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Abstract—Interleaved DC/DC boost converters are nowadays
widely studied due to their properties of reducing the current
ripple and increasing fault tolerance. This paper describes a
control method that allows good output voltage regulation, to-
gether with robustness against parameter uncertainties, deviation
of the supply voltage of the source, and load deviation. These
objectives are obtained by determining an equivalent circuital
scheme of the interleaved boost and associating to this scheme
a linear mathematical model by means of the exact linearization
method. Subsequently, trajectory tracking control techniques are
employed based on disturbance compensation and a sliding mode
component is added to cope with parameter uncertainties and
possible compensation errors. The controller, applied to the above
equivalent conventional boost model, allows to command the
duty cycle of single phases of the Mosfets. This controller uses
the output voltage and the currents flowing in the phases of
the converter as feedback variables. Simulation results show the
validity of the proposed approach.

Index Terms—Interleaved converter, trajectory tracking, active
disturbance rejection control, feedback linearization, robustness
through sliding mode component.

I. INTRODUCTION

Interleaved DC/DC boost converters are widely studied
nowadays, as they appear in the specialized literature, due to
their peculiarities of reducing the current ripple at the input and
output and their fault tolerance property. As is well known, the
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interleaving conversion is realized by connecting some cells
having the same structure, operating at the same switching
frequency, but the successive switching instants are delayed
for the same amount of time equal to the switching period
divided by the number of cells. Moreover, the above structure
shares the same source, the output capacitor, and the load [1]].
Alternative solutions to the interleaved converters are repre-
sented by quadratic boost converters with non-conventional
topologies or boost conveters controlled by suitable control
techniques where all variables (both voltages and currents) are
contemporary controlled in order to avoid overshoots or very
high ripples [2]-[4].

Regarding the control method used for interleaved con-
verters, besides those based on the classical PI control, it is
convenient to consider more efficient control methods based
on state-space modeling. In [[1]], a two-phase interleaved boost
is studied for application in discontinuous conduction mode
(DCM) to obtain high efficiency and reduce the diode losses.
The control strategy consists of two control loops: the PI
regulator controls the outer output voltage loop and gives the
desired currents, whereas the inner control loop is controlled
through the bang-bang method. In [5], N identical boosts
are connected in parallel to force the output voltage to the
desired value, reducing the ripple in the input current and
output voltage. The control of the converter is performed by
comparing the currents flowing in the phases of the converter
itself and evaluating if the difference between their values
is greater or smaller than a chosen value. The results of
this comparison determine which phase must be activated to
compensate for the ripple. It follows that the controller is static
and does not consider the converter’s dynamics. State-space
modeling of an interleaved boost converter is illustrated in [6].
In particular, the matrices of the dynamical model depend on
the duration of the different conduction configurations that can
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appear in the converter according to the different status of the
switches and diodes. This model is used to study the converter
at the steady state and does not help the design of control
algorithms. In [7]], an interleaved two-phase DC/DC boost
converter is studied in a wider contest regarding the plug-in
hybrid electric vehicle applications. The control is performed
in the frequency domain, using a simplified transfer function
from duty-cycle to voltage and duty-cycle to current. In [§]], a
high-efficiency two-phase boost converter is described for DC
microgrid applications. The converter is modeled in the state
space contest, whereas the controller design is performed in
the frequency domain. In [9], it is shown that an N-phases
interleaved boost with all the inductances of the same value
can be studied considering a conventional equivalent boost
where the inductances and the associated parasitic resistances
are N times lower than those of the interleaved circuit. In [[10],
the conventional equivalent boost is employed for designing
a controller, which is then extended to the interleaved boost
control. The equivalent boost is controlled by applying the
backstepping procedure to a model obtained via the exact
feedback linearization method illustrated in [11f]. In [12], a
nonlinear controller is designed via a backstepping approach
so that the current of the N-phases of the interleaved converter
follows the reference current, which is assumed with the same
value. In this way, if the load resistance and the input voltage
are perfectly known, the output voltage also assumes the
desired value. However, the load resistance is estimated via
a parameter adaptation mechanism, whereas the input voltage
cannot be accessible for the measurement. Consequently, con-
trolling the current to the desired value could not produce the
desired output voltage. Finally, some literature works focused
on the analysis and modeling of DC-DC boost converters in
interleaving configurations exploiting inductors in the quasi-
saturation region in order to optimize the power density by
minimizing the size of the inductors [[13]], [[14].

