenges, and the state-of-the-art solutions will be briefly dis-
cussed.
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Fig. 1. System description. (a) MPC. (b) Predictive control with ESO-based
disturbance estimation.

A. System Description and Problem Statement

Consider a plant whose state = is monitored by a sensor that
gives y, which is polluted by sensor noise N [see Fig. 1(a)].
Reference tracking of the system, is achieved by model-based
MPC. Two challenges can be associated with this system, viz., 1)
sensitivity to parameter variations, and 2) sensor noise pollution.
If the model-based state prediction is a”(k + 1), two corre-
sponding types of prediction errors occur: 1) errors from param-
eter uncertainties Az? (k + 1), and 2) errors from measurement
noise Az} (k+ 1), where h represents harmonic frequencies.
These cause total prediction error Az? (k + 1)

AaP(k+1)=Aab(k+ 1)+ Aah(k+1). (1)
h=1

Therefore, to improve the prediction accuracy and control
performance, itis desirable for Az? (k 4+ 1) — 0. We shall focus
on the class of solutions described by (2) (for a single-input
single-output first-order system), and illustrated in Fig. 1(b). (2)
is an ultralocal model [25]

{g'c: F+ au

y=z+N @

where x is the state, F' is the total disturbance, « is a nonzero
constant, ' is the measurement noise, v and y are the control
input and measured output, respectively.

The closed-loop control input is u = (i* — F — K(z —
x*))/a, where " is the state trajectory, x* is the state reference,
F is the estimated total disturbance, and K is the tracking
error gain. The control law requires state estimates via the
conventional/standard linear ESO [22]

% X 3)

where {2, F'} are the estimates of {z, F'}, and {71, 72} are the
observer state error gains. A well-known challenge with the ESO
(3) is that it requires high gains for effective disturbance rejec-
tion, and this results in high-frequency noise amplification [22].
Attenuating high-frequency noise harmonics is of particular

importance for the stability of the linear ESO. Thus, the overall
goal of this study is to develop effective control methods to
attenuate AxP(k + 1).

B. Multifrequency ESOs

In previous studies, the multifrequency total disturbance
model was introduced [24], [26]. Its core features shall be briefly
described for the clarity of application to this study.

Given that the ESO is operating at bandwidth wg, we can
estimate unattenuated components of the total disturbance at
subfrequencies less than wy. To ease digital computation, we
specify these subfrequencies finitely as wp; < wpe < ... <
wo m = wo. Components of F at spectral frequencies wg; ¥ j €
{1,2,..., M} can be estimated with a Luenberger type ESO
of order m (with state variables {f1, f2,,..., fm—1}). This
transforms the system’s ultralocal model (2)—(4), and leads to
the corresponding ESO (5) for estimating the state and total
disturbance components [26]

& = fi(wo) + fi(wo1,wo2, ... won—1) + au

fi = fi+1(w0) + fi+1(w0170-}027 .- «W(]Mfl)

Wi {12, m—1})
y=x+N 4)

:1;7: Z;Vil fl,j‘i’auf’ym(i'*y)

fi = ng fz‘+1,j — Ym-1(Z — y) ®)

o = —70(2 — p)

where 7, is the mth observer gain, and all other variables are
as previously described. The estimated total disturbance F' by
MF-ESO (5) is then contrived as [26]

M
E(t) = Z ‘ fi i (1) (6)

Theoretically, MF-ESO’s performance should increase as M
increases. However, the increasing complexity may not justify
the relative performance improvements. Hence, in practice, M :
M € 77 can be constrained to 2 < M < 4 for CESO, and 3 <
M < 4 for hybrid ESOs.

CESO [22], [23] and CP-ESO [24] are two ESOs with noise-
attenuating characteristics modeled with (5) that have been pro-
posed in the literature. The structures for CESO and CP-ESO are
in Table I. Both CESO and CP-ESO utilize noise-polluted output
y at only the lowest subfrequency wg;. Therefore, they avoid
noise propagation to higher subfrequency levels of estimation.
Their key difference is that for the same M = 3 subfrequencies,
CESO arranges all three levels in cascade, while CP-ESO has
only two cascaded levels.
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TABLE I
STRUCTURES OF CESO AND CP-ESO

CESO CP-ESO
2.1:151 +ou—y11(21 —y) Z'lzﬁl-i-au—vu(fl—y)
Py = —y21(21 — y) Py = —y21(31 — y)

2;7.2 = By + au —y12(%2.1)
Fy = —y22(22.1)

2.2 =I5 + au —y12(22.1)
Fy = —v2(%2.1)
Zﬁa = F5 + au —y13(%3.2) 23 = F5 +au—13(%3.1)
Fy = —723(23.2) By = —723(23.1)

NB: F = Z?=1 ﬁ‘j, Y15 = 2(.«)0;‘7 Y25 = L«)g] Vj e {1,2,3},
and 2, = 24 — 2, Va,b € {1,2,3}.

Fig. 2. Structure of the proposed PC-ESO. (a) Conventional CP-ESO.
(b) Proposed PC-ESO.

III. PROPOSED PARALLEL-CASCADE ESO

The proposed PC-ESO is formed by arranging strings of
cascaded sub-ESOs in parallel branches. A generalized form of
PC-ESO is shown in Fig. 2(a), which has V' parallel branches,
and W cascaded sub-ESOs per branch. Each sub-ESO is tuned
to a subfrequency according to the principle of MF-ESO intro-
duced in Section II-B.

