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ABSTRACT It is well-known that the accurate measurement of input voltage and current, as the feedforward
and feedback terms, plays a crucial role in the nonlinear controller design for power factor compensation
of an AC-DC boost converter. This paper addresses the problem of the simultaneous estimation of the input
voltage and current from the output voltage in a full-bridge AC-DC boost converter. In the lossless model
of the system, those variables are unobservable from the output voltage when the control input is zero.
To overcome this, the system dynamics are immersed in a proper form by a new filtered transformation.
The phase and amplitude of the input voltage, along with the input current, are globally estimated from the
output voltage by a fifth-dimensional estimator. Unlike some existing results, the stability of the proposed
estimator does not rely on a priori knowledge about the parasitic resistances and is guaranteed exponentially
under the persistence of excitation conditions on the control signal. An application of the proposed estimator
is presented in conjunction with a dynamic controller to form a sensorless control algorithm that does not
require any sensor on the input side and controls the system only by the feedback from the output voltage.
Processor-in-the-loop (PIL) studies conducted by OPAL-RT OP 5700 are used to assess the performances
of the proposed estimator and controller.

INDEX TERMS AC–DC power converters, adaptive estimator, immersion and invariance technique,
Lyapunov stability.

NOMENCLATURE
i Input current
vi Input voltage
v Output voltage
u Control input
L Inductance
C Capacitance
G Load conductance
E vi- amplitude
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ω vi-angular frequency
ρ vi-phase
1ρ Phase difference between vi and i
θ Unknown vector
ϕ Regressor vector
ι Filtered transformation state
µ Filtered regressor
ζ1,ζ2 Estimator states
κ, λ ,3 Estimator gains
a, b, d,K Controller gains
s Steady state subscript
∧ Estimation superscript
− Estimation error superscript
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I. INTRODUCTION
AC-DC boost converters have widely been used for inter-
facing renewable energy sources to hybrid microgrids [1],
[2], [3], flexible AC transmission systems [4], motor drive
systems [5], LED drive systems [6], [7], etc. The average
model of the converter in both full-bridge and half-bridge
(interleaved) topologies has bilinear nature and is inherently
nonlinear [8]. Also, the system is nonminimum-phase with
respect to the output to be regulated, and since the states must
be controlled only by one signal, the system is underactuated,
too [9]. These features, besides the system applications, have
made an attractive control problem from both theoretical and
practical viewpoints. The control objective is to regulate,
on average, the output voltage in some constant desired value
with a near unity power factor on the input side [9].

For power factor compensation (PFC) purposes, the
AC-DC boost converters are usually controlled by the current
mode control (CMC) strategies [8], [9], [10], [11]. With
respect to the underactuation property, the bidirectional con-
trol objectives are achieved in the CMC methodologies by
phase and amplitude control of the input current. For a
specified load and an arbitrary desired output voltage, the
phase and amplitude of the desired input current are specified
by their values in the input side voltage source [12]. With
respect to the nonlinear nature of the system, achieving the
desired values provides a nonlinear tracking control problem
which requires the input voltage to provide the feedforward
control signal [8], [9], [10], [11]. To stabilize the tracking
error dynamics, feedback from the input current is essential,
which improves the total harmonic distortion (THD) and
power factor quality and indirectly improves output voltage
regulation [13]. Hence, accurate measurement of the input
voltage and current are vital for the nonlinear control design
in boost converters such as [14], [15], [16], [17], [18].

The feedback control function depends on the input current
sensor performance, which can be stymied by high tempera-
ture and measurement noise. Hence, the sensorless control
of power converters has attracted a lot of attention in both
industrial and academic applications. It is known that the
use of these methods is cost-effective, reliable, and reduces
performance sensitivity to measurement noise [19]. However,
the bilinear nature of the commonly used power converter
topologies makes the design process challenging, especially
in the observer-based methodology. It is worth noting that
the lossless model of the AC-DC boost converter belongs to
the second-order bilinear systems group both of its states are
not observable when the control signal is zero. It is worth
pointing out that the full-bridge topology, which presents
lower pollution in the line source than other topologies of
the AC-DC boost converter [8], confronts the observability
obstacle definitely due to its control input sign changes con-
tinuously. This poses a challenging problem for the state and
parameter estimation. A few works have been reported to
address this issue by the observer-based methodologies that
are discussed in the following.