This paper deals with the control of a N-phases interleaved
boost converter with all the phases having the same inductors
and, consequently, the same value of inductance and parasitic
resistance. Moreover, all the phases share input supply voltage,
output capacitor, and load resistance. The controller design
aims to guarantee the output voltage regulation, with all the
phase currents of the same value, and to obtain the maximum
ripple reduction both at the input and the output, as proposed
in [12]. The controller design starts from the conventional
boost equivalent model to the interleaved multi-phase boost,
illustrated in [9]], followed in [[10]. However, instead of using
the second-order model corresponding to the equivalent boost
model, as in [10] and [12f], a model with dynamic input is
derived assuming the duty-cycle as a further state variable
computed by integration of an auxiliary control variable. The
resulting model is of third order and can be linearized using
a suitable transformation. Based on this linearized model, a
nonlinear controller is constructed to force the closed loop
system to track a trajectory in the state space of the linearized
model, consisting of the reference output and its first three
derivatives. Finally, according to the method illustrated in
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Fig. 1. Electrical circuit of the /N-Phases interleaved boost converter.

[15] (see pp.285 and following), a sliding mode component is
added to the control previously described to take explicitly into
account all the uncertainties, thus gaining the robustness of
the closed loop system. A similar approach was recently used
to control a quadratic boost converter [[16]]. However, to the
best of the author’s knowledge, this approach has never been
applied to the interleaved boost converter in other literature
works.

II. DYNAMIC MODEL OF THE /N-PHASES INTERLEAVED
BOOST CONVERTER

The electrical circuit of the IN-Phases interleaved boost
converter is shown in Fig.[I] Assuming that the boost converter
is designed for continuous conduction mode and neglecting
the parasitic resistance of the capacitor, it can be described
through the state space mathematical model given by:

. 1
iLi = f (*TL,,Z.Li — (1 — ui)’Uc + V;n), i:1,~ . ~,N (1)

N

o = é;uui)m f%vc, i=1,-,N (2)
where u; € {0,1} (u; = 0 if the switch is in the OFF state and
u; = 1 if the switch is in the ON state). This model describes
the controller in all the working conditions. However, for
designing a controller, it is convenient to associate with
this model an averaged model obtained substituting to the
discontinuous inputs w; a continuous input ; € [0, 1]. Note
that some symmetry conditions are considered in this model.
For example, all the phases have the same inductors, i.e. the
inductances and the parasitic resistances have the same values,
L and rp, respectively and, in a generic sampling period T,
the same value of )\ is applied to all the /N-phases, although
the command signals applied to the gates of the MOSFETSs
are delayed by TW each other. The corresponding averaged
dynamical model is given by:

. 1

ir, = f(_rLiiLi — (1= Xve + Vip), 3)
1 (& 1

bo=g (;(1 — N)ig, — va> . 4)
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The equilibrium state corresponding to a generic value A, is
obtained putting i, = 0¢c =0,¢=1,--- N, rp, = rr and
L; = L and summing the resulting equations (3)), as follows:

N
—TrL ZiLi,e - (1 - Ae)NUC,e + N‘/in = 07 (5)
=1

al 1
u—Agzymﬁ—Ewwzo. (6)
i=1

From (5) and (6)), the equilibrium state becomes:

N

NV
N g = : 7
£t T NR(L - A2 2

v = il = A) @®)

L+ NR(L— )2

Equation shows that the equilibrium state regarding the
current is not unique. However, if the symmetry conditions
explained before are considered, the equilibrium state is well-
defined for each phase, and it is given by:

Vin
rp + NR(l — )\5)2 ’

€))

i =

III. CONTROL OF THE N-PHASES INTERLEAVED BOOST
CONVERTER

The control of the interleaved boost converter using model
(3)-@ is not trivial because of the interaction among the
phases. However, considering the assumptions made at the end
of the previous Section, a procedure based on the equivalent
mono-phase boost converter model can be used for designing
the controller. This model is described by the following
equations:

: 1 .
L= (=rr., i — (1 = Nve + Vin), (10)
eq
1 1
The control procedure can be schematized as follows:

A. The mono-phase equivalent boost model is linearized
using a suitable nonlinear transformation of vari-
ables;

B. A control law is designed in order to force the lin-

earized model to track a desired trajectory in its state
space, and an extended state observer is considered
to estimate the external disturbance, which has to be
compensated for linearizing the model.

