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Boost Converter Interfaced High-Power DC
Microgrid Using an Adaptive Observer-Based
Nonlinear Control Scheme
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Abstract—The features of low current ripple and high voltage
gain make the interleaved multilevel boost converter (IMBC) a
promising topology to link low-voltage and high-power energy
sources and the dc bus of the microgrid (MG). Considering the mod-
ern dc MG is highly penetrated by the constant power loads that
threaten the system stability, a large-signal stabilization scheme
for the IMBC-based dc MG is proposed in this article. An adap-
tive sliding mode observer (ASMO) is developed to estimate both
matched and mismatched disturbances and, further, improve the
control performance. Since the knowledge of the bounds of the
disturbances and their derivatives is not required in the ASMO,
a wide range of disturbances can be estimated. In addition, a
unified reduced-order state-space model of the IMBC is derived
to facilitate the design of the proposed control law. Moreover, a
novel phase current balancing compensator is designed to balance
the input phase currents of the IMBC. Finally, simulation and
experimental results are demonstrated to show the effectiveness
of the proposed method.

Index Terms—Constant power load (CPL), dc microgrid
(MG), disturbance observer, interleaved multilevel boost converter
(IMBC), large-signal stabilization, sliding-mode control (SMC).

I. INTRODUCTION

ITH the developments of renewable energy sources
(RESs) and energy storage systems (ESSs), the dc mi-
crogrid (MG), which is one of the effective platforms to interface
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these sources and various loads, has drawn great interest. Con-
sidering the low and varying terminal voltage features in the
RESs and ESSs, those sources are not suitable to link the dc MG
directly [1]. To fill this gap, the boost-type converter is generally
used to interface the sources to the dc bus of the MG.

The traditional boost converter (TBC) is an effective solution
in many cases. However, due to the evitable parasitic elements
in practice, its actual voltage gain is limited. Moreover, the
drawback of high current ripple makes the TBC unsuitable
for some sources, such as the fuel cell and battery [2]. In
addition, the inductor current saturation problem prevents the
utilization of TBC in high-power applications. To overcome the
drawbacks of the TBC, an interleaved multilevel boost converter
(IMBC) has been proposed [3]. Thanks to the combination of
the interleaved structure (IS) and the Cockcroft Walton voltage
multiplier (CWVM), the IMBC possesses the advantages of both
the traditional interleaved boost converter [4] and multilevel
boost converter (MBC) [5]. Specifically, the TIBC part allows
the IMBC to operate in a low input current ripple and a high
input current saturation boundary, and the MBC part provides the
IMBC with a high stepup gain, self-voltage balancing feature,
and low component voltage stress. Considering the numerous
merits above-mentioned, in this article, the IMBC is selected as
the interface converter for DGs, RESs, and ESSs in the dc MG.

With the penetration of power electronic devices into the
modern dc MG, there exist many active loads, such as the
motor driver and the converter-based appliances, that behave as
constant power loads (CPLs) when they are tightly regulated.
As the name suggested, the CPL consumes constant power
with any dc bus voltage level. Hence, in the view of dc MG,
the CPL shows the features of negative incremental impedance
and high nonlinearity, which significantly threatens the system
stability [6]. In addition, considering the high bandwidth of
the CPL, the potential speedy and large CPL power changes
introduce large-signal disturbances into the system, which fur-
ther challenges the system’s stabilization. Therefore, to alleviate
the negative impacts of the CPLs on the dc MG and
guarantee the system stability, the control schemes for the source
side interfacing converters, such as the IMBC, are necessary to
be designed.
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Passive damping approaches have been widely adopted to
stabilize the CPL-fed systems. Specifically, these approaches
directly use extra passive components, such as resistors [7],
capacitors [8], or LC filters [9], to increase the system damp-
ing. However, the extra physical elements result in additional
weight, losses, and costs. Furthermore, the damping is usually
limited by physical constraints. To increase the system damping
without using the physical circuits, the active damping methods
have been proposed [10], [11], [12]. In Lu et al.’s work [10],
the virtual impedance is introduced into the dc MG system
to maintain the system poles in the stable region. However,
the additional impedance deteriorates the load performance. A
virtual-resistor-based robust control method has been reported
in Narm et al.’s work [11]. Although the dc MG system can be
stabilized in a simple way, the resulting dc bus voltage deviation
is not expected. In Zhang et al.’s work [12], a source-side series
virtual impedance injection method has been presented. By
establishing an equivalent source-side impedance, the desired
stability margin can be achieved without degrading the perfor-
mance of the CPLs. It is worth noting that both the passive and
active damping methods are designed on the small-signal model
of the system, which only ensures the system stability in a small
neighborhood of a predefined system operation point. Hence,
the actual operation point may be drawn out of this stability
region by the large-signal disturbances, such as the frequent
RES fluctuations and high amplitude of load power variations,
thereby destroying the system stability.