In [5], [6], and [20], Luenberger-type observers are
employed to estimate the input current of an interleaved
AC-DC boost converter. The observers construct an esti-
mation error dynamics with asymptotic stability. The draw-
back is that the convergence rate of the estimation cannot
improve arbitrarily and is limited to some bounds which
depend on the system parameters. Also, a priori knowledge
of the parasitic resistance of the system is required for such
observers. An adaptive version of the Luenberger observer
is proposed in [21] for estimating the input current and
two parasitic parameters. However, the design procedure is
stymied by the definition of an inappropriate Lyapunov func-
tion in which estimation convergence cannot be concluded
from its time derivative (see Eq. (26) and (30) in [21]).
Also, it is well known that the parametric convergence in
the classical adaptive observer, such as the one proposed in
[21], requires fulfilling an assumption known as persistent
excitation (PE) condition (see LemmaB.2.3 of [22]). Another
Luenberger-type adaptive observer is proposed in [23] to esti-
mate the input current and the output load conductance. The
adaptation law is derived based on direct cancellation with
matching in a Lyapunov function candidate. The observer
design procedure is hampered by the so-called detectability
obstacle due to the existence of uncertainty in output dynam-
ics (see [24] and Section 3.3 of [9]). A PE-like assumption
on the states and control input is needed to guarantee the
state and the parameter estimation in [23]. The detectability
obstacle is tackled by an immersion and invariance (I&I)
based observer design for a DC-DC boost converter with
unknown load conductance in [25] which is extended to a
class of DC-DC converters in [26]. Both of these works need
to sense the input and output voltage. In [27], an output
feedback controller is proposed for the DC-DC boost con-
verter, which requires knowledge about output load conduc-
tance. The proposed algorithms in [25], [26], and [27] are
based on a lossless model of the converter with considering
the saturation of the control input. A generalized parameter
estimation-based observer (GPEO) is designed for a class
of converters, including boost converters, under a weaker
convergence condition than PE in [28]. The design procedure
imposes many degrees of freedom to provide the condition.
Although there is no need for the value of the output load,
a priori knowledge about the parasitic resistances and a mea-
sure of the input voltage is required for the foregoing method.
The GPEO method is employed in [29] to form a sensorless
control algorithm for a DC-DC boost converter. The proposed
controller needs knowledge of the output load value and two
sensors to measure the input and output voltages. A sliding
mode observer is proposed in [30] with exponential cur-
rent estimation for the three-phase AC-DC boost converter.
A phase parasitic resistance, including the internal resistance
of the voltage sources and the impedance of the switching
elements, is considered in the model equations to facilitate
the observer design procedure like to [5], [6], [20], [28], and
[30]. Also, the current observers proposed in the foregoing
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researches require a voltage sensor on the input side to extract
the amplitude and phase of the AC source, in addition to the
knowledge about the parasitic and load resistances. A non-
linear estimator based on filter transformation via dynamic
matrix is presented for AC-DC boost converter in [31]. In this
approach, an asymptotic estimation of the input current and
voltage can be extracted from a ninth-dimensional observer
under a non-square-integrability condition. Regardless of the
observer order which is high and hard to implement, the
convergence condition is hard to be verified for the dynamic
matrix.