C. A sliding mode component is designed to cope with
parameter uncertainties and possible compensation
errors, and the duty cycle obtained is, finally, applied
to the interleaved converter with a suitable delay
among phases.
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A. Exact linearization of the mono-phase equivalent boost
model

In this paper, the linearization is performed on the dynam-
ical model of the converter with dynamic input of integral
type, putting 7, = 0. This type of model is essential because
the integrator has a stabilization effect (see [17] and reference
therein). The model of the mono-phase equivalent boost with
dynamic integral input is obtained by extending the state of
model (I0)-(TI) by adding the equation:

A=, (12)

where § is the auxiliary input. In this way, the converter control
variable A is assumed to be a third state variable. The control
variable ) is then computed by integrating the auxiliary control
input 4, and consequently, its high-frequency components can

be conveniently filtered. Defining:
21 = Cvd + Li%, (13)

as the output of the linearized model, the Brunovski canonical
form can be written as follows:

Y. = 21 (15)
where:
01 0 0
A,=|0 0 1|,b,= 0],
0 0 O 1
p=ab+7, (16)
Vin 2.
OéQ( 7 +RC’ZL) Ve, (17)
8 Vin . 2 . :
anzcvcvc—Q(l—)\)(anc—i—RC(vch—Fvch) )
(13)

where 7 is considered as an endogenous disturbance.

B. Control law for the linearized model

The Brunovski canonical form previously illustrated is con-
trollable and leads to the following input-output model:

Y. =p (19)

The control law for model (T9) is obtained from the following

result.
Proposition 1: The control law given by:

H= é.l,ref —Yz2 (Zl _élref) —Yz1 (Zl _217"6]”) —7=z0 (Zl _eref)-
(20

induces asymptotic stability to dynamics (19) if the polynomial

53 + 7,282 4+ 7,15 + 7.0 = 0 is Hurwitz.

Proof. Putting e,. = Yy, — Y. rcf, substituting 20) into (19),

the following equation is obtained:

eyz + PYzQéyz + ’Vzleyz + V20€yz = 0, (21)

which implies that lim; ,e,, = 0 if the hypotesis is
satisfied.
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Note that for processing the control law (20), it is necessary
to know the first and second derivatives of y, since the
derivatives of y, ¢ are all equal to zero. Moreover, since the
objective is determining the plant input é by inverting (16)),

§=a "t (u—n), (22)

estimating the disturbance 7 is also necessary. The above ob-
jectives can be reached using a linear extended state observer
(LESO).

The LESO for the model is given by:

21 =2+ ¢ Pres, (23)
2o =23+ € P, (24)
3 = 24+ € 2 Bse. + ad, (25)
2= *Pue., (26)
where e, = z; — 2;, the parameters (;, i = 1,...,4 are

usually selected as the coefficients (in decreasing order) of the
polynomial (s+wp)? where wy is a suitable chosen parameter
(cf. for example [18]]). Moreover, in [|19], it is shown that if ||
and |7| are bounded, the state of the following dynamic model
converges to a ball whose radius depends on € and increases at
the increasing of e. Note the 24 corresponds with the estimated
value of 7.

C. Design of the sliding mode component

Another problem is due to the computation of the control
gain « in (17), which depends on the circuital parameters,
including the supply voltage V;,,, the state variables vc and
i1, and, consequently, errors due to uncertainty could be
introduced in the control law. To cope with these problems, it
is convenient to introduce a sliding control component in the
control law, which gives robustness to the whole system. This
component is provided by:

Ugm = —ksign(s), 27
where sign(s) is the signum function and:
§ = éyz + kleyz + kOeyza (28)

is the sliding function.