To fill the gaps of the small-signal-based methods, the large-
signal-based methods considering the intrinsic nonlinearity of
the system with CPLs have been reported in many previ-
ous works. A passivity-based controller with a complementary
proportional—integral (PI) controller has been proposed to reg-
ulate the dc—dc boost converter feeds CPLs [13]. However, the
controller design demands an accurate system model for achiev-
ing satisfactory tracking performance and transient responses.
In [14] and [15], the MPC technique is adopted for the dc
MGs with CPLs. Although the expected control performance is
achieved, the online computation efforts will grow exponentially
with the expansion of the system scale, which results in heavy
computational burdens. A robust sliding mode control (SMC)
for a conventional dc—dc boost converter with the CPL has been
proposed in Singh et al.’s work [16]. Since the controller design
is based on a constant input side voltage, the control performance
is sensitive to input voltage disturbances, which are unsuitable
for RES-based applications. In Peng et al.’s work [17], the mixed
potential theory is adopted to address the large-signal stability
criterion of the parallel-connected dc—dc converters. The derived
stability criterion helps the selection of circuit parameters and
controller gains. However, the used simplified model is a lin-
earized system, which degrades its effectiveness on other con-
verters. Recently, some nonlinear disturbance observer-based
backstepping control strategies have been proposed to stabilize
the dc MG system with CPLs [18], [19]. In these strategies, the
bounds of the disturbances and their derivatives are assumed to
be known to design the controller, which limits their practical
applications. In Wang et al.’s work [20], a high-order sliding
mode observer is adopted to estimate the disturbance in a finite
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Fig. 1. Simplified DC MG fed by a M-phase N-level IMBC.

time, which improves the dynamic performance of the regulated
dc MG system. Nevertheless, the information of the disturbances
and their ¢th (¢ = 1,2,3,4) time derivatives are also required.
Moreover, the aforementioned large-signal-based methods are
mainly employed for conventional buck or boost converters, the
modeling processes and the corresponding large-signal-based
control strategies for the dc MG interfaced with the complex
converters, such as the IMBC, are rarely discussed.

To fill gaps in existing works, in this article, a combined
control strategy is proposed to stabilize the dc MG system
interfaced by the IMBC. The main contribution of this article
can be listed as follows.

1) A unified reduced-order model of the IMBC, which con-

sists of the IS part and the CWVM part, has been derived.
The structure and order of the proposed model are fixed,
and they do not change with the changes in switched
capacitor levels and interleave phases.

2) Anadaptive sliding mode observer (ASMO)-based sliding
mode control (SMC) strategy has been developed for
the IMBC interfaced dc MG system to guarantee the
system large-signal stability. Compared to some existing
works [18], [19], [20], [21], [22], much wider ranges
of disturbances can be handled by the proposed control
strategy, which improves the robustness of the regulated
system against the unknown disturbances.

In addition, a proportional-integral-resonance-based phase
current balance compensator (PCBC) is added to keep interphase
current equally sharing with eliminated oscillations caused by
the weak sources and CPLs [30].

The rest of this article is organized as follows. In Section II, a
generalized reduced-order model of the M-phase N-level IMBC
is derived. The ASMO-based SMC is reported in Section III, and
the corresponding large-signal stability analysis is addressed. In
Sections IV and V, the simulation and experimental results are
demonstrated, respectively. Finally, Section VI concludes this
article.

II. REDUCED-ORDER MODEL OF THE IMBC

To lower the analysis complexity, a simplified topology of the
IMBC fed dc MG is deduced, as shown in Fig. 1. Note that the
equivalent loads of the dc MG mainly contain resistive loads
and the CPL. R, and Pcpy, represent the equivalent resistance
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of lumped resistive loads and the equivalent power of the CPL,
respectively.

A. Model Derivation

Before designing the controller for the IMBC, the correspond-
ing mathematical converter model should be derived. Consider-
ing the high complexity and cascaded structure of the IMBC,
the modeling process is carried out in two steps. First, using
Kirchhoff’s laws to analyze the M -phase interleaved network,
the following averaged model can be obtained as:

lefi% =F — (1 — dl)vcl
LQ% = E — (]. — dg)’UCl
. . (1)

L]w d%tM =F — (1 — dM)Ucl

where M is the number of the inductors in the interleaved
network, 7, indicates the current passes the inductor of the ith
phase, i.e., L; (i =1,2,..., M), E denotes the nominal value
of the input voltage, v.; represents the voltage across the first
output capacitor (C7) of the voltage multiplier (VM) network,
and d; is the duty ratio of each the ith phase.

Assuming each inductor shares the same inductance L and
the PWM switching signal of each phase is generated using the
same duty ratio d with expected phase shifts, the model given in
(1) can be simplified as

diin

Lea gy

=F—(1-dva 2)
where i, = Zﬁl i1 is the total input current and Leq = L/M
is the equivalent input inductance.