The problem of sensorless control, i.e., voltage output feed-
back control, of the AC-DC boost converter, using a single
output voltage sensor has been addressed in [19]. A manifold
is extracted from the instantaneous power balancing equality
for the unity power factor in the lossless model of the sys-
tem. Along the trajectories of the system on the manifold,
changes of the unavailable states are locally computed in
terms of changes in the DC link voltage. Although using
the lossless model relaxes the need for a priori knowledge
about parasitic resistance, the input current and voltage esti-
mation are hampered by the observability obstacle when the
control signal is zero. Also, a dynamic transformation is
required to transform the system model to a proper adaptive
observer form. Unlike [19], in this paper, a nonlinear, globally
convergent, and robust estimator is designed for an AC-DC
full-bridge boost converter to estimate the input current and
the input voltage from the output voltage. Instrumental for
the construction of the estimator is the use of I&I-based
filtered transformation that poses a lower degree of freedom
in comparison to the one presented in [31] and the GPEO
design in [28]. Besides reducing the number of sensors, the
proposed estimator relaxes the knowledge about the parasitic
resistance value that is instrumental in the creation of a
globally convergent observer in [5], [6], [20], [28], and [30].
An application of the estimator is presented in conjunction
with a dynamic controller reported in [9]. The controller is
reinforced to circumvent the singularity problem, which can
occur when the estimated parameters are replaced instead
of the real ones. As a result, a sensorless control algorithm
is proposed which does not require any sensor on the input
side and controls the system only by the feedback from the
output voltage. The main features of this paper are listed
below:

• The input current and voltage are globally estimated
from the output voltage via a fifth-dimensional estima-
tor. Unlike most methods, no a priori knowledge about
the parasitic resistances and bounds on the states of the
system is needed.

• The exponential stability of the estimator is guaranteed
via Lyapunov analysis under a PE condition on the input
control signal, which is ensured in normal operating
conditions.

• The estimator, in conjunction with the controller, pre-
served the stability of the closed-loop system.

• Verification of the theoretical results is concluded via
Processor-in-the-loop (PIL) studies done by OPAL-RT
OP 5700.

FIGURE 1. AC-DC full-bridge boost converter circuit.

The rest of the paper is organized as follows. Section II
is devoted to the problem formulation. The main results of
the paper are presented in Section III, where the I&I-based
estimator is proposed, and its convergence is analyzed. The
estimator is applied in Section IV for PFC purposes. The
performance of the proposed scheme is evaluated using PIL
results in Section V. Finally, the paper is concluded in
Section VI.

II. PROBLEM FORMULATION
Consider the single-phase full-bridge boost converter shown
in Fig. 1. The circuit of the converter combines two pairs
of transistor-diode switches in two legs to form a bidirec-
tional operation. The switches in the legs are controlled by
a pulse width modulation (PWM) circuit in a complementary
way i.e., δ1 = δ̄2 := 1 − δ2. The switch position function
takes the values in the finite set 0, 1}, which provides two
conduction states: δ1 = δ̄2 in the on-state (δ1 = δ̄2 = 1)
and δ1 = δ̄2 in the off-state (δ1 = δ̄2 = 0). The dynamic
equations describing the average behavior of the converter
can be obtained using Kirchhoff’s laws as [8]

L
di
dt

= −uv+ vi (t) , (1)

C
dv
dt

= ui− Gv, (2)

where i ∈ R describes the current flows in the inductance L,
and v ∈ R is the voltage across both the capacitance C and
the load conductance G. The continuous signal u ∈ [−1, 1],
operates as a control input and is fed to the PWM circuit to
generate the sequence of switching positions δ1 and δ2. The
switched model can be obtained by standing δ1 − δ2 = 2δ1 −

1 as the control signal u in (1)-(2). Finally, vi (t) is the voltage
of the AC line source which has the following form

vi (t) = E sin (ωt + ρ) , (3)

where the real constants E > 0, ω > 0, and ρ represent its
amplitude, angular frequency, and phase, respectively.