PC-ESO is structurally different from CP-ESO [24], which
cascades paralleled sub-ESOs [see Fig. 2(b)], producing distinc-
tive time- and frequency-domain characteristics. Fig. 3 shows
the structure for M = 3 subfrequencies (named PC-ESO-3).
PC-ESO-3’s time-domain dynamic model is stated in Table II;
observer gains are chosen such that the characteristic polynomial
s2 + Y158 + 725 is Hurwitz.
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Fig. 3. PC-ESO with three subfrequencies.

W
I

CP-ESO-3A 55,.': CPESO3B

Fig. 4. Hybrid ESO structures with three subfrequency levels. (a)—(b) CP-
ESO. (c) PC-ESO.

1) Frequency Domain Transfer Functions: Frequency-
domain analysis is facilitated by defining transfer functions
from disturbance to estimate errors as G, p(s) = ez(s)/F(s),
and Grp(s) = ep(s)/F(s) (wheree, =y —yVy € {z, F}).
An effective control law ensures that at steady-state, tracking
and estimation errors zero, y = z*. Thus, from the input law in
Section II-A, au = sy — F. Noise suppression is analyzed by
transfer functions from the measurement noise to estimate errors
as Gon(s) =ez(s)/N(s), and Gpn(s) = ep(s)/N(s). The
full transfer function expressions are stated in Table II, where
T=z= %(21 + Z3).

A. Comparison With Other Hybrid ESO Structures

Fig. 4 shows possible hybrid ESO structures with M = 3
subfrequency levels. Fig. 4(a) and (b) is hybrid CP-ESO struc-
tures, while Fig. 4(c) is the proposed PC-ESO. All time-domain
expressions are shown in Table II.

For all structures, the observer gains are: v1; = 2wq;, Y2; =
ng, for placement of observer poles at s = —wg; Vj €
{1,2,3}. Each has estimated total disturbance F = 25:1 F
The states are defined as: & = %(22 + Z3) (for CP-ESO-3 A),
Z = %3 (for CP-ESO-3B), and & = %(21 + Z3) (for PC-ESO-3).

These three will be further analyzed to distinguish their dis-
turbance estimation and noise suppression characteristics. The
full expressions for all transfer functions are in Table II.

1) Frequency Domain Comparison: The Bode plotfor |G r|
is shown in Fig. 5(a). At low frequencies, all the hybrid ESOs
have lower state error magnitude than CESO-3. PC-ESO-3 and
CP-ESO-3B have lower error magnitudes than ESO-1, and the
lowest among the three hybrid structures. Thus, the proposed
PC-ESO-3 and CP-ESO-3B have the best state estimation per-
formance under disturbance rejection.

The Bode plot of |Grp| [see Fig. 5(a)] indicates that the
normalized disturbance estimation error responses for PC-ESO-
3 and CP-ESO-3B are consistently lower in magnitude than
CESO, ESO-1, and CP-ESO-3B. Furthermore, the proposed
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TIME- AND FREQUENCY-DOMAIN EXPRESSIONS FOR HYBRID ESOs (M = 3)
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PC-ESO-3

CP-ESO-3A

CP-ESO-3B

z‘; =B 4 au—m1(31 — )
= —y21(21 — y)
20 = Fo +au—vi2(32 — y)

5_1 =P 4 au—m1(51 — )

Fr=—y1(31 — )

Z9 = Fy +au — vi2(22 — 21)

5.1 =M 4 au—mi1(21—v)
P = —y21(21 — ¥)
Zo = Fo 4+ au—vi2(32 — y)

];:tsrgcture By = —ma(52 — ) Fy = —v2(22 — 21) By = —y22(22 — v)
2;.3 = F3 + au— v13(23 — 22) %3:F3+au—713(23—21) 5.3 = F3 + au—m13(23 — Z512)
Fy = —ya3(%3 — 22) Fy = —y23(23 — 41) F3 = —23(2 — 2412)
GuF 7%s[§f1 + (5% + 2(wo2 + wo3)s + 7%8[(52 + 2(wo1 + wo2)s + W§1 + 7%5[(32+2(w01 +w03)s+wgl+w§3)(f1(;1+
Wy +wis)s 1G5 wl)Cr G (2 2(wor +wos)s+wd + (52 4 2(wo2 + wo3)s + wiy +wds)ls 1G]
wi )¢ TG ]
Grr 1 — 3" + whé' + 1—glwdilr HwdQuorsted ) G+ 1 = Jwgir + wialy !t + wis(2wors +
wiy (2wo2s + wis) G5 15" Wiy (2w025 + Wiy )wi;' waa'] Wi Gt + wBs (2wo2s + wy)wps wi']
Gan  —3[Qwors  +  wi)(woss  + = 3[(wors+wg)(Qwoas+wd)( G —5[(wors + wfy)(2woss + wi) TG +
w(2)3)41_1(3_1 + (2wo2s + wgz)cgl} (2wo1s + wgl)(2w035 + wgg)cl_lcs_l} (2wo2s + w32)(2w033 + w33)CQ_IC§1]
Grn  —slwg ¢!+ (Qwors  + —slwgi¢r? +W(2)z(2w10181+w31)41_142_1 +oswgi G+ Wl 3 (2wors

2 2 —1,—1 2 »~—1
Wi )woslr Gz T wials ]

whz(2wo1s + Wiy )¢T ¢ ]

wh)wisC 1G ! + (2woas + wiy)wis(y 1G]

NB: F'=Y23_, Fj, iy = 2w05, 725 =wd; V5 € {1,2,3}. 2512 = 51 + 22, Q1 = (s + wo1)?, (2 = (5 + wo2)?, and G3 = (s + wo3)?.

