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Abstract-The interleaved floating dual boost converter (IFD-
BC) is well known for its high voltage gain and low current
and voltage ripples. Besides, thanks to its interleaved structure,
this topology is quite suitable for high-power applications,
such as the solar photovoltaic or energy storage systems that
are employed to feed or buffer the DC microgrid (MG). In
modern MGs, tightly regulated power electronic loads, which
behave like constant power loads (CPLs), are penetrating.
Such loads exhibit negative incremental impedance and thus,
threaten the DC bus voltage stability in MGs. To stabilize the
DC bus voltage of IFDBC fed MG in presence of rapid and
large load disturbances, this paper proposes a new nonlinear
disturbance observer (NDO) based sliding mode control. The
proposed method guarantees global stability of DC bus voltage
regulation and provides fast dynamic responses. In addition,
to simplify the design of the proposed approach, a generalized
reduced order model of IFDBC is developed. Simulation and
experiment results are presented to verify the effectiveness of
the proposed control approach.

Index Terms— Interleave boost converter, sliding-mode con-
trol, constant power load, nonlinear disturbances

I. INTRODUCTION

UE to their eco-friendly nature, the renewable energy
sources (RESs) are increasingly used in modern power
systems to mitigate the environmental problems and energy
crisis [1]. Since many RESs, such as PV generations and
fuel cells, are DC in nature, they can be integrated into the
DC microgrids (MGs) without extra AC/DC or DC/AC power
conversion. However, because of the low and varying terminal
voltage produced by RESs, it is infeasible to connect the RESs
to the MG DC bus directly [2]. To solve this problem, high
boost ratio DC/DC converters are generally needed [3]-[5].
The conventional DC/DC boost converter can not provide
high enough voltage gain owing to the inevitable parasitics
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in practical circuits [6]. To obtain high voltage gain, plenty
of high voltage gain DC/DC converters have been proposed
in last decades, such as Luo series converters [7], multilevel
converter [8], diode-capacitor-based converter [6] and etc.
Nevertheless, due to the inductor magnetic saturation problem,
these high gain converters are not suitable for the high-power
applications [9]. To simultaneously obtain high voltage gain
and high power operation ability simultaneously, the inter-
leaved floating dual boost converter IFDBC) is proposed [10],
[11]. Thanks to its interleaved structure, both the input and
output current/voltage ripples are suppressed, which allows
small size inductor and capacitor to be adopted to increase
the system power density and enhance system reliability.

In the modern DC MG, the power electronic loads are
increasingly used [12], [13]. Since the tightly regulated power
electronic loads are constant power loads (CPLs) in steady-
state and may vary rapidly in the large signal sense during
transients, they are called as CPLs in this paper for simplicity.
Since the CPLs show the characteristics of negative incremen-
tal impedance and nonlinearity, the stability of the DC MG is
severely threatened [14], [15]. Consequently, controlling the
interface converters, such as the IFDBC, to ensure the stability
of DC MG systems becomes a challenging issue.

To meet the increasing demands of stabilizing the DC MG
with CPLs, many control strategies have been proposed in
recent years [15] - [27]. These control strategies can be
categorized into linear approaches and non-linear approaches.
Among the linear approaches, passive damping method is
widely used to enhance the system stability. By introducing
the passive components to the system, the negative incremental
impedance can be fully compensated [16]. However, the pas-
sive damping methods introduce extra physical components,
such as capacitors and resistors, which increases system costs
and power losses. To avoid these disadvantages, some active
damping methods have been presented. The main idea active
damping is to inject virtual impedance to shape the system
loop gain and achieve system stability. In [15] and [17], a
virtual resistance is injected into the source converter to keep
the system dominant poles in the left-half complex plane.
A source-side series virtual impedance control method is
presented in [18]. Such active damping technique not only
provides the system a satisfying stability margin, but also
improves its dynamic response. However, since the linear
approaches are applied based on the linearized small-signal
system model, the resulting system stabilities are only valid
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effects of the system uncertainties and external disturbances on
the tracking performance are significantly alleviated. However,
the required extremely high computational burden limits its
value for practical application. The feedback linearization
methods have been presented in [21], [22] to eliminate the non-
linearity and negative effects introduced by CPLs. However, as
compared with other non-linear control schemes, this method
usually provides relatively slow system dynamics [19]. In
[23], an input-output linearization scheme is proposed for
the boost converter which feeds CPLs. Through transfer the
non-minimum phase boost converter system to a minimum
phase system, the system large-signal stability is achieved.
However, this method is circuit parameters sensitive. The
system uncertainties and un-modeled disturbances deteriorate
the control performance. Recently, a disturbance observer
based backstepping controller has been developed for the
conventional boost converter with CPLs [24]. With the help
of the disturbance observer, both accurate tracking and large-
signal stability are achieved by the backstepping stabilizer.
However, the restrictive assumption on the disturbances ex-
cludes a large class of practical disturbances, which makes the
controller less attractive in terms of practical implementation.
A passivity-based control scheme for the DC/DC converter
has been reported in [25]. The negative incremental impedance
caused by the CPL is damped by shaping the system energy
dissipation function. However, there exist a compromise be-
tween the tracking accuracy and the system transient response,
if the system model is not accurate enough. Since the interface
converters operate in variable structures, the sliding-mode
control (SMC) scheme is pretty attractive in stabilizing the MG
system with CPLs. In [14], a fixed-frequency SMC has been
designed for a buck converter feeding CPL. The stability in the
sense of large signal is guaranteed. However, it requires extra
output current sensor which increases the hardware cost and
output impedance. A robust SMC for a conventional DC/DC
boost converter with CPL has been presented in [26]. Since
the controller design is based on the assumption of constant
source voltage, the control performance is sensitive to the
source voltage disturbances which are unavoidable in practical
applications. Another novel SMC for a boost converter which
feeds CPL has been proposed in [27]. Since a relatively large
switching gain is required to ensure the system stability, the
consequent severe chattering problem makes it less attractive.
In addition, afore-mentioned control strategies are mainly
designed for the conventional DC/DC converters. The large-
signal stability of the advanced converters, such as the IFDBC,
with CPLs is rarely discussed [28], [29].