As mentioned, the control objective can be achieved indi-
rectly by stabilizing the input (inductor) current in phase with
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the input voltage. This is done due to unstable zero dynamics
with respect to the output to be regulated. In the following sec-
tion, we deal with the effect of the phase difference between
the input voltage and current on the waveform of the output
voltage signal. To this end, let us assume that the input current
has the following steady-state form

is (t) = Is sin (ωt + ρ − 1ρ) , (4)

for some constant 1ρ ∈ (−π/2, π/2) as the phase difference
between the input voltage and current, and some Is > 0 yet
to be specified. Replacing (4) into (1) yields

usvs = E sin (ωt + ρ) − LωIs cos (ωt + ρ − 1ρ) , (5)

where us and vs are the control input and output voltage in
steady-state, respectively. Now, replacing (4) and (5) into (2)
yields the following dynamics in steady-state

Cvsv̇s + Gv2s = EIs sin (ωt + ρ) sin (ωt + ρ − 1ρ)

−
LωI2s
2

sin (2ωt + 2ρ − 21ρ) . (6)

The steady-state solution of (6) can be calculated using
Fourier series as follows

v2s (t) =
EIs
2G

cos (1ρ) −
Gd1 − Cωd2
G2 + C2ω2 cos (2ωt + 2ρ)

−
Gd2 + Cωd1
G2 + C2ω2 sin (2ωt + 2ρ) , (7)

with

d1 (1ρ) :=
Is
2

(E cos (1ρ) − LωIs sin (21ρ)) , (8)

d2 (1ρ) :=
Is
2

(E sin (1ρ) + LωIs cos (21ρ)) . (9)

Finally, doing a basic trigonometric simplification (7) takes
the form

v2s (t) =
EIs
2G

cos (1ρ) + A sin (2ωt + 2ρ + ϱ) , (10)

with

A (1ρ) :=

√
d21 + d22

G2 + C2ω2 , (11)

ϱ (1ρ) := arctan 2
(
Gd1 − Cωd2
Gd2 + Cωd1

)
. (12)

The new representation, given by (10), demonstrates the
relationship between the phase difference and the steady-state
amplitude of the input current and the second-order harmonic
on the output. The solution in the presence of parasitic resis-
tance in (1) with no phase difference in (4) has been obtained
in [8] and [11].
Remark 1: The DC-component of vs in steady-state can be

concluded from (10) and is given by

Vs (1ρ, Is) =

√
EIs
2G

cos (1ρ). (13)

As a result, to provide the desired output voltage Vd , the
input current amplitude must be forced to achieve

Is (1ρ) =
2GV 2

d

E cos (1ρ)
, (14)

which justifies the fact that for any phase shift (positive or
negative) the amplitude of input current and then the con-
verter losses increases. For 1ρ = 0, the minimum value of Is
can be achieved and is defined as

I0 :=
2GV 2

d

E
. (15)

As an example, consider the static control law in [11]
which causes the following input current in steady-state

is (t) =
I0

√
1 + α2

sin (ωt + ρ − arctan (α)) , (16)

with α = Lω/KE for some constant K > 0. Replacing the
amplitude and phase of the current in (13) yields to

Vs =
Vd

√
1 + α2

, (17)

which indicates a steady-state error in the output voltage.
Remark 2: The minimum amplitude of the second-order

harmonic A (1ρ) does not occur for 1ρ = 0. From (11) it
can be computed that for 1ρ which satisfies the following
inequality

sin2(1ρ)
ELωI0

<
sin (21ρ) (2 cos (1ρ) − cos (21ρ))

E2cos2(1ρ) + L2ω2I20 (1 + cos2(1ρ))
, (18)

themagnitude ofA (1ρ) is less thanA (0). From (18) it can be
concluded that when the converter operates in leading form,
i.e.,1ρ < 0, the magnitude of A (1ρ) increases, but, it can be
decreased when the converter operates in lagging form with
a small 1ρ near to zero. This may be induced by time delays
or unmodeled dynamics in the actual system.