PC-ESO-3 has the lowest tracking error among the three hybrid

The noise suppression frequency characteristics are shown
by Bode magnitude plots of G s, and G ar. Although the CP-
ESOs have the best noise suppression performance in both plots,
the proposed PC-ESO has consistently better noise suppression
than conventional ESO-1. For GG;.»r, CP-ESO-3B has a similar
slope of —40 dB/decade as CP-ESO-3 A (the latter has a lower
gain at all mid- to high-frequencies). PC-ESO-3’s slope of —20
dB/decade, is identical to ESO-1’s, but with lower estimation
error than ESO-1 at mid- to high-frequencies. Similarly, the
Bode plot for G ar shows that total disturbance estimation error
follows the same trend as state estimation: all three hybrid ESOs
have better noise suppression than ESO-1.

B. PC-ESO Parameter Design Guidelines

1) Gain Parameter Tuning: Bandwidth parameteriza-
tion [27] simplifies the tuning of PC-ESO’s gain parameters
{71,725} for poles placement at s = —wy;. The gains are: 7, ;
= 2woj, Y2; = wg; Vj € {1,2,3}. The subfrequencies wo;
are determined by the following subfrequency guidelines.

2) Design Guidelines for Subfrequencies:

a) wg: The bandwidth wy is chosen according the desired
system response; higher bandwidths give faster dynamic re-
sponses. Nonetheless, as wg increases, high-frequency noise
amplification worsens [22].

b) wp1: Among all the subfrequencies wp; has the
strongest influence on the magnitude of noise suppression; noise
suppression improves as wy; decreases [see Fig. 6(a)]. However,
to prevent interphase distortions, a minimum value of wy; =
is recommended.

c) Intermediate subfrequencies between wyy and wy: The

wo
M3
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Fig. 5. Bode magnitude plots of G (8), Grr(s), Gun(s), and Ggn (8).

(a), (b) M = 3. (c), (d) M = 4.

plot of |G, | in Fig. 6(b) indicates that under noisy condi-
tions high-frequency state estimation error decreases as wqo
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Fig.7. Proposed hybrid ESO structures with four subfrequency levels. (a)—(d)
Hybrid CP-ESO structures. (e)—(g) hybrid PC-ESO structures.

decreases. Therefore, lower values of wgo are preferred—in
contrast to CP-ESO that is better with wgyo being equidistant
in the interval between wg; and wq [26].

Based on the abovementioned guidelines, the subfrequencies
for experimental verification in this study are

wo wo
M2 M’
where M = 3 for noise suppression (except otherwise stated),
and M = 1.05 when noise suppression is not required.

wo (N

[wo1, wo2, wo3] = [

IV. PROPOSED HIGHER-ORDER HYBRID ESO STRUCTURES

The analysis in Section III-B points to the potential of hybrid
ESOs for robust control with noise suppression, namely: i) better
noise suppression than the conventional ESO, and ii) better
disturbance rejection than CESO. Therefore, design guidelines
for selecting the best hybrid ESO for different applications are
necessary. In order to deduce generalized design guidelines, we
will briefly investigate the characteristics of higher order hybrid
ESO structures.

Fig. 7 shows seven possible hybrid ESO structures with
M = 4 subfrequency levels. Fig. 7(a)—(d) are hybrid CP-ESO
structures, while Fig. 7(e)—(g) are hybrid PC-ESO structures.
The subfrequencies are arranged such that the noisy measured
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output y is first fed into the lowest frequencies to enhance noise
suppression. Time-domain equations for the hybrid ESOs are
shown in Table III.

For all structures, the observer gains are: y1; = 2wo;, Y2; =
ng, for placement of observer poles at s = —wg; Vj €

{1 2,3,4}. Each has estimated total disturbance of F=
27 1 F In order to highlight unique characteristics that will
lead to generahzable conclusions, we shall focus on three out
of seven structures: CP-ESO-4 A [see Fig. 7(a)], CP-ESO-4B
[see Fig. 7(b)], and PC-ESO-4 A [see Fig. 7(e)]. The states are
defined as: & = 7(22 + 23 + Z4) (for CP-ESO-4 A), & = 24 (for
CP-ESO-4B),and & = (zl + 23 + 24) (for PC-ESO-4 A). Fur-
ther analyses of the structures will distinguish their disturbance
estimation and noise suppression characteristics.

1) Frequency Domain Transfer Functions: The frequency-
domain transfer functions from disturbance to estimate er-
rors are: Gp(s) = ez(s)/F(s), and Grr(s) = ep(s)/F(s)
(where e, =y —y Vy € {z, F'}). Noise suppression is ana-
lyzed by transfer functions from the measurement noise to
estimate errors as G,n(s) = ez(s)/N(s), and Gpy(s) =
es(s)/N(s). Full expressions for the transfer functions are
shown in Table III.

2) Frequency Domain Comparison: The Bode plots for
transfer functions, for the case of four subfrequency levels
are shown in Fig. 5(c), (d). In the plots of |G,F|, at low
frequencies, PC-ESO-4 A has the lowest state estimation error
magnitude among the hybrid structures. All plots converge in
the high-frequency region. At w = wgy, CP-ESO-4B manifests
a notch characteristic which makes the noise error magnitude
to become significantly attenuated. The Bode plot of |Grp]|
also indicates that the disturbance estimation error response for
PC-ESO-4 is consistently lower in magnitude than other hybrid
structures between wp; < w < wps. In summary, PC-ESO-4 A
has the most consistently superior disturbance rejection among
the hybrid structures in all frequency regions.