To overcome the afore-mentioned challenges and stabilize

MG system fed by IFDBC in the large-signal sense, a com-
bined non-linear controller is presented in this paper. The main
contribution of this paper can be listed as:

1. A generalized reduced-order model of the IFDBC has
been derived. Based on this reduced-order model, a new
state-variable coordinate system for the IFDBC has been
developed to simplify the controller design and the system
stability analysis.

2. A nonlinear disturbance observer (NDO) based sliding
mode controller (SMC) has been developed for the IFD-
BC to prevent the large-signal stabilities of both the
IFDBC and DC bus voltage from being deteriorated by
the CPLs.

Thanks to NDO’s rapid and accurate estimations of the circuit
uncertainties and output current, fast dynamic responses are
achieved in presence of rapidly varying disturbances without
using extra current sensor [30]. In addition, an inter-phase
current balancing compensator is adopted to keep the current
equally shared among different phases.

The rest of this paper is organized as follows. In Section
II, a generalized model for the N-phase IFDBC is develpoed.
Section III describes the design of the combined controller
for the IFDBC system. In addtion, The large signal stability
of the closed-loop system is demonstrated. Simulation and
experimental results are given in Section IV and Section V,
respectively, to show the effectiveness of proposed controller.
Finally, conclusions are drawn in Section VI.

II. GENERALIZED MODEL OF INTERLEAVED FLOATING
DuaL BoosT CONVERTER

A generic schematic of the DC MG fed by a N-phase IFDBC
is shown in Fig. 1. As can be seen from the figure that plenty
of DC and AC loads are indirectly fed by the IFDBC through
the DC bus. Once these converters are tightly controlled, they
behavior as CPLs. Such loads introduce severe nonlinearity
and negative incremental impedance effect to the DC MG,
which deteriorates the DC bus voltage stability [31]. To simply
the system analysis, a lumped schematic of the DC MG fed by
IFDBC is given in Fig. 2. Among this figure, V;,, represents the
input voltage of IFDBC, which is provided by the RESs; i1,
indicates the current flowing through the input side inductor
L; (i=1,2,3,...,N); the total output voltage is defined as
V. Ve1 and veo, respectively, represent the voltages across C'y
and Cj5. In addition, the resistive loads and CPLs are lumped
and expressed as Ry and Pcpy, respectively.
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Fig. 2. Simplified schematic of the DC microgrid fed by an N-phase IFDBC

A. Reduced-Order Averaged State-Space Model

Using Kirchhoff’s laws and model averaging technique, the
averaged model of Module 1 shown in Fig. 2 can be derived
as,

L; dzﬁi = Vin — (1 —u;) ve

Nz . )
Cr%et = 3 ip; (1 — w;) — dowt

i=1

where iout = (Vout/Rr + Popr/vout) is the converter output
current, and u; (¢ = 1,2...N/2) indicates the duty ratio of
the ith phase of the IFDBC.

Assuming that the inductors in different phases possess the
same inductance due to system symmetry [10], and using
identical duty ratio (u; = umy for ¢ = 1,2...N/2) with
appropriate phase shifts to generate PWM switching signal for
each phase, a generalized reduced-order model of the Module
1 of the N-phase IFDBC can be derived from (1) as,

L diing — [V;n -

eqd dt (1 - uml) Ucl] )
Cl Z;l - iinl (1 - uml) - Z.out
N/2
where 4,1 = Y ir; is the total input current of Module 1
i=1

and L., = 2L/N is the equivalent input side inductance.

Similarly, the generalized reduced-order model of Module 2
can be derived as,

diin2 _
Leq 7dt2 - [V; - (1 - Um2) UCQ] (3)
C12 d;};z - iin2 (1 - um2) - Z-out
N
where i;,2 = Y. iz, is the total input current of Module

i=N/2+1
2 and u; = upmo fori =5 +1, 5 +2. . N.
Combining (2) and (3) and considering the circuit parameter
uncertainties, the generalized reduced-order model of the N-

Vout = Vel + Ve2 — sz (5)

Hence, the main control objective is to regulate the voltage
of each module (v.; and v.2), individually, to achieve v,,; =
Vier. Then the desired converter total output voltage (DC bus
voltage) can be obtained as,

V;“ef = Q‘Qrej' —Vin (6)

where Virer (Vorer = (Veep + Vin)/2) represents the desired
steady-state value of the capacitor voltages v.; and v.2, which
is determined by V;..; and Vj,.

III. CONTROLLER DESIGN

In this section, an NDO based SMC is designed for the
N-phase IFDBC with CPL to ensure the DC bus voltage v,
tracks its reference value V... ¢ even in presences of large signal
disturbances.

A. Canonical form transformation

Motivated by [32], to design the NDO based SMC to
regulate the IFDBC system, the proposed model given in (4)
is transferred into a linear canonical form first. To obtain
the linear canonical system model, according to the work in
[31], [33], a new set of state variables which can describe the
IFDBC systems is given as,

_ 1 -2 1 2
T = §L8q7’in1 + chvcl
Ty = Vinlin1

_ 1 -2 1 2
T3 = §L€qlin2 + 502’002
Ty = VvinlinQ

)

where z; and x3 represent the total energy stored in the
Module 1 and Module 2 in the IFDBC, respectively, and -
and x4 stand for the input power of Module 1 and Module 2
in the IFDBC, respectively.