According to (2), the M-phase interleaved network can be
equivalent to a single-phase network with the input inductance
of Ley. Hence, using (2) and the VM network model reported
in Villarreal-Hernandez et al.’s work [23] yields a generalized
reduced-order model of the IMBC

disy, Ubus

L =F—(1-
“dt (1-d) N

dUbus . .

Ceq FT (1 = d)ism — Ni,
Ubus | FepL N+ M(N -1)

o - ) Ce = O 3
' RO Ubus 4 N ( )

where 7, is the output current, vpys = Zfi 1Vej = Nvgy de-
notes the dc bus voltage, and C' indicates the capacitance of
each capacitor in the /N-level VM network (all the capacitors
are in the same capacitance).

B. Model Validation

To verify the accuracy of the proposed generalized model,
both the frequency-domain and time-domain validations are
carried out in this section. Two different parameter sets are used
in the validations, and the details of system parameters are listed
in Table I.

1) Time-Domain Validation: To validate the large-signal ac-
curacy of the proposed model (3), some simulations with +10%
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TABLE I
PARAMETERS FOR MODEL VALIDATION

Description Symbol ~ Value (Set 1)  Value (Set 2)
Switching frequency fs 20 kHz 20 kHz
Number of level N 3 2
Number of phase M 3 2
Nominal input voltage E 100 V 100 V
Nominal dc bus voltage V! 600 V 400 V
Inductance 330 pH 360 puH
Capacitance C 470 pF 470 puF
Resistive load R, 10 10
CPL PepL 5.0 kW 5.0 kW
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Fig. 2. Output voltage dynamic responses for £10% duty ratio step changes

of the IMBC with (a) parameter Set 1 and (b) parameter Set 2.

duty ratio step changes have been conducted using the MAT-
LAB/Simulink. Fig. 2(a) and (b) shows the dynamic output
voltage responses of the IMBC using the parameter Set 1 and
Set 2, respectively, where the blue dotted wave indicates the
response obtained using the proposed model and the red solid
wave is the response obtained using the simulated circuit. As
seen from the figures, good matches are achieved between the
proposed generalized model and the simulated IMBC circuit in
time-domain for various sets of system parameters.

2) Frequency-Domain Validation: To validate the small-
signal accuracy of the proposed model in frequency-domain,
the transfer function between the duty ratio d and the output
voltage vy, is derived and given as

Ubus a1s + ag
G = — =
d(S) d b282 + b1s + by

ap = —E*R,( 532)2 [PCPLRo - (Vglelfs)Z:|
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Fig. 3. Frequency-domain responses of the IMBC with (a) parameter Set 1
and (b) parameter Set 2 (dotted star curve obtained from the simulated IMBC
circuit; solid blue curve obtained from the (4).

01 = Leg (WD) [ (P Bo)? — (Vi) ]
bo = NR,E? [(Vbrifsf - PCPLR0:|

by = Leg NERZ (VL)

bus

b = CeaLeaPRo(Vik)” [PorL Ry — (ViL)'] )
where the symbols with the tilde “~” denote the small-signal
perturbations.

Then, using the circuit parameters given in Table I, the bode
plots of both (4) and the corresponding simulated circuit (es-
tablished in MATLAB/Simulink) can be obtained as shown in
Fig. 3. Specifically, Fig. 3(a) and (b) is plotted using parameter
Set 1 and Set 2, respectively. It can be seen from both figures
that, the frequency responses of the proposed model are in good
agreement with those of the simulated electric circuit up to half
of the switching frequency (10 kHz) for both sets of system
parameters. Based on the validation results obtained from both
time-domain and frequency domain, the proposed generalized
reduced-order model has a high accuracy, which is available
for the controller design and system analysis on the M-phase
N-Level IMBC system.

In practice, the deviations in the inductance and capacitance
are unavoidable, and the terminal voltage of the input source may
also differ from its nominal value (such as the battery operates
with a low state-of-charge). Hence, without losing the generality,
the reduced-order model given in (3) can be rewritten as

diin

Leg + AL

= (E+AE)—(1 —d)v}?\}‘s
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dvbus
dt

where AL and AC are the equivalent uncertainties in inductance
and capacitance, respectively; AE represents the unknown de-
viation in the input source terminal voltage.

Note that, in this article, only the nominal values of the circuit
parameters, such as L, C, and F, are known. The deviations be-
tween actual values and nominal values are treated as unknown
uncertainties.

(ch + AC) = (1 - d)iin — Ni, (5)

III. SMC DESIGN

In this section, an adaptive ASMO-based SMC algorithm is
designed for the IMBC with CPL. The main control objective
is to let the dc bus voltage vpys tightly track its reference v
without the steady-state error even in the presence of large-signal

disturbances.

A. Model Transformation

Although the reduced-order model of the IMBC is derived, the
intrinsic nonlinear feature is still not friendly to the controller de-
sign. Referring to Sira-Ramirez and Ilic-Spong’s work [24] and
considering the stored energy and input power of the IMBC, the
original nonlinear model (3) can be transformed to a canonical
linear form of (7) by using the following new state variables:

1 -2 1 Vbus \2
L1 = §Leqzin + §HO(#)
To = Eiin

(6)

where x; represents the nominal value of the total energies stored
in the IMBC, x- indicates the converter input power and H =
N+ M(N —1).