The noise suppression capability is shown by Bode magnitude
plots of Gy, and Gppr. |Gon| shows that in the mid- to
high-frequency regions, CP-ESO-4B, has the steepest run-off
slope of —60 dB/decade. CP-ESO-4 A also has a modest slope
of —40 dB/decade, while PC-ESO-4 A has the least desirable
slope of —20 dB/decade. Hence, PC-ESO-4 A has poorer noise
suppression than the other two hybrid structures. In summary,
CP-ESO-4B has the best noise suppression performance. Sim-
ilarly, the Bode plot for Ggp shows that total disturbance
estimation error follows the same trend as for state-performance:
all three hybrid ESOs have better noise suppression than ESO-1,
and CP-ESO-4B has the lowest error magnitude of all three
hybrid ESOs.

Remark: The hybrid schemes generally have better high-
frequency noise suppression than ESO-1. They also have better
low-frequency total disturbance estimation than CESO. There-
fore, they give hybrid-frequency characteristics that neither
ESO-1 or CESO can produce alone.

B. Generalized Hybrid ESO Selection/Design Guidelines

The foregoing analyses, lead to the following three structural
design principles for hybrid ESOs, viz.,
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TABLE IIT
TRANSFER FUNCTIONS FOR HYBRID ESOS WITH FOUR SUB-FREQUENCY LEVELS M = 4
CP-ESO-4A CP-ESO-4B PC-ESO-4A
25.1=F1+au*711(?31*y) 2"121%1 +oau—v11(21 —v) 25.1=F1+au*711(?31*y)
Fr=—y21(51 —v) Fi=—y21(41 —y) Fi=—y21(51—v)
22 =12+ au—m2(%2 — £1) 22 =TIy + au—yi2(22 — £1) 2 = I + au —v12(22 — y)
ESO By = —y22(22 — 21) Fy = —~0 (32 — 21) By = —y22(%22 — y)
Structure | 23 = F3 + au — y13(23 — 21) 23 = F3 + au —m3(2 — 21) 23 =Fs+ou—m3(23—y)
F3 = —v23(23 — 21) F3 = —v23(23 — 21) F3 = —v23(23 — ¥)
24 =TF1+ou—y1a(fa — 21) 24 = Fa+ ou — y14(24 — Z523) 24 = Fy+ ou — 714(21 — £2)
Fy = —~y04(24 — 1) Fy = —y24(34 — Zs23) Fy = —~y04(24 — 22)

Gyr —s[(s? + 2(w01 + wo2)s + w + *8[(2w04+wo4)(5 +2(w01+w02)s+w01+w02+ —s[¢T (52 2(wo2 +woa ) sHwdy +
w02)<1 CQ + (s + 2(wo1 + wo3)s + C1C2)C1 Cg C4 + (2wos +w i34)(8 +2(w01 + w§4)C;1CZI +C§1}
ng +W03)<1 (5 (52+2(w01 +w04)5+ UJ03)S + "J01 + w03 + ClCS)Cl C,g <4 }

W01 +"J04)§1 ¢
Grp [w01C Lyw? (2w01s+w2 g+ 1 - 7[0.) T4 Wl (2w01s + WG 1= e T WG Wt
1 02 01)61 G2 0161 02 01)61 G2 7190161 0252 T @o3Ss
w03(2w01s +w01)C1 ot +wd, Cuors + wis(2wors + wd)¢ ¢ (74*;34322(32 w2, (2wo2s + wdy) Gy T¢ ]
w01)§1 <4 2(wo1  + “-’02)5 + "-’01 +  wiy) +
"J04CIC2)C1 Gy C4 + (—w 2(5 + 2(W01 +
WO3)S + W()l + “-’03) + wo4<1€3)<1 Cg <4 ]

Gan —(2wors + wo1)[(2w10281+ wha)Cr ey —(2wors 4 w01)(2w048 + w04)[(2w025 + —llwors + )¢+ (2woas +
(2w035 + Wo3)(f (; + (2woas + woz)@ Co C4 + (wo3s + wog)C1 <3 Cy } Woz)(2WO4S + L W04)€2 C4 +
wo4)§1 ¢y ] (2woss + w(2]3)C§ ]

Grn  —slwdilr +W02(2W015+W812)Cf1§;1 + o slwgi Gt + “’32(27‘“0175 + "~’181)24171<271 *5[‘%1@1 *, f§4(2‘*’025 +
W03(2Wf{15 + w36 G W Qo+ Wi (2wors + Wi )¢ <3 E"J04(2"J015 + wB)G G e
wOl)Cl Ca ] W01)((2‘U025 + Woz)(ﬁ Cz <4 + (2woss +