With respect to the remarks above which highlight the
importance of phase difference in the output signal quality,
in this paper we are interested to estimate the parameter vector

θ := [θ1, θ2]

=: [E sin (ρ),E cos (ρ)] , (19)

from the output voltage v. The amplitude and the phase can
be obtained from the above vector as

E = |θ |

=
√

θθ, (20)

ρ = arctan 2 (θ1, θ2) , (21)

and the corresponding regressor can be defined as

ϕ (t) :=
1
L
[cos (ωt) , sin (ωt)] , (22)

to get

vi (t) = Lϕθ

= E sin (ωt + ρ) . (23)
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III. ESTIMATOR DESIGN
In this section, an estimator is designed for the system (1)-(2)
to estimate vi (t) and i (t) from the output v (t). In the design
procedure, the following assumptions are considered.
Assumption 1: The system (1)-(2) is forward complete,

i.e., trajectories exist for all t ∈ R+.
Assumption 2: The measurable state is v (t) but i (t) is not

measurable.
Assumption 3: The parameters ω, C , L and G are known

but E , ρ and the parasitic resistances are not known a priori.
Assumption 4: The time derivative of the control signal u

is available.
Assumption 5: The control signal u is continuous and per-

sistently exciting (u ∈ PE), that is, if∫ t+T

t
u2 (τ ) dτ ≥ δ, (24)

for some constants δ, T > 0 and for all t ∈ R+.
The first assumption is standard in the estimator design and

is extremely milder compared to the boundedness of trajecto-
ries. It is worth pointing out that this assumption practically
holds due to the existence of the parasitic resistance in the
input side (see Lemma 8.1 in [9]). Assumption 2 is attractive
from the practical implementation viewpoint because it is
easier to measure voltage in contrast to current. The third
assumption relaxes the measuring of the input voltage and
a priori knowledge about the parasitic resistances. Although
Assumption 4 seems to be somewhat restrictive, a dynamic
control law, like the one introduced in Proposition 8.9 of [9],
satisfies this assumption. Assumption 5 is needed to make
the input current i observable from the output voltage v. The
assumption permits for a control signal sign changes that
covers the AC-DC boost converters with a complete bidi-
rectional bridge transistor-diode arrays (full-bridge) besides
the traditional interleaved topologies formed from a diode
bridge connected to a boost chopper. Regarding (5), the latter
assumption is satisfied when the system draws a sinusoidal
input current and the output voltage takes a real positive value.

Following [32], to form a proper adaptive structure,
let us change the coordinate by the parameter-dependent
transformation

ι (t) := i (t) − µT (t) θ, (25)

where µ : R+ → R2 is an auxiliary signal whose dynamics
yet to be specified. Now, the dynamics of the system (1)-(2)
can be represented in terms of the unavailable variable ι (t)
and θ as[

ι̇

θ̇

]
=

[
0 (ϕ − µ̇)T

o2 O2

] [
ι

θ

]
−

[ u
L
o2

]
v, (26)

v̇ =
u
C

[
1 µT ] [

ι

θ

]
−
G
C
v, (27)

where o2 ∈ R2 and O2 ∈ R2×2 are zero vector and matrix,
respectively.

Proposition 1: Consider the system (1)-(2) verifying
Assumption 1-5. Define the fifth-dimensional estimator[

ζ̇1
ζ̇2

]
= −κ

( u
C

)2 [
1 − λµT

3µλ 3µλµT

] ([
ζ1
ζ2

]
+

[
1

3µλ

]
κ

C
uv

)
−

[ u
L
o2

]
v+

[
1

3µλ

]
κ

C

(
G
C
u− u̇

)
v−

[
0

3µ̇λ

]
κ

C
uv,

(28)

µ̇ = −κ
( u
C

)2
µ

(
1 + λ

)
+ ϕ (t) , (29)

where κ and λ are positive constants, and 3 = 3 ∈ R2×2 is
positive definite. Let

ῑ (t) := ι (t) −

(
ζ1 +

κ

C
uv

)
, (30)

θ̄ (t) := θ −

(
ζ2 + 3µλ

κ

C
uv

)
. (31)

I Then

µ (t) ∈ L∞, ῑ (t) ∈ L∞, θ̄ (t) ∈ L∞, (32)

u (t) ῑ (t) ∈ L2, u (t) µ (t) θ̄ (t) ∈ L2, (33)

and if u̇ ∈ L∞ we have

lim
τ→∞

u (t) ῑ (t) = 0, (34)

lim
τ→∞

u (t) µT (t) θ̄ (t) = 0, (35)

II If Assumption 5 holds, then

lim
τ→∞

eℓt ῑ (t) = 0, (36)

lim
τ→∞

eℓt θ̄ (t) = 0, (37)

for some constant ℓ > 0.
Proof: Differentiating (30)-(31) and substituting (25),

(28), and (29) therein, the dynamics of the estimation errors
can be expressed in the following linear time-varying form[

˙̄ι
˙̄θ

]
= −κ

(
u (t)
C

)2 [
1 −λµT (t)

3µ (t) λ 3µ (t) λµT (t)

] [
ῑ

θ̄

]
.