Based on (5) and (6), the time derivatives of the new state
variables can be calculated as

:i?1:$2—|—ul
Ty = v+ up N

where the v indicates the intermediate control law, and ©; and us
are unmeasurable disturbances. The corresponding expressions
are given as

E Ubus
v= o [E-0-d ]
C ACUpys , ‘
Uy = (_'Ubuslo‘f'linAE) - m [Zin (1 —d) —NZO]
eq
ALiin Ubus
——— |E+AF —(1—
. LeaPAE — EALIE — (1 — d) ] ®)
? Leq(Leq + AL)

Herein, d is treated as the actual control law, which can be
derived as
B NE n N Leqv

d=1 .
Evbus

©))

Ubus
It is worth mentioning that, in this article, the term “distur-
bances” is not limited to the disturbances caused by external
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impacts, circuit uncertainties, and so on. It is similar to the
concept of “total disturbance” proposed by Han [25], which is
a multivariable function containing system states, uncertainties,
unmeasurable parameters, and external disturbances.

After the model transformation, the reduced-order model (5)
is equivalent to its diffeomorphism (7), and hereafter, the control
objective is changed to regulate the total stored energy x; track
its reference z'¢" asymptotically.

According to (6), 2 and x5 can be identified as

(10)

1 Vref
ref - ref\2 - bus
Leq(I ) +2HC< N)

75t = BI

(11
assuming the power loss of the IMBC is negligible, based

on the principle of input/output power balance, the following
relationship can be held:

Z111(E‘ + AE) out (12)

where P, indicates the converter total output power.
Based on (12), the reference of the total input current ¢;,, can
be defined as
P out — iinAE
— 5
In addition, at steady-state, the following relationships involve
the dynamics listed in (5) can be obtained:
diin
dt

I = (13)

Ubus

=0
N

[(Leq—i—AL) LS:E—i—AE—(l—d)

d us . .
”'1 } = (1 —d)izn — Nig=0. (14

[(Ceq + AC)

Substituting (14) into (8), disturbance u; at steady-state can
be expressed as

—VUhusto + Z'inA-E = Z'inA-E - Pout' (15)

Ulss =

Now, using (12)—(15), the references of x; and z2 [given in
(10) and (11)] can be rewritten as

2 ref
ref - “Ulss - Vbus
i) e

¥ = —uy . 17

(16)

B. Adaptive Sliding-Mode Observer

According to (7), the disturbances u; and uy deteriorate both
the dynamic and steady-state performance of the studied system,
and their unmeasurable features make such impacts hard to be
eliminated only using the feedback control law. To fill this gap,
an ASMO is designed in this section, which can compensate for
the disturbance impacts in a feedforward manner.

Considering both u; and u mainly consist of physical circuit
parameter deviations and the input/output power of the IMBC,
it is reasonable to make the following assumption.

Assumption 1: The first and second order time derivatives of
the disturbance u;(t) satisfied

SuP¢>o ‘UZ(t” < I'j1,8ups~g |“z(t)‘ <Tia (18)
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where the upper bounds I';; and I'; are unknown positive
constants, and only the order of I';5 is known. Noted that the
bounds of the disturbances are not necessary for the observer
design, which includes a wider range of disturbances compared
to several existing works [18], [19], [20], [21], [22].

Defining the following variables:

Cu1 =21 — 21
Cuz = T2 — 22
&1 = 22 — hy15gn(Cur)[Cur | + G

Ty = 0 — hyosgn(Cu2)|Cua ™2 + o

19)

where z; and u; (i = 1, 2) are the estimations of the x; and u;,
respectively; h,; and A,; (¢ = 1,2) are positive constants, and
0< Ay <1

Using the variables defined in (19), the ASMO to estimate the
disturbance u; is designed as

C_F g o A
{Suz Cuz + huzbgn(Cuz)‘Cuz‘ (20)

U = — (kui + Yui) 580 (Sui)
with the following adaptive gains:

kui = _Pungn<0m‘)

0 ,when |o ;| < ooui @n

G — {nui lowi| , when [0y > ooui
ur —
where
Pui = QOui T Qi
1
@ |¢uz‘ — Eui

O'ui:k

(Jgui = L [_

Tui

(kui + ’Yui) SgH(Sm‘) - ¢’ui] . (22)
The sgn(e) indicates the signum function, and the observer
gains Bui, Yuis Muis O0uis C0uis Euis Tui> a0 ly; are user-defined
positive scalars.

Then, using (7) and (19), the proposed ASMO (20) can be

rewritten as

Sui = Ui — Uy

: (23)

i = — (Kui + Yui) s80(Sui)-

According to [26], under Assumption 1, s,; =0 can be
achieved in finite time if the observer gains are selected to satisfy
the following conditions:

lyi > sup ( |?m|
12

E’l2L’L >0 + 1 luze2 2
4 Ouz 6741

where sup(e) represents the supremum function.