Using (7), the time derivative of the new state variables can
be obtained as,

&1 = Leglin1tin1 + C10c10c1
&y = Vinlin1

T3 = Leq_iin2iin2 + Covealen
j:4 = VviniinQ

®)

Substituting (4) into (8) yields (9) which is given at the
bottom of next page. Then, by expressing,

ALyin
Leg + ALy
AC v
-G+ AG

dl = _vcliout - [szn - (]- - Uml) Ucl]

[iinl (1 - uml) - iout]
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—VinALy ically. Th ions of i
dy = m [Vin — (1 = Upm1) Ve1) totically. The expressions of x1,.cy 0 T4, are given as,
eq eq 1
Liref = %Leqliﬁ + %Clvﬁef
ALQiinZ Loref = Vvin-[refl
N (1 — 15
d3 Ve2lout qu n ALQ [‘/177, (]. Um2) ,UCZ} Tapef = %Lequefg + %CQ‘/C?‘GJ ( )
ACyvep . . Taref = V;nlref2
- C A [linZ (1 - um2) - Zout] (10)
2+ AC, where 22, and x4, are the reference values of xp and x4,
Vo AL respectively, and I..¢; and I,.ro denotes the references of the
_V 5 N -
= oy By + ALy Ve (1 ) v o and e
eq (Leqg + 2) Considering the input/output power balance, .1 and I,.c 2
) can be derived as,
Vv (1 — U 1) Vinv 1
by — —in _ 27 Uml) VinUcl Vre t Lout
! Leq Leq IT'efl = I7'6f2 = % (16)
K3
V2 (1 = tmz) Vinves where I,,; represents the total output current at steady-state.
ko = Lm - % It is worth noting that the disturbance terms d; (i €
4 4 {1,2,3,4}) are strongly related to the converter output cur-
the state-variable dynamics (9) can be rewritten as, rent and physical system uncertainties. Therefore, taking the
iy = 29 + dy practical situation into account, these disturbances and their
By = ki + do derivatives are bounded. Considering the above-mentioned
i3 = 23+ ds (I situation, the following assumption can be made,
P i ) Assumption 1: The disturbance term d; and its derivative d;

where ki and ko are the virtual control laws for Module
1 and Module 2, respectively. It is noted that (11) is a
diffeomorphism form of the reduced-order model given in (4).

Based on the operation mechanism of the IFDBC
[10], it is easy to obtained that, as compared to the
values of module output power vcitout and Vesiout,
those of [‘/zn - (1 - Uml) Ucl], [‘/1 - (1 - Um2) UCQ]’
[tin1 (1 — wm1) — tout] and [iino (1 — Uma) — iout| are quite
small. Hence, the disturbances d; and ds can be reasonably
simplified as,

dy =
ds =

—Vellout
—VUc3lout

(12)

Using (10), the actual control laws u,,1 and w,,o are derived
as,

V2 — Legk
g = 1 = - (13)
V2 Lok
Uy = 1 — nviv;? (14)
mbvc

After the diffeomorphism coordinate transformation, the
main control objective of driving v, to track V.. is trans-
formed to driving stored energies x; and xz3 to converge to

are bounded and defined by,

dimax = sup |dz (t)‘ 7Jimax = sup dz (t)‘ ai S {11 27374}
t>0 t>0

B. Traditional SMC design

In this subsection, an SMC for the N-phase IFDBC system is
proposed. Since there exist two control laws in the model given
in (11), considering (11) and (15), two independent sliding
surfaces are designed as,

a7
(18)

81 = G1€g1 + €32 — Tiref

S92 = 2643 + g4 — L3ref

where ey, = z; — Tirey for (i € {1,2,3,4}) are defined as
the state errors; 4.y denotes the derivative of x ;s for (j €
{1,3}); a1 > 0 and az > 0 are user defined controller gains.

According to (15) and (16), all the references of the state
variables are related to the steady-state load current I,,;.
However, since [,,,; is determined by the system loads which’s
information is usually difficult to be obtained, the actual value
of the references x ;.. for (j € {1,2,3,4}) are unknown in
many cases. Hence, here, the nominal values of ;¢ (J €
{1,2,3,4}), which are constants, are used to design the sliding
surface (17) and (18), and the derivatives of x;,..y are zero.

Using (11), the derivative of the sliding surface s; can be
obtained as,

their corresponding reference value z1,.; and xs..; asymp- $1="Fki+ a1 (22 +d1) +do (19)
21 = Vinlin1 — Vertout — % [V; - (]- - 7-’fml) vcl] - % [Zinl (]- - uml) - Z.out}
j:2 = ‘L/:; [‘/in — Vc1 (1 - uml)] - #ﬂm [‘/;n - (1 - uml) Ucl] (9)
23 = Vinlin2 — Ve2lout — LAcherlAmLzz [V; - (1 - uW?) UCQ] - CézizAv(ng [ii”2 (1 - qu) - iout}
¥ i i'n.A
g = 7 Vin — ve2 (1= ume)] — (157 Vin — (1 — tma) vez]
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Letting k1 = —a1x2 — Kq15gn (s1) — Ks251, Eq. (19) can be
rewritten as,

$1 = aydy +do — Kgsgn (s1) — Kgas1 (20)
Similarly, by designing the control law ky = —agxy —
Kssgn (s2) — K52, the derivative of so can be derived as,
$9 = agdz +dy — Kzsgn (s2) — Keusa (21)

Defining a candidate Lyapunov function as,
Vs (51, 82) = %sf + %sg (22)

then, using (20) and (21), the time derivation of V; can be
obtained as (23) which is given at the bottom of next page.
Hence, with the conditions of (K + Kgols1|) >
(aldl max 1+ d2 max) and (KS3 + Ky |52|) >
(a2d3max + damax), it can be obtained that the system
state errors ey (i € {1,2,3,4}) will asymptotically converge
to the sliding surface s; = 0 and sy = 0, respectively.
According to (17) and (18), s; = 0 and sy = 0 yields,