‘*’os)Cl Cs 44 |
NB: F'=30_) Fy, 2503 = 22 + 3, (1 = (s + wo1)%, G2 = (s + wo2)2, G = (s + wo3)?, and G4 = (s + woa)?.
1) The noise suppression improves as wef 1) decrease the 7lv1wo,lv1w(2),lvgwo,lvgwg,]T
number of subfrequency levels that receive the measured
noisy signal y, and ii) pass y through the lowest subfre- Ac11 0 0 0 0
quencies in the ESO. 0 e 12 0 0 0
2) Higher numbers of cascaded levels (as in CP-ESOs) in- 0 0 a1 0 0 0
. . . €
crease the noise suppression, but reduce disturbance re-
c A = 0 0 ac 22 0 0
jection performance. e
3) Higher numbers of paralleled levels (as in PC-ESOs) 0 0
increase the disturbance rejection. 0 0 0 Ay 0
L O 0 0 0 Ac.v2 ]
)
V. STABILITY ANALYSIS —lawy 1
anda,;; =| 0 |, Vie{l,2,...,V},andj € {1,2}.
~ . . . 2
Lete, = 0 — 6 (0 = {z, F'}) be the estimation error. With- —ligwg

out loss of generality, the analysis is for a case when the proposed
PC-ESO has V parallel branches and two cascaded sub-ESOs
per branch. The estimation error dynamics is

- LN

o — Aeea + EV(Wres) (8)

where v(wpes) is the residual unestimated total distur-
bance at residual frequencies wyes, N is the measure-
ment  noise, E:[le(4v_1),1]T, ee=0—06 (0=|[%11,
Fn,212,F12,521,F217222,F22,~--72V1,FV1,5\/2,F\/2]T),
L= [luwo, 1110-)37 l1awo, llzwé, la1wo, 5210-287 l2awo, 122(«03,

The observer parameters [;; are selected such that A is Hurwitz.
Proposition: The system defined by (8) which has state e,
and input V is input-to-state (ISS) stable.
Proof: We shall apply a change of variable to the scaled error
vector

e, = ¥ :=Ke, (10)
where K := blkdiag(lCo,lCl7 ..., Kuy), and K; := diag
(wg(j_l),waj,wo( D w o). So, (8) becomes

U = CAK'¥ + KEv — KLN
= woHY + wy MEv — woLNV (11)
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Fig. 8. Bidirectional DC-DC boost converter.

where H = A, for wg = 1in (9).

Assumption 1: The mth-order derivative of F (F(™) =
V(wyes)) is bounded such that |v| < €;.

Assumption 2: Output sensor measurement noise N is
bounded such that |A] < €.

Let W =% RW¥ be a Lyapunov function within range
2| ®||2 < W < ao||P||%, where A1, Ao are, respectively, the
smallest and largest eigenvalues of a symmetric positive-definite
matrix R, whichis a solutionto RH + H'R = —I. The deriva-
tive of W based on (11) gives

W < —wo || @[> + 2wp ™ V]| R [ ¥ ]| + 2uwo | N|RL| | 2|
(12)
so that

W< — (1= )woll[ 2]

V@] > xawy MY + e |RL| (13)

2)1€1 2e2

where y € (0,1) is a constant, x. = , and Xeo = =
Based on Assumptions 1, 2, the lower bound of ||| belongs
to a class of strictly increasing functions with zero-value at
the origin [21]. Invoking the comprehensive definition of ISS
stability in [21], the system (8) is ISS stable. [ |

VI. POWER CONVERTER MODELING AND CONTROL

In this section, the models for model-based and proposed
MFPC with noise suppression will be formulated.

A. Model-Based Predictive Control

The bidirectional boost converter (see Fig. 8) has the follow-
ing continuous conduction mode model:

Lpdiz = ;= Ryig — (1 — u)v,
fddqf v R.fZL . (I —wu)v (14)
Cre = (I—u)ip —i,
where u € {0,1}i.e.,u = O0when S5 = (S1,52) = (0,1),and

u = 1when S15 = (1, 0). By Euler’s forward discretization, the
state predictions are

L(k)+ 135 (vin (k) = (1=w)vo ()
(1 = w)ir(k) —io(k))

in(k+1)= (1—Rfi)
vo(k+1) =vo(k) + cf

15)
where iy, = 0.5(iz (k) + ir(k + 1)) is the average inductor cur-
rent between two samples.
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1) Current Reference: The power balance between input and
output leads to the reference current [28]

20, (k)io(k)
where k1, is the proportional controller gain.

2) Optimization: To achieve current control, the optimiza-
tion problem entails minimizing the cost function

iy (k+) = —ir(k) + kprTs(v5 (k) — vo())

(16)

Jy(k) = (ip(k+ 1) —ip(k +1))° (17)

subject to constraints of the maximum inductor current 7%,
and maximum output voltage vJ™* (e.g., whenever i} (k + 1) >

7%, 7% is used as the reference).

B. Model-Free Predictive Control

The ultralocal model of the inductor current dynamics is

di
£:F+au

dt (18)

where F' is the total disturbance term that subsumes L%(Uin —

Riy, — v,); and « is the control input gain with an initial tuning
value of oy = “—LU [24]. The standard ESO predicts estimates for
i1, and F, respectively, as

{A' L(k+1) =i (k) + T (E (k
F(k+1) = F(k) — (L

)+au(k)) =y (s (k) —if ()
(k) — i (k))

19)
where {71,772} = {2Tswo, Tswi} are the observer gains, T}
is the sampling time, and 7" is the measured inductor current.
Reference current and cost function are computed from (16),
(17), respectively, by substituting i;, with i,. The predicted
output voltage is

volk 4 1) = v (k) + ==

c; (20)

(1= win k) —io(k))

C. Proposed Model-Free Control With Noise Suppression

In order to attenuate measurement noise, PC-ESO and CP-
ESO (modeled in Section III-B) will be employed for state
predictions.