(38)

Now, consider the Lyapunov function candidate

V (η̄) =
1
2

(
ῑ2 + θ̄T3−1θ̄

)
, (39)

whose time-derivative along the trajectories of (38) is given
by

V̇ = −κ
( u
C

)2 (
ῑ2 + λ

∣∣∣µTθ̄

∣∣∣2) , (40)

which is nonpositive and implies that the system (38) has
a uniformly globally stable equilibrium at the origin and
consequently V ∈ L∞, ῑ ∈ L∞, and θ̄ ∈ L∞. Note that,
for ϕ given in (22), all the trajectories of (29) are bounded
regardless of the control input, i.e.,µ ∈ L∞ and consequently
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µ̇ ∈ L∞. As a result, we have from (38) that ˙̄ι ∈ L∞ and ˙̄θ ∈

L∞. Using the above properties and recalling the assumption
u̇ ∈ L∞ we have that the time-derivative of the terms given
in (33) are bounded. On the other hand, by integrating (40) it
follows that

V (0) − V (∞) = κC−2
∫

∞

0

(
u2 ῑ2 + λ

∣∣∣uµTθ̄

∣∣∣2) dt
< ∞ (41)

which implies (33). Now, (34) and (35) follow directly by
applying the alternative to Barbalat’s Lemma reported in [33].
This completes the proof of part I.

Before establishing the proof of part II, notice that from
(38) and (34)-(35) we get that ˙̄ι → 0 and ˙̄θ → 0 as t → ∞.
Now, recalling uῑ ∈ L2 and (34), and invoking the assumed
PE property of u in Assumption 5, the uniform asymptotic
convergence of ῑ to zero can be concluded directly from
Lemma 1 in [34]. In similar way, using uµTθ̄ ∈ L2 and
(35), and invoking the lemma, θ̄ has the same convergence
property if uµT

∈ PE. Now, notice that, under Assumption 5,
the origin of the unperturbed system (29), i.e., (29) when
ϕ = 0, is uniformly exponentially stable and consequently
the perturbed system (29) is bounded-input to bounded-state
stable with ϕ as the input. It is clear that the regressor vector
ϕ given in (22) is PE and Thanks to Proposition 2 and
Eq. (23) in [35], it can be concluded that uϕT is PE for the
regressor vector (22). Now, invoking the conservation of the
PE property under filtering by an exponentially stable filter,
the condition uµT

∈ PE can be concluded. As a result, θ̄

converges to zero uniformly and asymptotically. The proof of
the claim is completed by noting that, for linear time-varying
systems, such as (38), uniform asymptotic stability confirms
exponential stability by Theorem B.1.3 in [22].
Remark 3: If (36)-(37) hold, an exponent estimation of ι,

θ , and i can be respectively obtained from, as

ι̂ = ζ1 +
κ

C
uv, (42)

θ̂ = ζ2 + 3µλ
κ

C
uv (43)

î = ι̂ + µTθ̂ , (44)

where (25) has been used to get the last identity. Now, regard-
ing (20)-(21), an asymptotic estimation of E and ρ can be
obtained by

Ê =

∣∣∣θ̂ ∣∣∣ , (45)

ρ̂ = arctan 2
(
θ̂1, θ̂2

)
. (46)