(24
€pa = —02€43 (25)

Considering (11), (24), (25) and definitions of e,;(i €
{1,2,3,4}), the resulting ideal sliding-mode dynamics can be
expressed as,

€x2 = —A1€x1

(26)
27)

€r1 = —Q1€g1 + di + Tapey

€3 = —Q2€:3 + d3 + Taref

Egs. (26) and (27) indicate that the state errors e,; and
ez3 can converge to their desired equilibrium point if and
only if di + x2,c¢ = 0 and dz + T4rer = 0, respectively.
However, the mismatched disturbance d; and ds3 are varying
and hard to be detected, and, as mentioned previously, both the
references Ta,cy and x4,y are constants, which are calculated
using the nominal value the circuit parameters. Therefore, it
is impossible to ensure dy 4+ T2,cf = 0 and d3 + T4,.f = 0 all
the time. As such, the steady-state error in the DC bus voltage
is inevitable.

Remark I: Based on (26) and (27), although extremely
large of a; and as can make the DC steady state error in
bus voltage negligibly small, those may also dissatisfy the
conditions of (K1 + Ko |s1]) > (a1dimax + d2max) and
(Ks3 4+ Ksq182]) > (a2d3max + damax), and further desta-
bilize the whole system.

Due to the lack of knowledge of the disturbances and circuit
parameter uncertainties, the traditional SMC cannot ensure
the state errors converge to their desired equilibrium point
although all the state errors reach the designed sliding surface.
To fill this gap, a controller combined with the sliding-mode
technique and the disturbance observe technique is designed
in next subsection.

C. NDO based SMC design

Based on (12), the instantaneous value of load current 7,,;
can be obtained using the disturbances d; and ds. Hence,
the actual value of the references z;,.; for (i € {1,2,3,4})

can be calculated as long as the disturbance d; and d3 can
be accurately estimated. In addition, according to (11), the
disturbances d; (i € {1,2,3,4}) also affects the system
dynamics of the IFDBC system. To overcome the drawback
of the pure SMC and achieve desired system dynamics and
tight system output tracking, the NDO technique is adopted.

According to [30], [32], the NDOs to estimate each distur-
bance can be described as,

dy = Kpxy + B 28)

B1=—Ka <CU2 + dl)

dy = Koy + fo 29)

B2 = —Ka (kl + d2>

ds = Kazz3 + 3

. A 30
{ Bz = —Kg3 <5F/4 +d3) 30)

dy = Kaswa + fa a1

Ba=—Kaa (kQ + d4>

where czl represents the disturbance estimator of d;, Ky;
denotes the user defined positive observer gain and [3; are the
observer internal variable state (i € {1,2,3,4}).

Using (28) - (31), the NDOs’ error dynamics are derived as,

eq1 = —Kaieqr +dy

a2 = —Kaaeas + da

i : 32)
éas = —Kageqs + d3 (
€as = —Kaseqs + dy

where eg; = d; —d; (1 € {1,2,3,4}) are the estimation errors.

Considering an energy function as,

4
1
Ves (€d1, €42, €43, €da) = 3 E € (33)
i=1

Using Assumption 1 and (32), the derivative of V.4 can be
given by,

Ves (eq;) = (—Kdieii + edidi)

-

i=1

< (34)

-

(_Kdi|edi|2 + |eas| Jimax)

i=1

4
== Z leai| (Kai leai] — dimax)
i=1

Thus, after a finite time, the estimation errors are bounded by,
ledi| < Kq (35)
where kg = max (Jimax/Kdi) for i € {1,2,3,4}.

Since the exact value of the total output current [,,; is not
available in most practical cases, to implement the controller,
based on (12), (15) and (16), the estimated state variables’
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references are given as,

N d?

Tiref = %[ieq lelz + %Cl‘/fref

i‘2ref = _dl . (36)
baref = L Logiiy + 10,12

T3ref 2 Aeq Vin2 2%2Veref

j:4ref = _d3

where ;.5 is the estimation of x5 ((i € {1,2,3,4})).
Using the estimated references given in (36), the sliding
surfaces given in (17) - (18) are re-designed as,

(37)
(38)

81 = 1651 + €52 — Tiref
So = A2€y3 + €z4 — i‘?)ref
where ey, = x; — Tirey for (i € {1,2,3,4}) are defined as

the state errors and ;.. denotes the derivative of £ ;... for

(7 €{1,3}).
To ensure the sliding surfaces s; and s, converge to zero,
following control laws are designed,

ki = —a; <€z2 - Qélref) Jrﬂélref - (21 - dAz

— Kqsgn (s1) — K51 (39)
ko = —as (%4 - 3;C3ref) + Egpep — d3 — dy
— Kg3sgn (s2) — Kous2  (40)

where K; (i € {1,2,3,4}) are user designed positive sliding-
mode control gains.

D. System stability analysis

Considering the NDO based SMC design in last section, the
main proposition of this paper is carried out.

Proposition 1: With Assumption 1, the N-phase IFDBC
system, described by (4) and (11), regulated by the proposed
control laws (13) and (14), is asymptotically stable, and the
MG DC bus voltage tracks its reference V,..; asymptotically,
if the sliding-mode control gains Kgi, Ko, Ks3 and Ky
are designed to satisfy (/s + Kg2|s1|) > (1 +a1)kq and
(Ks3+Ksq|s2]) > (1 + as2) kg, respectively, and large enough
K,in is selected.

