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Abstract—A current-sensorless, PWM-based robust sliding
mode control strategy for the interleaved DC-DC boost converter
is proposed, requiring only output-voltage measurement. An
extended state estimator is developed to estimate the derivative
of the output voltage alongside a lumped uncertainty term that
comprises inductor parasitic resistance, component parameter
uncertainties, load and input voltage variations. A linear sliding
surface is then utilized to derive a controller that features a
simple design yet exhibits excellent robustness against external
disturbances, parameter variations, and parasitics, despite the
absence of inductor current feedback. Additionally, a systematic
step-by-step procedure to select the controller and estimator gains
is outlined. The tracking performance and robust capabilities of
the proposed control system are validated through comprehensive
computer simulations.

Keywords: Robust sliding mode control, interleaved DC-
DC boost converter, current-sensorless control, extended state
estimator.

I. INTRODUCTION

DC-DC converters are subjected to external disturbances,
parameter uncertainties, and parasitics that must be taken into
account in the design of robust controllers to tightly track
the output reference voltage and seek a reduction in the
number of sensors needed for their implementation. PWM-
sliding mode control (SMC) in conjunction with disturbance
estimators is a powerful nonlinear control strategy that can
be used. However, in many cases, the designed controllers
require knowledge of the inductor current. Its measurement
can present challenges in the presence of external disturbances
and high-frequency noise that can be amplified, leading to
chattering in the control signal. This has led to the use of
current sensor-free controllers, which offer a reduction in cost
and an improvement in the reliability and miniaturization of
the device.

In the context of DC-DC boost converters [1-7], the design
of robust current sensor-free controllers is a challenging task
since the boost converter is a nonminimum phase system.
While many of these approaches effectively address the issue
of output voltage regulation of DC-DC boost converters,
they often have limitations. Some control laws proposed are
complicated and computationally intensive to render them
impractical in real applications. They may also involve many
design parameters that require very laborious parameter tun-
ing, with some lacking rigorous stability analysis of the closed-
loop systems. Lastly, with few exceptions, robustness tests
to parameter uncertainties and parasitics of the converter are

not analyzed and ignored in simulations and may lead to
substantial steady-state errors in the output response. To ad-
dress these problems, an extended state estimator is developed
in [8], to estimate a lumped uncertainty that comprises the
uncertain load and input voltage, the converter parasitics and
the component uncertainties and estimate the derivative of the
output voltage. The salient feature of the controller is its very
simple design and its robustness to external disturbances and
parameter uncertainties despite the absence of the inductor
current feedback. In addition, a very simple procedure to select
the controller/estimator gains is outlined.

Recently, there is a great interest in interleaved boost
converter (IBC) topology, which is being rapidly adopted in re-
newable energy systems, electric vehicles, and battery charging
systems. They are characterized by multiple parallel-connected
boost converter stages and offer many advantages over the
classical boost converter. These are a reduction in thermal and
electrical component stress due to current-sharing capability,
an increase in efficiency and power handling capability and
a reduction in passive component sizes as compared to the
traditional single phase converter.

In [9], a nonlinear disturbance observer (NDO)-based
sliding-mode control algorithm is proposed to estimate two
lumped disturbances whose derivatives in the limit are as-
sumed zero. The implementation requires the output voltage,
the input current and input voltage measurements. In [10],
a super-twisting sliding mode control law is proposed for
interleaved dc-dc boost converter for fuel cell application
based on the double-loop control structure containing two
inductor current inner-loops and an output voltage outer-loop.
An extended-state-observer (ESQO) is used to estimate the
total disturbance that comprises the unknown load power and
parametric variations. The implementation of the controller
requires an inductor current sensor for each phase and the
measurements of the input and output voltages. In [11], a
robust model predictive control is proposed to regulate the
output voltage of a DC-DC floating interleaved boost con-
verter (FIBC) in the presence of parametric uncertainties. The
controller is also able to handle input-output constraints. The
proposed control algorithm requires extensive computations
solving online min-max optimization problems which makes
it of little practical interest and unsuitable for systems with low
processing capabilities. Also, it needs a sensor to measure the
inductor current.

The study in [12] considers an interleaved DC/DC boost
converter supplying a DC-bus with generally unknown loads



connected to it. An observer based adaptive controller using
the immersion and invariance observer with an energy shaping
plus damping injection passivity based controller is proposed.
However, the controller requires the measurement of each
leg current inductor to ensure equal leg currents. In [13], a
controller that is composed of an inner voltage PI loop and
an outer voltage PI loop is proposed for the interleaved boost
converter. The implementation of the controller requires one
input current sensor and one voltage sensor.