1) PC-ESO Discretization: PC-ESO-3 modeled in Table II
has discretized subfrequency estimates as

ip (k+1) =101 (k) + T (Fy(k)+au(k) —Tsyi (ip.m(k))
Fy(k+1) = F1 (k) — Toyor (in.m (k)
ina(k+1) =ipa(k)+To(Fo(k) +ou(k)) = Teyia(ir.m(k))
EFy(k+1) = Fy(k) — Toyoa(in.m(k))
ELS(k+1):'LL (k) +T(F3(k)+ou(k)) —Teys(ir2.1 (k)
Fy(k+1) = F3(k) — Tyyos(iraa (k)

21
where T is the sampling time, %L.m(k) = %L(k) — a7 (k),
i12.1(k) = tr2(k) — ir1(k), and all other variables are as earlier
defined in Section III.
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Fj (k + 1) terms in (21) are inputs for the predicted inductor
current and total disturbance estimated by PC-ESO

{ Lk +1)=ip(k)+ T, (Z] B (k+1)+au(k)) -3,

F(k+1)=F(k) - E,

K R X (22
where iy = 5(y11 +731) iz (k) + 13 (k) — i (k) — iza (k).
and  F, = (12 +732) (i (k) + 1p3(k) — i7" (k) — ir2(k)).
Output voltage prediction is computed with (20).

Remark: The direct expressions for 7, and F, from the
PC-ESO structure in Fig. 3 are i, = %Wll(h(k) —i7(k)) +
3731 (izs(k) —ira(k)), and Fy = yia(in(k) — i (k) +
%’}/32(%L3(k5) —iz2(k)). Since the gains are halved, this will
cause slower response and poorer disturbance rejection. This
informs the formulation in (22) with the average of gains.

2) CP-ESO Discretization: CP-ESO-3 A modeled in Table IT
has discretized subfrequency estimates as

ina(k+1) —le(k:)+T (ﬁl(k)"‘au(k))_TS’YH(%L.m(k))
Fy(k+1) = Fy (k) = Tova1 (in.m(k))
ira(k + 1)—2L2(k)+T (Fa(k)+ou(k) —Teya(ip2.a (k)
Fy(k +1) = Fy(k) — Toyaa(inai (k)
irs(k + 1)—1L3(k)+T (F3(k)+au(k)—Toys(is.a (k)
Fy(k + 1) = Fy(k) — Toyes(izsa (k)

(23)
where T is the sampling time, %L.m(Ak) = iL(k:) — i (k),
ir21(k) =ipa(k) —ip1(k), irs1(k) =ip3(k) —ip1(k), and
all other variables are as earlier defined in Section III.
F}(k + 1) terms in (23) are inputs for the predicted inductor
current and total disturbance estimated by CP-ESO

in(k+1)=1p(k)+T, (i Fj(k+1)+au(k)> —i
j=1

Fk+1)=F(k) - E,

) ) ) ) (24)
where i’Y = %TS (’)/12 + ’)/13)(iL2(k‘) + iLg(k) — QiLl(k‘)), and
E, = %Tg (’)/22 + ’}/23)(iL2 (/{) + iLg(k) — 20711 (k)) Output
voltage prediction is computed with (20).

3) Adaptive Operation: Performance improvements can be
obtained from both PC-ESO and CP-ESO when their parameters
are adapted to dynamic system conditions. Transient state is
active if the total change in absolute value of i, over four
consecutive samples exceeds a preset threshold.

a) PC-ESO Adaptive Mode: A closer inspection of %7
and 13’7 in (22) reveals that they have common current sums
that comprise a disturbance rejection and a noise suppression
term. Hence, adapting the relative weights of these terms can
modify the characteristics of PC-ESQO’s results. During adaptive
mode, the disturbance rejection term is weighted by x,. €
{0, 1}, and the noise suppression term is weighted by (1 — xc)
as follows:

(k) — 7 (k))
(1 = Xpe) (111 + v31)(ins(k) — ng(k))
F'y,adapt = XPC('YIQ + '732)(”1( ) (k))
+(1 = Xpe) (112 + 732) (ir3 (k) — le(k))

%'y_adapt = ch(711 + 731)('

(25)
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Fig.9. Proposed MFPC of a bidirectional DC-DC boost converter. (a) Overall
control. (b) Adaptive PC-ESO. (c) Adaptive CP-ESO.

signals

Fig. 10.

Experimental test bench.

PC-ESO’s adaptive mode is useful when there is high measure-
ment noise: during steady state, ), = 0, and during transient
state xp. = 1 [see Fig. 9(b)].

b) CP-ESO Adaptive Mode: The intrinsic disturbance re-
jection for CP-ESO is weaker than ESO-1. Therefore, adaptive
methods are necessary. This article proposes a full adaptive
structure: both current and total disturbance are computed with
a higher bandwidth (4wy in this article) during transients, and by
the normal bandwidth during steady-state [see Fig. 9(c)]. This
is different from [24] that applied a split adaptive structure.