Proof: Using (11), (32) and (36), the derivative of the sliding
surface s; is yielded as,

§1= k1 — T1pef + Cil +ds
+aq (er + Eoref — Tires + d1) 41
Substituting control law k; given in (39) into (41) yields,
(42)

51 = areq1 + eq2 — Ksisgn (s1) — K281

Similarly, by using (40), the derivative of sy can be rewritten

as,
52 = ageqs + eqs — Ksasgn (s2) — Ksas2 (43)
Defining a candidate Lyapunov function as,
1 1
Vi(s1,82) = 5517 + 5 52° (44)

2 2

The derivative of V; (s1,$2) is given at the bottom of next
page (see (45)). Since there exist the conditions of (K, +
Ko |51|) > (1 + al) kq and (ng + Ky |52|) > (1 + a2) Kd,
according to [34] and (35), system state errors will asymp-
totically converge to the defined sliding surface s; = 0 and
S9 = 0.

Remark II: Since the value of x4 can be arbitrarily small
with sufficiently large K;, relatively small values of K; (i =
1,2,3,4) can be adopted, which alleviates the sliding-mode
chattering problem.

Based on (37) and (38), s; = 0 and sy = 0 result in,

(46)
(47)

€r2 = —Q1€z1 + Liref
€r4 = —Q2€53 + T3ref

Considering the definitions of ey ;(i = 1,2,3,4), eq1, €qs,
Zorer and T4rcf, the dynamics of e, and e;3 can be derived
from (11) as,

(43)
(49)

€rl = €z2 +€d1 — Tiref

€r3 = €p4 + €43 — L3ref

Substituting (46) and (47) into (48) and (49), respectively,
and combining the observer error dynamics given in (32)
yields the NDO based sliding dynamics of the regulated
system as,

¢ = Ae+ Bd (50)

. . . . . . . T 3
where  é=[é1, €d1, a2, €23, €43, €44 and d =
[d1,da,ds,ds]T; A and B are coefficient matrix given
by,

—ay 1 0 0 0 0
0 —Kan 0 0 0 0
A — 0 0 —Kg2 O 0 0
0 0 0 —as 1 0
0 0 0 0 —Kgs 0
0 0 0 0 0 —Kas

Vs = 5151 + 5252

= — K |s1| — K257 + (a1dy + d2) s1 — K3 |s2| — Ksas3 + (aads + dy) s2

< - [Ksl + K82 |51| - (aldl max + deaX)] ‘81| - [st + Ks4 |S2| - (a2d3max + d4max)} |32‘

(23)
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Defining a Lyapunov function as,

1 1
Ve (€) = Ves + 5621 + 5€23 (51)
Using (50) and (34), the derivative of V, with respect to time
can be calculated as,

‘./e = Ves + €z1€z1 + €363
= Ves + (—a1€2; + ez1ear) + (—azels + eqzeqs) (52)

4
=> (_Kdiezi + edidi) + (—a1€3; + exrear) +
i=1

(_CLZ@ig + €x36d3)

Using Young’s Inequality [35] and (52) yields an inequality
as,

Vo < —(Kar — 1) €3y — Kazeldy — (Kas — 1) €35 — Kaaely

4
— (a1 — 05) 621 — (CLQ — 05) 623 + 0.5 Z d1
i=1
(53)
Considering Assumption 1 and (51), Eq. (53) can be re-scaled
as,

Ve < —KuinVe + 2dimax (54)

where Kmin = min[2 (Kdl — 1) ,2Kd27 2 (Kdd — ].) 72_[{(14,
2 (a; —0.5),2 (ag — 0.5)] > 0 and  dpax =
max[d1 max» d2 max» d3 max; d4 max]-

According to (54), it is understandable that within a finite
time such that the value of V, is bounded by,

Ve<e (55)

where € = 2dmax/ Kmin-

Through selecting a sufficiently large K., € can be arbi-
trarily small and nearly zero. Consequently, the error vector e
given in (50) can asymptotically converge to the arbitrarily
small neighbourhood of the origin. This indicates that, in
practice, both the output capacitor voltages v.; and v can
be regulated to their reference value V...; with nearly zero
steady-state errors and, therefore, the DC bus voltage v+
tracks its desired value V,..y asymptotically [36].

Remark III: The process of generating the converter output
reference V¢ is not a part of the proof of the system large-

comp2

M\ AN
7 uphz

i

ucomp(N/Z) | N
Pl > uph(N/Z)

iN/Z - l

Fig. 3. Schematic of phase current balance compensator for Module 1

signal stability. Hence, once the reference V.. is given, the
proposed controller is able to regulate the DC bus voltage to
Vieg. As such, the droop control technique can be adopted to
the IFDBC system with the proposed controller to achieve
proper converter output voltage according to the grid side
power variations. Moreover, the power sharing between the
IFDBC and other source converters also can be implemented
using the droop control technique [37], [38]. As mentioned
previously, the proposed NDO based SMC will respond the
reference V,..; obtained from the droop controller rapidly
without compromising the large signal stability of the IFDBC
system and the DC bus voltage.

E. Phase current balance compensator

Thanks to the symmetrical system structure, the generalized
reduced-order model (4) is developed to simplify the controller
design for the IFDBC as shown in the last section. However,
by using (4), the total input current of a module, instead of
the current of each phase, becomes the state variable to be
regulated. As a result, in practical implementations, interphase
current imbalance will be caused by the unavoidable circuit
parameters’deviations and the minor differences among the
duty ratios of different phases. To fully explore the merits
of the IFDBC, such as low current and voltage ripples as well
as equal current sharing among multiple phases, the current
balance compensators (CBCs) using PI control technique are
applied to both modules. The CBC for Module 1 (see Fig. 2)
is presented for the purpose of illustration. Its corresponding
schematic is shown in Fig. 3. To make the phase current
of each phase in Module 1 equal to each other, the current
reference of the CBC is selected as Icomp1 = 24i51/N. Then,