In [14] and [17] a robust sliding mode nonlinear controller
is designed for an interleaved boost converter based on an
extended linearization and active compensation of the lumped
disturbance estimated by a linear extended state observer.
Simulation and experimental results show that the proposed
controller is robust against parameter uncertainties and exter-
nal disturbances. However, an input current sensor is required
for the implementation of the controller.

In [15], a nonlinear fast terminal sliding mode control and
a state and disturbance estimation algorithm to estimate the
inductor current and a lumped disturbance that includes the
load resistance for a two-phase interleaved boost converter
is proposed. The stability of the observer is analyzed using
Kharitonovs stability criteria. However, the implementation of
the controller requires the measurement of the input voltage.
In [16], an integral sliding mode controller for the control
of a 2PIBC converter is proposed. A lumped disturbance
that comprises parameter uncertainties, input voltage and load
resistance is estimated using a disturbance observer. The
implementation of the controller requires the measurement of
the input current.

In this work, there is no need to measure the line and
inductor currents. Instead, the derivative of the output voltage
is estimated and used in the controller feedback. An extended
state estimator is developed to estimate a lumped disturbance
signal that includes parameter uncertainties, load and input
variations, inductor parasitics and to estimate the derivative of
the output voltage. A linear sliding surface is used to derive
the controller. A salient feature of this work is the simplicity
of the design of the controller with a very simple procedure
to select the parameters of the sliding mode controller. The
proposed controller is capable of dynamically compensating
for the disturbance to achieve a high performance in terms
of disturbance rejection despite the absence of the inductor
current feedback. The robustness of the proposed controller is
validated using simulations.

II. ROBUST SLIDING MODE CONTROL DESIGN
A. Two-phase interleaved boost converter averaged model

A basic two-phase interleaved boost converter averaged
model is shown in Figure 1. Under continuous conduction
mode, the averaged model is:
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Fig. 1. Circuit diagram of the two-phase interleaved boost converter.

where i7, and i, represent the average inductor currents
through inductors L; and Lo, respectively, v, is the output
voltage across the capacitor C. The unknown parameters E
and R represent the input voltage and the load resistance,
respectively. However, their respective nominal values F,
and R, are assumed known for the implementation of the
controller. The control input u to the converter is the duty
ratio function and u is the same duty ratio as u but staggered
in phase by an angle of 180°.

The symmetrical circuit parameters are in general consid-
ered for the design of the controller and therefore we assume
Ly = Ly = L and Ry, = Ry, = Rp. This yields the
equivalent mono-phase boost converter model described by
the following equations:
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where i;, = iLl +iL2.

Taking the derivative of both sides of the second equation of
(2) and using the expression for 77, given by the first equation
of (2) yields
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In addition to the inductor parasitic, other parasitics such as
the MOSFET on-resistance, the diode forward resistance, the
conducting voltage of the diode and the capacitor equivalent
series resistance could have easily been lumped in the
disturbance signal d(t).

Let

€2 = Ve — Vref
e1 :é2
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Using the substitution v, = ex + Vi.oy and 9. = é; into (3)
yields
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B. Design of the extended state estimator

By using the lumped uncertainty d given by (4) as a state
variable, the extended state estimator for the system (6) is
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The states é;, és and d are the estimates of e1,e2 and d
respectively and are given by:

é1=q + Kiea, é3=qo, d=q3+ Kzes ®)

with go = es — é2. The parameters K, Ko and K3 are the
estimator gains. Using (6), (7) and (8), the dynamics of the
state errors are

é1=—Kié1+d
€y = €1 — Kaéy 9
d=—Ksé, +d

with €1 = e; — é1, €3 = es — €5 and d=d—d. System (9)
can be written in compact form as

é = Aé + Bd (10)
where é = [¢1, &, d|T and
—K; 0 1 0
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Assumption 1: We assume that for any bounded time-
varying lumped disturbance d we have
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The eigenvalues of the system matrix A are determined from
the characteristic equation

s°+ (K1 + K2) s* + (K1 K2 + K3) s

+K3K3=0 (13)

For any K7 > 0,K5 > 0 and K3 > 0, the poles are on the
left-half side of the complex plane with the matrix A being
Hurwitz.

If

2/ K3 < Ky

then the time-invariant system (10) is overdamped with three
real distinct and negative poles.

If
2¢/ K3 =K;

(14)

15)

then the time-invariant system (10) is operating under a
critically damped regime. A third order system with a domi-
nant critically second-order dominant subsystem with negative
repeated poles.