Hence, based on (23) and (24), once the appropriate observer
gains are selected, the disturbance estimation 4; will converge
to u; in a finite time, and the convergence time can be defined
as Typ.

>7O<ﬂui<1

(24)
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C. Controller Design

Since the disturbance wu; is not available in many practical
scenarios without using extra sensors, the exact value of the
state variable references given in (16) and (17) are hard to obtain
directly. Based on the conclusion drawn in the previous section,
u; s able to converge to u; within a finite time 7gp,. Therefore,
the following equations can be achieved at steady-state:

(25)

U] = Uss and Uz = Uogs.

Then, it is reasonable to use the estimated state variable
references, which are given as (26) and (27), to establish the
control law

1 —a\? 1 et 2
sref 1 - bus
et = 2Leq<> +2HC( ) (26)
5t = 0. (27)

Using (26) and (27), the state error variables are defined as
€r1 — L1 — i,rlef (28)
epy = To — TR (29)

Considering (7), (28), and (29), a sliding surface is designed
as

Sz = Az€gz1 + €x2 (30)

where a, is a positive constant.
To achieve the expected sliding motion, an SMC law using
the estimations from ASMO is given as

V= — am(eﬂ — i,rlef) — ’&1 — T:LQ

— Kasgn(sy) — Kgo8, 31

where K g1 and K9 are positive SMC gains to be designed.

D. Large-Signal Stability Analysis

Considering the proposed ASMO-based SMC given in (20),
(30), and (31), the main proposition of this article is given as
follows.

Proposition 1: Based on Assumption 1, once the inequalities
given in (24) are held and the SMC gains K41 > 0, Ko > 0,
and a, > 0 are selected, the studied M-phase and N-level IMBC
system regulated by the SMC law given in (31) is asymptotically
stable, and the dc bus voltage vp,,s converges to V; °/ asymptot-
ically.

Proof: Considering the finite-time convergence feature of the
ASMO), the proof is carried out in two steps. During ¢t < Tgy, the
disturbance observing errors e, and e,,5 do not converge to zero,
and the corresponding dynamics of the regulated system can be
expressed as

S Aref
€r1 = €2 + Cul — xl

. Aref
€ro = —ay (exz — zrf’> — Kg1sgn(sy)
_KSQSI + Cu2

téz = Qgeyl + €y2 — Kslsgn(sx) - K5251~

(32)
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A finite-time bounded function is defined as [27]

1
Vot (€1, €2, 82) = 3 (€2, +e2y+52).

Based on (32), the time derivative of Vg is derived as

(33)

Vot = €x1€51 + €x2€z2 + 555,
Aref 2
= ez1€z2 t €x16y1 — Cx1Ty — Qg€ho + €z2€y2
Aref
+ Ay €yl — KslerQSgn(sm) - Ks26125x

2
+ Az€ylSy + €u2Sz — K51|S:c| - KSQS:E

S |e:vlew2| + |eajleul| + |e$1£,rlef‘ + |€:E26u2|
+ ax|€ac25érlef| + Ksl‘€x2| + Ks2|e:c23x|

+am|eulsr|+|€u25x‘~ (34)

Using Young’s inequality on (34) yields

. 1 1 1
Vor < B (651 + 63252) + 5 (631 + 631) + 5 (632 + 632)

1 Aref Qg Are

5 [+ @]+ 5 [+ @)
K, K,

+ 71 (1 + 6312) + 72 (63}2 + 83)
Gy

+5 (€2, +52) +

< Ky Vor + Wyt

(€25 +52)

DO | =

(35)
where

Ky =max{3,2+ a, + K¢1 + Ko}

1
Wy = 5

Since all the elements consist of Kf and ®y¢ are bounded, the
finite-time bounded function Vi will not escape in finite-time,
and hence, e;1, e,2, and s, are bounded during ¢ < T, [28].

Once t > Ty, the disturbance observing errors e, and e,
converge to zero. The resulting dynamic of the sliding variable
Sy 18 given as

aze?; +2e2, + (14 ap) ()2 + K| .

$p = —Kgisgn(s,) — Kgo8,. (36)
Defining a candidate Lyapunov function as
Vie = 552 37
Taking the time derivative of V, yields
Vie = —Kisa| — Kozs] (38)

which implies the sliding variable s, = 0 can be achieved in a
finite time.
Based on (30), s, = 0 results in

€p2 = —Qz€y1. (39)
Then, using (28), (39), and e,,;; = 0 yields
i1 = —ag(z1 — 2f). (40)
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Solving (40) yields

z1(t) = ce” %t 4 ot (41)

where cis constant. Hence, by appropriately selecting the ASMO
and controller gains, the regulated system is asymptotically
stable and vpys converges to its reference V™ asymptotically.