Ve (51,82) = 8161 + 5252

IA

— K |s1] — Ks281% — K3 |s2] — Keas2® + (a1€q1 + €az) 51 + (azeas + eqs) s2
—K1 |s1] — Ks281% — Kgg |sa] — Ks482” + (14 a1) kas1 + (1 + az) Kase
— [Ks1 + Ks2 [s1] = (L + a1)kd] [s1] — [Ks3 + Ksa|s2| — (1 + a2) k4] [s2]

(45)
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Fig. 4. Block diagram of the proposed controller for the N-phase IFDBC

the CBC for each phase in Module 1 can be designed as,

Ucompi = KPecompi + KI / ecompidt (56)
where ecompi = Jleomp1r — iri for i € {1,2,...,N/2};
Kp > 0 and K; > 0 are user defined compensator gains.
It is noteworthy that selections of Kp and K are supposed
to ensure the bandwidth of the CBC to be much smaller than
that of the SMC proposed previously.

Adding the CBC'’s output to the control signal obtained from
the proposed SMC yields the final phase control signal as,

(57)

Due to the symmetric structure of IFDBO, the CBC design of
Module 2 is the same as that of Module 1. For conciseness,
the design process is not repeated here.

To make the paper more readable, the block diagram of the
proposed controller is shown in Fig. 4.

Uphi = Um1 + Ucompi

IV. SIMULATION RESULTS

To verify the effectiveness of the proposed controller for the
IFDBC, some simulations using high power loads have been
carried out in Matlab/Simulink. Among the simulations, the
model of a 6-phase (N = 6) IFDBC is adopted. The simulation
circuit parameters are given in Table I. Besides, to examine
the performance of the proposed controller in worst stability
conditions, pure CPL is considered in the simulations.

A. Tuning Guidelines

In Section III, it is indicated that if the observer gains and
SMC gains are properly selected, the large-signal stability of
the IFDBC powered DC mircogrid can be achieved. However,
due to the lack of the tuning guidelines for the gains, the

desired dynamic responses are difficult to obtained. To address
this problem, the dynamic responses of the DC bus voltage
and the estimator d; with various observer gains and SMC
gains are given in figs. 5 to 7, respectively. For simplicity, the
observer gains K1, K40, K43 and K44 are set as the same, i.e.
Kg1 = Kgo = Kg3 = Kg4, and the SMC gains K4 = Kis,
Ki = K4 and a1 = ao are used.

In Fig. 5(a), the dynamic DC bus voltage responses with
varying K, and K3 in the presence of CPL power step
change (Pocpr = 30kW to Popr = 45kW at t = 0.1s)
are illustrated. It is worth mentioning that observer gains
Kgi (i € {1,2,3,4}) are initially selected as 2000, and the
SMC gains K¢ = Kz = 1250 and a3 = ag = 4000 are
selected. It can be seen that the values of the K i and K3
do not have obvious effects on the DC bus voltage dynamic.
Considering the K ; and K3 are switching gains, which
causes the SMC chattering problem, small K and K3 are
desired. Hence, K41 = K 3 = 0.1 are selected.

In Fig. 5(b), the dynamic DC bus voltage responses with
varying K¢ and K4 in the presence of CPL power step
change (Pcpr = 30kW to Popr = 45kW at t = 0.1s)
are shown. Similarly, K4 = 2000 (i € {1,2,3,4}) is used,
and K1 = Kg3 = 0.1 and a1 = as = 4000. It can be seen
that the rise of K¢ and K4 results in smaller voltage dip
during the load power change. In addition, the settling time
also reduces a bit (min. 10ms) with the increasing of K> and
Ks4~

The DC bus voltage dynamic response with varying a; and
as in the presence of CPL power step change (Popr, = 30kW
to Popr = 45kW at t = 0.1s) are given in Fig. 5(c) In the
simulations, K43 = K,3 = 0.1 and Ky, = Kgq = 20000
are selected. It is viewed that the increased a; and asy further
reduce the value of the voltage drop during the load power
change. However, due to the condition of (45), extremely large
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3 280] ' Vo ] within 10ms.
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2707 ' ' ' ' ] dynamic response of the estimator d; with varying Kg; (i €
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Fig. 5. Dynamic responses of the DC bus voltage: (a) with various K1 and
K3; (b) with various K42 and Kg4; (¢) with various a1 and as.

a1 and ao may destabilize the regulated converter system.
Hence, based on Fig. 5(c), a; = as = 10000 are selected.
With using K1 = K3 = 0.1, Kgo = Kz = 20000 and
a1 = az = 10000, the start-up response of the DC bus voltage
with various Kg4; (i € {1,2,3,4}) is shown in Fig. 6. It can
be easily obtained that the rises of the observer gains provide

to the SMC, it is desired that the dynamic response of the
NDO is much faster than that of the SMC. From figs. 5(c), 6
and 7, it can be obtained that the settling time of the DC bus
voltage in both the start-up response and transient response
(around 10ms) is approximate 10 times of that of the observer
(around 1ms) when Kg4; = 2000. Hence, the observer gain
Kg; = 2000 is selected.

B. The effectiveness of the NDO

To show the effectiveness of the NDO, a comparison study
involves the traditional SMC (designed in Section III) and the
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Fig. 8. DC bus voltage responses obtained using the proposed NDO based
SMC (blue) and the traditional SMC (red).