In both cases, the state errors are strictly and tightly bounded
by
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For the case
2v/ K3 > K4 (19)

The time-invariant system is operating under an underdamped
regime, a third order system with a dominant underdamped
second order subsystem. In this case the state errors are strictly
and tightly bounded by
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where A, is a unified global resonance amplification
multiplier and a function of the system’s internal damping
ratio.

Remark 1: If lim;_,, d(t) = 0, then all states will asymp-
totically decay to zero as time goes to infinity and we have

(23)
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Since K3 is typically a very high gain, the steady-state errors
of the extended state estimator are usually small and approach
uniformly 0 in ¢ € [0 o) as K3 — o0.

C. Design of the controller and stability analysis
We consider the following sliding surface
o =¢é +vé — Kieo
=q +7q

where we have used é; = q¢1 + Kies and g = és and v > 0
is a design parameter. We consider the following controller

(24)
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where L.C. o6
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Using (24), the controller (25) is derived by differentiating o
with respect to time and setting ¢ = 0. The last term aK40
is added to ensure the sliding mode condition.

The substitution of the controller u into the derivative of

(24) leads to

o =—Kyo 27)



and therefore, we have 60 = —K,02 < 0 which ensures the
sliding mode condition. Equation (27) admits as a solution

o(t) =c(0)e (28)

Using the initial conditions ¢;(0) = 0, ¢2(0) = 0 for the
extended state estimator (7), yields o(0) = 0 and in this case
o(t) = 0 for all ¢ > 0 with the reaching phase completely
eliminated.

— Kyt

Theorem 1: For the system (2) with the extended state
estimator (7) and driven by the controller (25), the output
voltage v.(t) is uniformly convergent to a ball Q(r) centered
at V..y with a radius r given by

7} 0
Ko | (v — K1)
K1). Here v > K; with the parameter

r= 29)

— |1
K3 [ "
with a decay rate (v —
0 defined in (12).

Proof: Substituting (e; — é;) for é1, (ea — é2) for é5 and
o = 0 in equation (24) and solving for e; yields

—(v— Ky)ex +é1 + €2 (30)

Using e; = 0. and e; = v, — Viey into (30) yields the
following dynamic equation
—(v = K1) (ve — Vyes) + €1+ vé2 (31)

In this work, we consider condition (15) that yields an
extended state estimator operating under a critically damped
regime to avoid oscillatory behavior. In this case, the bounds
for ||é1]| and ||é3]| are given by (16) and (17), respectively.
For the underdamped regime case, the bounds (20) and (21)
should be used. The solution v.(t) of (31) is bounded by
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and consequently, v, is uniformly convergent to a ball centered
at V;..y with a radius r given by (29) and a decay rate (y—K).

Remark 2: In the case of step load resistance and step input
voltage changes, we may have lim; o, d(t) = 0. In this case
ve(t) = Vyes. From (3) with ¥, — 0 we have

u* = —a,d* (33)
where u* = limy_, o0 u(t), d* = limy_,o d(t) and
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which is derived from the second equation of (2) with v, — 0
and we also have used @ — 0.
The steady state of the controller given in equation (33) is

(33)
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and is the solution to the following quadratic equation:
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where
a=20a,Vyey
LC
b=—LCH+ ao(4Vres —2E,) —— — 0o(4Vsef — 2F)
LOOO
R
c= 2ao‘/;ef 20,E + a, I%L V;"ef
(38)
whose feasible solution is
—b—/(b*—4
ut ( ac) (39)
2a
The steady-state inductor current ¢7 is given by
. V;"ef
= 40
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Remark 3: Let the 7, = R,Cy be the nominal time constant
of the open-loop system with a decay constant a, = 7, . In
view of (15) and (31), a possible general guideline for the
choice of the controller and estimator gains is:

1) Choose K, = 1.

2) Choose K1 = ma,, with m > 1.
3) Choose v = K1 + 100a,.

4) Choose K3 =

5) Choose Ky = Iﬁ)
6) If the performance is not adequate, increase m in step 2
and repeat.

III. SIMULATION RESULTS
A. Case 1: start-up transient with nominal parameters.

The first simulation considers a start-up transient with
Vref = 100 V and using the nominal parameters listed in
Table 1 for the implementation of the proposed sliding mode
controller. The simulation is performed using the sampled
model with a switching frequency f; = 100 kHz. We also
assume that Ry, = Ry, = 0.1 Q in the sampled model.