The proof is completed. |

E. Phase Current Balancing Compensator

In previous sections, the reduced-order model given in (5) is
used to design the ASMO-based SMC. However, considering
the circuit parameter and duty-ratio deviations in practice, the
use of the total input current as the state variable may result
in imbalance issues between the interphase currents, which
increases the input current ripple and lowers the conversion
efficiency [29]. To solve the issues, a simple but effective PCBC
is adopted in the closed-loop IMBC system. The main control
objective is to guarantee each interphase current shares the same
value of inye = i /M.

Considering that CPLs may cause the low-frequency and
subsynchronous oscillations in the dc MG system, the adopted
PCBC is designed using both the PI and proportional-resonance
techniques, which can be expressed as

ki 2k, swes
d(?om: k J rs¥wc
! <p+8+82+2wcs+wg>

com
i

(42)

where e5°™ = (lave — i1;); kp, ki, and k,. are positive controller
gains; w,. and w, are the cutoff frequency and the resonance
frequency, respectively. Note that the first two items are the PI
part, which is in charge of controlling the dc component while the
third item is the resonance part, which handles the low-frequency
components.

According to Wang et al.’s work [30], the frequency of the
oscillations caused by the weak sources and CPLs are generally
lower than 5 Hz. Hence, it is reasonable to select w, = 18.85
rad/s (around 3 Hz) which is a midpoint. The value of w,
determines the width of the resonance frequency, in this article,
it is selected as w. = 0.314 rad/s (around 0.1 Hz). In addition,
to avoid the controller interactivity, the values of k,, k;, and k,,
should be selected to guarantee the bandwidth of the PCBC is
much lower than that of the proposed ASMO-based SMC.

Then, the final control law of each phase can be derived as

di =d+d°"i=1,2,..., M. (43)

The overall block diagram of the proposed controller is given
in Fig. 4.

IV. SIMULATION RESULTS

Considering the numerous observer gains and control gains
used in the proposed ASMO-based SMC, brief tuning guidelines
of the critical gains are given to simplify the controller design.
The effectiveness of the proposed controller against various
types of large-signal disturbances is verified by corresponding
cases. The circuit parameters used in this work are summarized
in Table II. In addition, a comparative study involves a PI
controller and the proposed controller is carried out to show
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Fig. 4. Overall control diagram of the proposed strategy.

TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS

Description Symbol Values
Switching frequency fs 20 kHz
Input voltage E 100 V
Nominal dc bus voltage véﬁi 400 V
Interleaved inductor Li/L2/Ls 1.0 mH
Multilevel capacitor C1/C2 470 uF
CPL Pepp. 2.0 kW

the advantages of the latter in terms of the dc bus voltage
stabilization. Without losing the generality, a three-phase and
two-level IMBC is adopted for all simulations.

A. Parameter Tuning Guidelines

Since the proposed control scheme consists of the ASMO and
the SMC, both the observer gains and controller gains impact
the dynamic performance of the regulated system. The tuning
guidelines of the observer gains are addressed first.

In the simulations, the system starts up with mixed loads,
where the resistive load power Pr = 1.6 kW and the CPL power
Pepr, = 2 kW. At t = 0.015s, the resistive load is plugged out
and the system operates with the pure CPL. At ¢ = 0.03s, the
power of CPL step changes from Pepp, = 2kW to Pepp, = 6 kW.
To figure out the impacts of the observer gains on the observing
performance, in each simulation, only one gain is varying and
others are fixed.

Assuming AE = 0, according to (15), the negative value of
the disturbance w; at steady-state is approximate to that of the
output power F,,. Hence, the disturbance estimate %, should
converge to — P,y at steady-state. Fig. 5(a) shows the dynamic
responses of u; with different h,;. From the zoom-in figures,
it can be seen that the lower h,,; results in a faster convergence
rate of 4. Fig. 5(b) illustrates the dynamic responses of ¢ with
various ;. It can be found that the greater «v,; increases
the convergence rate of ;. The dynamic responses of 4 with
varying 7,,; are given in Fig. 5(c). As seen from the figure,
the value of 7,,; significantly impacts the dynamic of 4. In
detail, the larger value of 7,,; provides u; a shorter settling time.
Fig. 5(d) shows the responses of 1 with various values of ;.
Clearly, the increases of (3,,; slow down the convergence of ;.
The responses of ; using various values of v;_,; and 7y _,,; are
shown in Fig. 6(a) and (b), respectively. It can be obtained that
v1,+ has no distinct effect on the estimate dynamics while the
greater 2, ; results in a shorter converging period during startup.
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Fig. 6(c) demonstrates the dynamics of 4, for the varying e,;. 7
Similar to agy; and 7,;, the increments of &,; speed up the 6 L
convergence of 4. In Fig. 6(d), the response waveforms of 5 : I
. . . H I
with various 7,; are shown. It can be seen that the smaller 7,; S f : _
leads to a shorter converging period of #1, especially in the Fap ot \ " ]
. ~ . . . 1
startup stage. The dynamic responses of u; with various A,; is 2 . [
givenin Fig. 7. Obviously, the value of X,,; has a negligible effect gLt
. . I
on the dynamic performance of the estimator. ol s
o . . - 0 0.07 0.02 0.03 0.04 0.05
Considering the simulation results shown in Figs. 5-7, the Time(s)
turning guidelines of the observer gains can be roughly given as
follows Fig. 7.  Dynamic responses of the estimator @1 with various A,,; (¢ = 1,2).
1) Large values of gy, 1ui, and g,; are suggested to be
chosen to guarantee acceptable dynamic estimating per- 3) After determining the previous five parameters, a reason-
formance during both the startup and power changing ably great v, ,; and a small 7,,; can be set to achieve a
periods. desired dynamic estimating response in the startup stage.
2) Small values of h,; and (3,,; should be selected to further 4) A small value of v;,; can be selected to alleviate the