The gain k is obtained taking into account explicitly the
parameter deviations. In particular, assuming to know the
minimum and maximum values for «, «,, and aj;, respec-

tively, the quantities & = /o, ap and = ,/% can be
determined, and it is easy to verify that both g and ¢ belong
to the interval [371, 3].

Then, by choosing V' (s) = 0.5s2, its derivative is negative
definite if the following inequality is satisfied:

58 < —ps,

for any positive constant p, or, equivalently, if:

ssign(s) < —p. (29)
Inequality (29) is satisfied if k is chosen such that
k> |p = Za| + enBl2al + Bl2a + Rz + Koz + pl, - (30)
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where it is assumed that %lnl < €, and taking into account
that the derivatives of y, ..y are equal to zero. The reader is
addressed to [15] for further details.

Finally, the control law is given by:

1
5:T(ﬂ*24+usm); (31)
o

where Z4 is the estimated value of 1 by means of the LESO
and gy, is given by (27).

The duty cycle ), as already said, is obtained by integrating
0. Finally, once the value of X is determined, it is applied to
all n-phases of the boost interleaved. Naturally, the periods
among the phases are suitably delayed by % seconds, where

T, is the modulation period, and N is the number of phases.

IV. SIMULATION EXPERIMENTS

To test the behavior of the interleaved boost converter,
simulation experiments are performed considering N = 4,
and the following values of the parameters: V;, = 24 V,
L = 470puH, C = 30uF, R = 37.5Q, rp, = 10m{) and
rc = 10mf). The employed components have the following
tolerances: +20% for inductances, +10% for the capacity.
Moreover, it is assumed that V;,, and R can vary of +20%
and +30%, respectively. The boost converter, the LESO,
and the controller are implemented in the Matlab/Simulink
environment (Simscape is used to simulate the interleaved
boost converter).

A first experiment considers a start-up transient with
Verer = 100 V, and it considers nominal parameters, i.e.
the parameters used to design the controller are precisely the
same as the simulated model. The simulation results are given
in Fig[]

The results show that for nominal parameters, the output
voltage, Fig. [J(a), converges towards the reference one after
a transient of about 35 ms. Moreover, as shown in c), the
estimation of the endogenous disturbance converges towards
the computed one in about 10 ms. This confirms that both
controller and LESO are working correctly and the total
disturbance is adequately compensated. Regarding the other
variables, it is possible to note that the duty cycle, 2[b), has a
coherent waveform with the behavior of the output voltage.
Finally, Fig. 2(d) shows input current, and Fig.s [Je) and
[2[f) show the currents on the four phases. In particular, Fig.
[2[f) shows their steady-state values in the 40 us interval. As
the interleaved converter requires, the four-phase currents are
delayed by 5 us each other.

Compared to the conventional equivalent boost converter,
the ripple in the input current, shown in Fig. 2Jd) is 0.8 A
peak-to-peak instead of 1.3 A, and the output voltage ripple is
1 V peak-to-peak instead of 2 V, besides, it exhibits a higher
frequency, this proves the effectiveness of the interleaved
configuration.

To evaluate the robustness of the closed-loop control system,
a second test is carried out considering, at the same time, a
variation of the input voltage of -20%, a mismatch of the
inductances: Ly = 1.2L, Lo = 0.8L, L3 = 0.8L and L4 =
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1.2L, and a variation of —30% in R and —10% in C. The
results of this second test are given in Fig. [3]

From the results, similar considerations to the ones given
above can be given. In particular, it is essential to note
that the results in Fig. [3] are pretty similar to Fig. 2] and
this confirms that the controller is robust against the above-
considered parameter variations.

V. CONCLUSIONS

A robust nonlinear control technique has been devised for
an interleaved boost converter. It is based on an extended
linearization, active compensation of the disturbances, and
sliding mode component, giving increased robustness to the
closed-loop system. The results show the proposed approach’s
effectiveness and robustness against the parameter variations,
including inductors and capacitors tolerances, and maintaining
the advantages of the interleaved topology.
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