VII. EXPERIMENTAL VALIDATION AND DISCUSSION

The overall proposed control scheme is illustrated in Fig. 9.
It was experimentally validated on a laboratory test bench [see
Fig. 10]. PLECS software was used to generate the codes for
Imperix B-BOX RCP 3 to control the power converter com-
prising two silicon carbide MOSFETs and passive filters. The
ADCs are 16-bit ADS8568 from Texas Instruments. The rapid
control prototyping setup includes dual-core ARM processor
and FPGA. The system was tested under two cases: output
voltage v, =40 V (Case A), and v, = 150 V (Case B). The
key parameters of the system are: filter parameters Ly = 2.3
mH, Cy = 1e3 p F, load resistance Ry, = 40 €2, sampling fre-
quency fs = 20 kHz, proportional controller gain k,, = 15,



254

Time [0.025 s/div.]
(@

Time [0.025 s/div.]
(b)

Time [0.025 s/div.]
(©)

Fig. 11.  [Experimental results:] Startup current control. (a) CESO. (b) PC-
ESO. (c) CP-ESO.
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Fig. 12.  [Experimental results:] Output v, reference tracking.

bandwidth wy = 3e3 rad/s. Case A: vi, = 30 V, control input
gains o for ESO-1, CESO, PC-ESO and CP-ESO, respec-
tively, are {2.5e4, 2.65¢4, 3.1e4, 1.75e4}, and inductor current
limit 7% = 10 A. Case B: vi, = 80 V, control input gains
a for ESO-1, CESO, PC-ESO, and CP-ESO, respectively, are
{6e4, 54,5e4, 6ed}, and i = 15 A. v = v} for both cases.
Hybrid ESO parameters are designed, as described in Section II-
I-C.

a) Startup Performance: The poorer disturbance estima-
tions of CESO (and other hybrid ESO with cascade structures)
cause higher startup current when tuned for good noise sup-
pression. Therefore, the adaptive schemes discussed in Sec-
tion VI-C3 limit inrush currents for PC-ESO and CP-ESO.
Fig. 11 shows that the startup current is effectively reduced from
19.8 A (CESO) to 7.2 A (for PC-ESO and CP-ESO) to protect
the power converter from overcurrents.

b) Step Change in Output Reference Voltage: The re-
sponse to step change in output reference voltage from 40 to
50 V is shown in Fig. 12. The proposed PC-ESO and CP-ESO
were capable of accurately tracking the designated references.
The rise times of both PC-ESO and CP-ESO (at M = 1.05,
when they are not tuned for noise suppression) are faster than
that of the standard ESO (ESO-1) by 2.5 ms.

MPC is not affected by the ESO bandwidth; hence, it has the
fastest dynamic response. The experimental tests were done at a
relatively low ESO bandwidth wy = 3e3 rad/s (typical in related
literature e.g., [22], [23]), hence the dynamic responses of all the
ESOs are slower than MPC’s. However, when wy is increased to
20e3 rad/s, all the ESOs have identically fast dynamic response
as MPC’s (not shown).

c) Step Change in Input Voltage: Since renewable energy
sources experience weather-induced output variability, it is nec-
essary for the control performance to be robust to variable input
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Fig. 13. [Experimental results:] Step change of input voltage (Case A).

(a) CESO. (b) Proposed CP-ESO. (c) Proposed PC-ESO.
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Fig. 14. [Experimental results:] Step change of input voltage (Case B,

wo = 1e3). (a) CESO. (b) Proposed CP-ESO. (c¢) Proposed PC-ESO.

voltage vi,. The impact of a step change of input voltage vj,
from 15 to 30 V for Case A is shown in Fig. 13. The proposed
ESOs effectively regulated the output voltage to the reference. In
Fig. 13, the proposed PC-ESO produced lower undershoot and
ripples than the conventional CESO. Furthermore, for Case B in
Fig. 14, reducing wy to 1e3 rad/s shows the superior disturbance
rejection of the proposed methods over CESO under low ESO
bandwidth (ESO-1, not shown, has identical performance to
CP-ESO).

d) Step Change in Load: In Fig. 15, for Case A, the load
was decreased by 50%, resulting in a rise in inductor and load
currents. CESO was unable to regulate v, to the reference after
the disturbance. However, the two proposed methods effectively
rejected the disturbance and sustained accurate reference track-
ing, due to the adaptive schemes. In Fig. 16 (Case B), when the
load was decreased by 25%, the proposed methods sustained the
v tracking.

e) Noise Suppression Performance: The measured induc-
tor current was summed with white noise of standard devia-
tion 3.0. The comparative performances of six control methods
are shown in Fig. 17 for Case A. The measurement noise in-
creased the inductor current i, ripples significantly for both
MPC and ESO-1. However, the proposed PC-ESO and CP-
ESO were effective in suppressing the impact of noise, re-
sulting in much lower 7y ripples: 3.97A for CP-ESO, and
428 A for PC-ESO versus 9.0A for MPC. In addition, the
proposed methods produced the lowest output voltage ripples
among the compared methods: 25.0% and 18.8% less ripples
for CP-ESO and PC-ESO, respectively, than MPC. ESO-1 at



BABAYOMI et al.: MFPC OF DC-DC BOOST CONVERTERS: SENSOR NOISE SUPPRESSION WITH HYBRID EXTENDED STATE OBSERVERS 255

* 1

40 Wit "™

Time [0.025 s/div.] Time [0.025 s/div.]
() (b)

* *

=
111 S

=}

=

o

o

iL

Time [0.025 s/div.]
() (d)

Time [0.025 s/div.]

Fig. 15. [Experimental results:] Step change of resistive load (Case A). (a)
ESOL. (b) CESO. (c) PC-ESO. (d) CP-ESO.
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Fig. 16. [Experimental results:] Step change of resistive load (Case B).

(a) ESO-1. (b) CESO. (c) Proposed CP-ESO. (d) Proposed PC-ESO.

lower bandwidth of 500 rad/s [see Fig. 17(c)] produced iden-
tical ¢z, noise suppression as CP-ESO, but at 35% longer rise
time.