Using Remark 3 as a general guideline, the gains of the
estimator/controller parameters are chosen as

K| =25x10%, v =275 x 103, Ky = 156.250 x 103,
K3 =1.5625x10%, K4 =1
(41)



TABLE I
CONVERTER NOMINAL PARAMETERS

Nominal Parameters | Values and Units
Voltage supply E=50V
Capacitor C =200 uF
Converter inductance L; =76 uH
Converter inductance Lo =76 uH
Load resistance R=2090Q

with m = 10 and the initial conditions of the state extended
estimator ¢;(0) = 0, ¢2(0) =0 and ¢3(0) = 0.

Figure 2 shows the start-up transient output response reach-
ing the reference voltage V,.; with no overshoot. Figure 3
depicts the current waveforms of the converter, and Figure 4
provides a magnified view showing the single-phase inductor
ripple of 3.29 A and the input current ripple of 0.0658 A. This
clearly demonstrates the benefit of the interleaved structure in
reducing the input current ripple. Figure 5 shows the plot of
the duty ratio u.

B. Case 2: start-up transient with uncertain parameters listed
in Table 2 and parasitics given by (42).

In this case, we simulate the converter subjected to the pa-
rameter uncertainties listed in Table 2 along with the parasitics
of the two parallel boost converters. Figure 6 shows the start-
up transient output response reaching the reference voltage
Vier with no overshoot and tightly tracking the reference
voltage V,..; with zero steady-state error. Figure 7 depicts the
current waveforms of the converter, while Figure 8 provides a
magnified view of Figure 7, showing a single-phase inductor
ripple of 2.70 A and an input current ripple of 0.80 A. Please
note that despite the converter operating in an unbalanced
condition, there is only a small performance degradation,
which is expected, in terms of a slight increase in the input
current ripple and the output voltage ripple. Figure 9 shows
the plot of the duty ratio u. We also assume the following
parasitics in the sampled model:

TABLE II
CONVERTER PARAMETER UNCERTAINTIES

Nominal values | Actual values, increase/decrease
E=50 V E=60 V (+20 %)
C=200 pF C=140 pF (—30%)
L1 =76 uH L1 =91.2uH (+20%)
Lo =76 uH Lo = 95.0uH (+25%)
R=20 R=26 Q (+30%)

Rp, =029, Rps, =0.02Q, Vp, =0.6 V, Rp, =0.3Q
Rr, =039, Rps, =0.04 Q, Vp, =05V, Rp, = 0.35Q
Re =0.01Q

(42)
where the unknown parameters Ry, Rps,, Rp,, Vp,,? = 1,2
and R represent the inductor equivalent series resistance,
the MOSFET on-resistance, the diode forward resistance, the
conducting voltage of the diode and the capacitor equivalent
series resistance, respectively of the two parallel-connected
boost converter stages.

C. Case 3: Robustness to step load resistance and input
voltage changes

To test the robustness of the controller to step load
resistance changes and step input voltage changes with
uncertain parameters listed in Table 2 and parasitics given by
(42), we assume that the converter is subjected to a step load
resistance of —10 2 at t=0.2 s and 10 2 at t=0.4 s from the
actual value of R. The converter is also subjected to a step
input voltage of —10 V' at t=0.6 s and 10 V at t=0.8 s from
the actual value of E. Fig. 10 depicts the time evolution of the
output voltage v.. As seen in this simulation, the proposed
controller exhibits an excellent disturbance suppression
capability during load resistance and input voltage changes
with small overshoots, undershoots and short recovery times.

D. Case 4: Robustness to time-varying load resistance and
input voltage changes

To test the robustness of the proposed controller to time-
varying disturbances and parameter uncertainties, we assume
that the converter is subjected simultaneously to parameter
uncertainties listed in Table 2, to parasitics given in (42) and to
time-varying input voltage F and time-varying load resistance
R shown in Figure 11. Figure 12, shows the output response
tracking the reference voltage with a small steady-state error
of 321 mV, due to the time-varying external disturbances.
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Fig. 2. Case 1: Output voltage Response using the nominal parameters listed
in Table 1.

IV. CONCLUSION

This paper presents a PWM-based, current-sensorless robust
sliding mode controller for the interleaved DC-DC boost
converter, requiring only a single sensor for output voltage
measurement. An extended state observer successfully esti-
mates the derivative of the output voltage along with a lumped
uncertainty signal that accounts for changing load resistances
and input voltages, parametric variations, and circuit parasitics.
A linear sliding surface is used to derive the control law. The
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proposed controller features a simple design with a simple
parameter-tuning procedure. Simulation results validate that
the system achieves excellent disturbance suppression and dy-
namic compensation capabilities despite the complete absence
of inductor current feedback. Future work will focus on the
experimental validation of these theoretical and simulation
results.
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