TABLE I
SYSTEM PARAMETERS IN HIGH POWER SIMULATION

Circuit Parameters Values
IFDBC input side voltage Vin, = 100V
DC bus reference voltage Vie = 300V
Module capacitor reference voltage Verer = 200V
Inductance of each inductor L; = 330pH
Output capacitance Cy = Cy = 1410uF
Nominal Constant Power Load Popr, = 30kW
Switching frequency fsw = 20kHz

NDO based SMC has been carried out. Fig. 8 shows the DC
bus voltage responses obtained using the IFDBC regulated by
the proposed NDO based SMC (in blue) and the traditional
SMC (in red) with the controller gains of a; = as = 10000.
In detail, the CPL changes from Pcpr = 30kW to Popr =
40kW at t = 0.1s, and restores to Popr, = 30kW at t =
0.15s. Although, in the traditional SMC design, the value of
Toref and xy4.p are carefully selected to meet the conditions
of di + 22rey = 0 and dz + x4rey = 0 (see (26) and (27))
at Popr = 30kW, the step change of the Popr to 40kW
drives the error states away from their desired equilibrium
point. As a result, the DC bus voltage drops to 280V (93% of
its reference 300V). This simulation result is highly in consist
with the theoretical analysis given previously.

C. Tests with High Power CPL

Fig. 9 shows the system responses in presence of C-
PL variations. The converter output voltage v,,:, capacitor
voltages of each module v.;, v.2 and phase currents % ;
(1 €{1,2,3,4,5,6}) are illustrated in the top sub-figure, the
middle sub-figure and the bottom sub-figure, respectively. At
t = 0.1s, the power of the load has a step change from
Popr, = 30kW to Popr, = 45kW and then, Popy jumps
to 60kW at t = 0.15s. It can be seen that the output
voltage v, restores to its reference value within 10ms with
acceptable voltage dip (maximum 7% of the nominal output

Fig. 9. Simulation system transient responses in the presence of CPL changes
(Top: output voltage; Middle: module capacitor voltage; Bottom: current of
six phases)

voltage 300V) and the capacitor voltage of each module also
tightly tracks its reference with similar dynamics. Besides,
the zoomed in current waveforms shown in the bottom sub-
figure indicates that the six phase-currents, which are shifted
by 60 degree, are in good balance. The 60 degree of phase-
shifts significantly suppresses the input current ripple of both
modules [10].

In Fig. 10, dynamic responses of the regulated system during
input voltage variation has been illustrated. In detail, the input
voltage changes from V;,, = 100V to V;,, = 110V att = 0.1s,
and then drops to 90V at t = 0.15s. At t = 0.2s, V;,, restore
to its nominal value V;,, = 100V. From the figure, it can
be seen that the output voltage is regulated to its reference
300V with reasonable overshoot (maximum 7% of 300V)
and short settling time (maximum 5ms) during all the input
voltage variations. Therefore, the proposed controller show
good control robustness during the input voltage variations.

In Fig. 11, dynamic responses of the 6-phase IFDBC system
in the presences of voltage reference change has been shown.
Specifically, at ¢ = 0.1s, the reference of the DC bus voltage
Viep jumps from 300V to 400V, and further steps up to 500V
at t = 0.15s . It can be found that the DC bud voltage is
regulated to its new reference with short settling time (around
5Sms) and negligible voltage overshoot.

D. Circuit Parameter Uncertainties

Since the reduced-order model is derived based on the
assumption of the equal phase inductance and equal output
capacitor in each module, some simulations have been carried
out to show the robustness of the proposed control strategy on
handling the circuit parameter uncertainties. In the simulations,
the +£20% deviations in inductance and +10% deviations in
capacitance are assumed. The percentage of the deviations are
selected based on the practical engineering experience.

The DC bus voltage dynamic responses with 5 different sets
of inductance and capacitance are shown in Fig. 12. At ¢t =
0.15s, the CPL changes from 30kW to 45kW. It can be seen
that the proposed controller provides almost the same voltage
dynamic responses regardless the circuit parameter deviations.
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Fig. 11. Simulation system transient responses in the presences of voltage
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Third: input voltage; Bottom: current of six phases)

E. Comparison with PI Controller

The PI controller has been widely applied to regulate power
electronic devices due to its simplicity. However, this con-
troller is designed using the small-signal method, which only
guarantees local stability for the non-linear system. However,
the existence of large-signal disturbances may drive the system
operation point out of its local stability range and destabilize
the regulated non-linear system. Next, to show the global
stability feature of the proposed controller, a comparative study
of the proposed SMC and the conventional PI controller is
carried out.

Based on the PI controller design guidelines reported in
[10], a dual-loop PI controller for the IFDBC system using
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Fig. 12. DC bus voltage dynamic response with the circuit parameter
uncertainties (case 1: Ly = L3 = Ls = 1.2L = 396uH, L1 =
Lz = Ls = 1.2L = 396uH and C; = Cy = C = 1410uF; case 2:
Ly =Ls=Ls =12L =39%uH, L1 = L3 = Ls = 0.8L = 264uH,
Cy = 1.1C = 1551uF and C2 = 0.9C = 1269uF; case 3:L; =
Ly = Le = 0.8L = 264puH, L3 = Ly = Ls = 1.2L = 396uH and
C1 =C2 =1.1C = 1151uF; case 4: L1 = Lo = L3 = 1.2L = 396uH,
Ly = Ls = Lg = 08L = 264uF, C; = 0.9C = 1269uF and

Cy =1.1C = 1551puF;case 5: Ly = Lo = L3 =Ly =Ls =Lg =L =
330pH and Cq = C2 = C = 1410uF)
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Bode plot of the inner current loop gain using PI controller given

the circuit parameters given in Table I is design as follows,

18.8562 (s + 918.06 172010
Gic (5) = 58
() s ( 918.06 ) <s+ 172010) (58)
134.1263 [ s+ 113.31 13937
Goe (5) = 59
() s ( 113.31 ) <s+13937) (59

where G (s) and Gy (s) represent the inner current loop
controller and outer voltage loop controller, respectively. The
Bode plot of the inner current loop gain is shown in Fig. 13.
The cross-over frequency of the inner current loop is 2kHz,
which is 1/10 of the switching frequency fs,,, and the corre-
sponding phase margin is 80°. To avoid the dynamic of the
inner current loop affecting the design of the outer voltage loop
controller, the cross-over frequency of the later is selected as
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Fig. 15. Transient responses in the presence of CPL changes of the system

regulated by proposed controller (red) and PI controller (dotted blue)

1/10 of that of the inner current loop, i.e. 200Hz. the Bode plot
of the outer voltage loop gain is illustrated as Fig. 14. As the
figure shown, the magnitude plot crosses zero at 202Hz, which
meets the design requirement. Besides, 79.5° phase margin
and 11.4 gain margin are achieved to ensure the stability
robustness of the regulated system [10].