improve the dynamic performance of the estimator. chattering problem caused by (20), and 0 < A,; <1
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should be chosen to guarantee the finite-time stable of
Next, the selections of the controller gains are analyzed. Fig. 8
shows the dynamic responses of v, in the presence of CPL step
changes (from 2 to 6 kW). Based on all three sub-figures, it can
be obtained that choosing large values of Ko and a, provide
a short settling time and a lower dip in the transient dc bus
voltage. In addition, since K51 has no obvious contribution to
the transient response of vy,,5, @ small K47 should be selected to
relieve the chattering problem caused by the SMC. Note that, to
achieve the desired control performance, the bandwidth of the
SMC is expected to be much slower than that of the ASMO.

B. Proposed Controller Verification

According to the tuning guidelines given previously, the
appropriate ASMO gains and SMC gains can be selected. To
simulate the worst stability condition, pure CPL is adopted for
the following simulations. The corresponding simulation results
of the closed-loop IMBC system in the presence of various
disturbances are shown in the following.

1) CPL Variations: Fig.9(a) shows transient responses in the
presence of pure CPL changes. Specifically, Pcpr, jumps from
2.0 to 6.0 kW at t = 0.05 s, and, then, drops to 4.0 kW at ¢
=0.07 s. It can be noticed that the impacts of the CPL changes
on the dc bus voltage are eliminated within 5.0 ms, and the
interphase current balance and self-voltage balance are achieved
well during the transients and steady states.

2) Input Voltage Variations: Fig. 9(b) shows transient re-
sponses of the studied system in the presence of input voltage
changes. In detail, &2 drops from 100 to 60 V at ¢ = 0.05 s
and, then, increases to 80 V at ¢ = 0.07 s. Again, the dc bus
voltage is regulated to its reference with a short transient period
(within 3.0 ms) and the interphase currents balance and the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024

i(A)
Y
o o o
N

0.045 0.05 0.055 0.06 0.065
(a) Time(s)

210
g 200 #
* 190 —

0.07 0.075 0.08

0.03 0.04 0.05 0.06 0.07 0.08  0.09

(b) Time(s)

"\

0.07

0.04 0.05 0.06

(c) Time(s)

0.08 0.09

Fig.9. Dynamic responses of the IMBC in the presence of (a) CPL variations,
(b) input voltage variations, (c) output voltage reference variations.

self-voltage balance through the switched-capacitor network are
still achieved. It is worth noting that the voltage dips caused by
E variations are negligibly small.

3) Output Voltage Reference Variations: Fig. 9(c) shows
transient responses of the IMBC in the presence of Vi, vari-
ations. At ¢t = 0.05 s, V! steps up from 300 to 400 V, and
then further rises to 500 V at ¢ = 0.07 s. It can be seen that
Ubus tightly tracks its new references within 5.0 ms. Meanwhile,
the three-phase inductor current balance is also held during the
output voltage reference changes. Meanwhile, the three-phase
inductor currents and terminal voltages of the switched capac-
itors are also balanced well when the output voltage reference
changes.

4) Robustness of Parameter Uncertainties: Fig. 10 shows the
output voltage responses of the IMBC with the proposed strategy
against the circuit parameter uncertainties. In this simulation,
four groups of inductance and capacitance, Case 1: L; = 1.2,
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C;=11C,Case2: L; =12L,C; =09C, Case 3: L; =0.8L,
C;=11C,Case 4: L; =08L, C; =09C, i =1,2,3,j =
1, 2.) are considered. It can be seen that the proposed controller
provides almost the same voltage responses regardless of the
circuit parameter deviations. Hence, the proposed controller has
strong robustness against the circuit parameter uncertainties.

5) Effectiveness of the ASMO: To verify the effectiveness of
the ASMO, the comparative simulation results of the IMBC,
respectively, controlled by the pure SMC and ASMO-based
SMC are shown in Fig. 11. In this case, the CPL increases from
2.0 to 6.0 kW at 0.10 s while returning 2.0 kW at 0.15 s. Due
to the absence of ASMOs, the pure SMC is designed based on
the references 2™ and 2%, instead of 2% and £, the condition
of uy + 25" = 0 will be destroyed when the CPL is changed
to 6.0 kW. Thus, the output voltage of the pure SMC-regulated
IMBC drops to 382 V, while the output voltage of the IMBC
controlled by the proposed ASMO-based SMC can accurately
track the desired voltage reference. This simulation result shows
the effectiveness of the ASMO.