Noise suppression performances for Case B are shown in
Fig. 18. The proposed methods have 57.3% (for CP-ESO) and
54.9% (for PC-ESO) lower steady-state ripples than MPC. The
proposed PC-ESO has 13.3% faster rise time and 5.5% lower
steady state ripples than ESO-1. The ESO-based methods are

TABLE IV
SUMMARY OF EXPERIMENTAL RESULTS

MPC ESO-1 CESO PC-ESO CP-ESO
Noise 7y, ripple (A) 8.960 7.980 6.780 4.280  3.970
Noise v, ripple (V) 0.800 0.800 0.650 0.650  0.600
Mismatch |Av,| (%) 18.750 4.500 7.250 1.500  6.250
Comp. time (us) 2.734 2.669 3.142 3.069 3.141

Yellow highlights: key indices improved by this study.

slower than MPC for reasons earlier explained in Section VII-b.
Furthermore, for a balance between noise suppression and speed
of dynamic response, CP-ESQO’s noise tuning parameter was set
to M = 1.5. Higher values of M for CP-ESO give better noise
suppression with slower dynamic response.

f) Mode Change Performance: Fig. 19 shows the per-
formance of the proposed method under sudden change from
charging mode to discharging mode. The results demonstrate
the ability of the proposed methods to support effective and
stable mode-change performance. The charging voltage (40 V)
and current (2.4 A) are the nominal values for Fig. 19.

g) Robustness to Parameter Mismatches: The con-
trolled system was subjected to parameter mismatches of
{0.5L,1.5Ly} for all the compared methods in Case A. The
proposed PC-ESO and CP-ESO had v,, variations of 1.5% and
6.25%, respectively, while MPC had 18.75% variation (see
Fig. 20 and Table IV). Av, is the maximum percentage change
in ripples (due to mismatch) relative to nominal parameter
conditions. Dynamic performance was also tested under param-
eter mismatches of {0.2Ls, 5Ly} (values that distinguish the
robustness differences of the compared methods) for Case B,
when v, was changed from 100 to 120 V. The results shown in
Figs. 21 and 22 show that while MPC is severely influenced
by model parameter mismatches, the proposed methods are
robust to parameter uncertainties. All the control methods had
negligible sensitivity to parameter mismatch of C'y, so the results
are not shown.

h) High Sampling Frequency Performance: The perfor-
mances of the proposed methods were validated at a high
sampling rate of 1.0 MHz, which is typical of high-density
power electronic applications. For all the dynamic changes
of input voltage (see Fig. 23) and load change (see Fig. 24),
the dynamic response and disturbance rejection of the pro-
posed methods were not deteriorated—including under mea-
surement noise conditions (see Fig. 25). At high sampling
frequencies (above 150 kHz), high-frequency-induced noises
in power converters are more dominant than at lower fre-
quencies [9]. The results in Fig. 25 show that the pro-
posed methods are insufficient alone to suppress the com-
bined noises generated at high sampling frequencies. Thus,
complementary techniques for high-frequency noise miti-
gation will be beneficial e.g., spread-spectrum modulation,
gate driver optimization, and appropriate passive/active filter
design [29].

i) Computational Time: The average computation time,
per sampling period, during steady state, is shown in Table IV.
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Fig. 18.  [Experimental results:] Noise suppression performance (Case B). (a) MPC. (b) ESO-1. (c¢) Proposed CP-ESO. (d) Proposed PC-ESO.

The proposed PC-ESO- and CP-ESO-based predictive control
lower ripples and better robustness than CESO, while requiring
2.32% lower computation time, and about the same time than
CESO, respectively. The proposed methods can improve the
noise suppression performance by up to 55.6% with a slight
increase of 15.88% in the computation time than conventional
MPC or ESO-1.

Jj) Overall Experimental Performance: PC-ESO and CP-
ESO produced the best noise suppression and robustness results.
Measurement noise-induced ripples (for Case A) were reduced
by up to 55.6% and 25%, respectively, for iz, and v,. Although
CP-ESO’s noise suppression is superior to the PC-ESO’s, the
proposed PC-ESO has better robustness to parameter variations
than CP-ESO. These superior results for PC-ESO and CP-ESO,
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Fig. 22. [Experiments:] 5L parameter mismatch (Case B). (a) MPC.
(b) Proposed CP-ESO. (c¢) Proposed PC-ESO.

from Figs. 17 and 20 (summarized in Table IV for Case A)
were achieved without an increase of the computation time over
CESO’s.
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VIII. CONCLUSION

The model predictive control of bidirectional boost converters
applied to renewable energy sources deteriorates due to sensor
measurement noises and model uncertainties. Therefore, this
study proposed a new ESO to mitigate the dual challenges:
the hybrid PC-ESO. PC-ESO is an ultralocal MF-ESOs with
intrinsically better noise suppression, than the ESO-1. Several
higher order structures for both PC-ESO and the CP-ESO were
also introduced. Comprehensive theoretical analyses show that
the proposed hybrid ESOs produce superior frequency-domain
disturbance estimation and noise suppression that neither the
conventional ESO or cascade ESO can produce alone. Ex-
perimental results validate the effectiveness of the proposed
hybrid ESOs in for robust predictive control of the BDBC.
Measurement noise-induced ripples were reduced by 55.6% and
25%, respectively, for inductor current and output voltage. In
future studies, we shall apply the proposed methods to multi-
phase interleaved dc—dc converters and other dc—dc converter
topologies as well.
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