Fig. 15 shows the output transient responses of the IFDBC
systems controlled by the proposed SMC and PI controller,
respectively. The load power Popr changes from 30kW to
35kW at t = 0.3s and then, further increases to 50kW at
t = 0.4s. It can be seen that the proposed controller shows
expected performance in handling with both small scale and
large scale load power changes. On the contrary, although the
PI controller stabilize the IFDBC system for the first load
power change, it fails to ensure the system stability with the
large signal CPL power change from 1kW to 5kW.

V. EXPERIMENTAL RESULTS

To verify the feasibility of the proposed SMC for the system
of IFDBC with CPL in practical applications, an experimental
prototype of a 6-phase IFDBC is built, and a Chroma DC

TABLE I
SYSTEM PARAMETERS IN EXPERIMENTS

Circuit Parameters Values
IFDBC input side voltage Vin = 100V
DC bus reference voltage Vier = 300V
Module capacitor reference voltage Verer = 200V
Inductance of each inductor L; =2.5mH
Output capacitance C1 = Cy = 470uF
Switching frequency fsw = 20kHz

DC Source

i > [

6-phase IFDBC with DSP F28335

Fig. 16. Experimental prototype of a 6-phase IFBDC fed DC microgrid

electronic load is used to emulate the CPL. In addition,
the proposed control strategy is implemented using TI DSP
F28335. The corresponding experimental devices are shown in
Fig. 16. In the experiments, the adopted circuit parameters are
the same as those given in Table II, and, following the tuning
guideline given in Section IV, the controller gains are selected
as K4, = 2000 for i € {1,273,4}, K, = s3 = 0.1,
Ky = Kz = 20000 and a; = ao = 10000. In addition, it is
worth noting that the verification experiments are carried out
by using pure CPL, which creates the worst system stability
condition.

To show the advantages of the proposed controller as com-
pared to the traditional SMC (designed in Section III) in the
practical application, first, an experiment using the traditional
SMC without NDO has been carried out, and corresponding
experimental results are given in Fig. 17. As the figure shown,
the load power Popr, jumps from 2kW to 5kW, and then back
to 2kW. Again, the IFDBC’s output voltage v, and both the
module capacitor voltages v.; and v.o do not accurately track
their references V,..y = 300V and V,,.; = 200V, respectively.

Next, experimental results obtained using the proposed
controller, under various operation conditions, are given out.
Fig. 18 shows the IFDBC’s responses in presence of CPL
changes. The load power has a step rise from 2kW to SkW,
and then it restores to 2kW. It can be seen that the capacitor
voltages v.; and vz closely track their reference. Consequent-
ly, the total output voltage v, is regulated to its reference
with negligible steady-state error. According to the zoom-in
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Fig. 19. Six-phase IFDBC system dynamic responses with pure CPL for
input voltage changes from V;,, = 100V to V;,, = 80V, and restores to
Vin = 100V

part of vy, the transient time is around 8ms. In addition, the
magnified plot of phase currents of Module 1 indicate that
good inter-phase current balance is achieved in both steady-
state and transient-state.

The converter system responses in presence of input voltage
variations are shown in Fig. 19, where the input voltage
changes from V;,, = 100V to V;, = 80V, and then back
to Vi, = 100V. As shown in the figure, the total output
voltage v,,; rapidly restores to its reference within Sms, and
the capacitor voltages drop to 190V when V;,, = 80V, which is
consistent with the previous analysis (see (6)). Besides, thanks
to the CBCs, the interphase current equals to each other.

Fig. 20 illustrates the system responses for the step changes
in the IFDBC’s output voltage reference V,..r. Specifically,
Viey changes from 300V to 400V, and ,then, restores to 300V.

Fig. 20.  Six-phase IFDBC system dynamic responses with pure CPL for
output voltage reference changes from V,..; = 300V to V;..y = 400V, and
restores to Vi..y = 300V

As shown in the figure, with expected interphase current
balancing, fast (the settling time is around 6ms) and accurate
voltage tracks are achieved for both the converter output
voltage and capacitor voltages.

Based on the results presented above, it can be concluded
that, the large-signal stability of the IFDBC system with pure
CPL is guaranteed by the proposed sliding-mode controller.
Fast dynamic response and nearly zero steady-state error
are simultaneously achieved. In addition, interphase current
balance is maintained even in presence of large-signal distur-
bances.

VI. CONCLUSION

This paper proposes a new nonlinear disturbance observer
(NDO) based sliding-mode controller for the interleave float-
ing dual boost converter (IFDBC) fed the DC microgrid with
constant power loads. A generalized reduced-order model for
the IFDBC is developed to simplify the controller design and
system analysis.The proposed method guarantees the large
signal stability of DC microgrid bus voltage without using
extra sensors. Fast and accurate estimations are provided by
the proposed NDO, which contributes to effectively alleviate
the chattering problem in sliding-mode control. In addition, the
interphase current balance is achieved by adopting the current
balance compensators, which fully explores the advantages of
IFDBC, such as low current/voltage ripple. Noticeably, the
proposed control scheme is also available to other converter
topologies.
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