C. Comparison With the PI Controller

To show the superiority of the proposed controller in terms of
regulating IMBC-based dc MG with CPL, a comparative study
involving the proposed controller and a PI controller is carried
out. In this study, only the CPL is adopted in the dc MG to
simulate the worst system stability condition. To achieve a fair
comparison, gains of the PI controller are fine-tuned to achieve
similar system transient responses to the proposed controller.

Fig. 12 shows the dynamic responses of the system controlled
by the proposed controller and the fine-turned PI controller,
respectively. It can be found that, although both controllers
provide similar dc bus voltage transient responses during the
CPL power changes, the PI controller fails to stabilize the system
under the heavy CPL case. The results imply that the system
regulated by the proposed controller holds a wider stability
margin compared to that using the PI controller.
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Fig. 13.  Hardware experimental platform.

V. EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed controller in
practical applications, an experimental platform, as shown in
Fig. 13, is built up. In the following experiment verifications, a
three-phase two-level IMBC experimental prototype is adopted.
The dc voltage source is connected to the dc bus by the inter-
facing IMBC and the Chrome programmable electronic load is
programmed to operate as a CPL. The control algorithm in Fig. 4
is implemented using MATLAB/Simulink and then coded into
dSPACE real-time control card to generate corresponding PWM
signals and then drive the power switches in the IMBC model.

In the following figures of experimental results (see Fig. 14),
FE represents the input voltage; vpus, V1, and veo indicate the dc
bus voltage and output side capacitor voltages; i1, i12, and i3
are the inductor currents. To show the advantages of the proposed
controller in the worst stability condition, the experiments are
conducted using pure CPL without resistive loads.

1) CPL Variations: Fig. 14(a) shows experimental results of
the system in the presence of CPL power variations. Initially,
a 2 kW-CPL is connected to the dc bus. At t = 0.76 s and
t = 1.46 s, the CPL power steps to 4 and 6 kW, respectively.
As seen from the figure, the dc bus voltage rapidly returns to
its reference 400 V (within 8 ms) with negligible steady-state
error after each CPL power variation. In addition, the three-
phase inductor currents are balanced successfully at both the
transient and steady states. Meanwhile, the waveforms of v.;
and v.5 imply the self-voltage-balancing between the capacitors
is achieved.

2) Input Voltage Variations: Fig. 14(b) shows the experimental
results of the studied system under the input voltage variations.
The CPL in the power of 2.5 kW is used in this experiment
case. At t = 0.76 s, the input voltage drops from 100 to 50 V.
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Fig. 14.  Dynamic responses of the IMBC in the presence of (a) CPL changes,
(b) input voltage changes, and (c) output voltage reference changes.

It can be seen that the impact of input voltage disturbance is
eliminated within 20 ms. Then, the input voltage steps to 80 V at
t = 1.42 s. Again, the dc bus voltage is stabilized at its reference
of 400 V after a short transient period (within 24 ms). Note that
the self-voltage balancing of the capacitors and the phase current
balancing of the inductors are held during the input voltage
variations.

3) Output Voltage Reference Variations: Fig. 14(c) shows the
experimental results of the studied system in the presence of
output voltage reference variations. Also, the 2.5 kW-CPL is
used in this experiment. When the output voltage reference drops
from 400 to 300 V at ¢ = 0.76 s, the dc bus voltage rapidly tracks
its new reference value within 30 ms. At ¢t = 1.44 s, the output
voltage reference jumps to 600 V. Similarly, the dc bus voltage is
regulated to its new reference with negligible steady-state error
and short settling time.

According to the experimental results, the proposed ASMO-
based SMC guarantees the large-signal stability of the IMBC-
based dc MG with CPL, and both the fast system transient per-
formance and dc bus voltage tracking are achieved. In addition,
the features of self-voltage balancing in capacitors and phase
current balancing in inductors are ensured in the presence of
various large-signal disturbances.

VI. CONCLUSION

In this article, an ASMO-based SMC is proposed to guarantee
the large-signal stability of the IMBC interfaced dc MG system
with high penetration of CPLs. To simplify the controller design
and system analysis, a generalized reduced-order model of the
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M-phase N-level IMBC is derived. Based on this model, an
ASMO is adopted to estimate the disturbances without knowing
their boundaries, which contributes to improving the system’s
dynamic performance and alleviating the chattering problem of
the SMC. In addition, the self-voltage balancing and phase cur-
rent balancing of the interface converter are achieved. The effec-
tiveness of the proposed control law is verified by simulation and
experimental results. It is worth noting that the proposed control
scheme is also feasible for many other converter topologies.
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