IV. ADAPTIVE OUTPUT FEEDBACK CONTROLLER
In this section, the dynamic controller proposed in Propo-
sition 8.9 of [9] is used in conjunction with the proposed
estimator to form an equivalent adaptive output feedback
controller. The updated law of the control signal is given by

u̇ =
1
v

(
−
u2

C
i+ w

)
, (47)

where w (t) comes from the marginally stable filter

w (s) = k
s2 + as+ b
s2 + ω2 e (s) , (48)

with some positive constants a, b, k , and

e := vi − uv− L
did
dt

− K (id − i) , (49)

where K is a positive constant and id (t) = I0 sin (ωt + ρ)

in which I0 is given by (15). With respect to the analysis in
Remark 1, the input current id results in an output voltage
with Vd in average. It is shown in [9] and [11] that for
sufficiently large k , the closed-loop system is asymptotical-
ly stable and i converges to id for all trajectories satisfying
v ∈ R>0. As a result, with respect to (5), it can be concluded
that u is a sinusoid signal in the steady-state andAssumption 5
is satisfied.
Remark 4: By substituting vi = vac−rid in (49), the exact

expression of the controller [11] can be obtained where vac is
the source voltage and r > 0 is the parasitic resistance which
is employed to model the power dissipation regarding to the
parasitic resistive effects of the inductor and the impedance
concerning the switches and source. Due to id is in phase with
vac, we can incorporate its effect on the amplitude of vi (see
equation (23) and Remark 8 both in [11]).

Note that, the feedforward and the feedback terms in (49)
indicate the importance of an accurate estimation of the input
current and voltage. An equivalence adaptive output feedback
control law can be constructed by replacing the state i and
the parameters E and ρ with their respective estimates î, Ê
and ρ̂ given by (44), (45) and (46), respectively. Notice that,
with respect to (15), singularity problem can occur when Ê is
replaced to estimate I0 in id . In order to remove the problem,
we assume that E−1 is incorporated in the arbitrary gain k and
the signal

ε (t) := Ee (t) , (50)

is injected to the (48) instead of e (t). Now, an estimate for
ε (t) can be achieved by

ε̂ = Ê
(
Kî− uv

)
− 2LωGV 2

d cos(ωt + ρ̂)

+

(
Ê2

− 2KGV 2
d

)
sin(ωt + ρ̂), (51)

which provides

ŵ (s) = d
s2 + as+ b
s2 + ω2 ε̂ (s) . (52)

where d is related to k in (48) with d = k/E . Now, the
connection between the control algorithm and the systemwill
be completed by

u̇ =
1
v

(
−
u2

C
î+ ŵ

)
. (53)

Remark 5: Asymptotic stability of the closed-loop system
can be dealt with invoking cascade theorem. To this end,
the existence of the parasitic resistance in practice ensures
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boundedness of the system trajectories regardless of u with
respect to Lemma 8.1 in [9]. As a result, the trajectories of
the system in closed loop with (53) remain bounded provided
v ∈ R>0. The closed-loop system can be considered as a
nominal asymptotic stable system (system (1)-(2) with (47)
as control law) perturbed by the estimation errors ī, Ē , and ρ̄.
FromProposition 1 andRemark 3, it can be concluded that the
perturbation term asymptotically converges to zero provided
u ∈ PE. Now, all trajectories satisfying v ∈ R>0 are
bounded and asymptotic convergence of the overall system
for sufficiently large k and u ∈ PE can be concluded from
Lemma 2.1 in [36].
Remark 6: From a practical viewpoint, the inductance,

capacitance and conductance values could be dramatically
changed according to the current and voltage. From the
estimator dynamics (28)-(29) and the controller dynamics
(51)-(53), such uncertainties in the values of the parameters
could be model in the dynamics as an additive disturbance
which depends upon to the system states. Regarding to the
dynamics of the unperturbed estimator and closed-loop sys-
tem are exponentially and uniformly asymptotically stable,
respectively, boundedness of the estimation and tracking
errors are guaranteed for bounded disturbances by total sta-
bility arguments.

V. SIMULATION AND PROCESSOR-IN-THE-LOOP
RESULTS
Fig. 2 shows the rectifier control block diagram that includes
the proposed estimator. Simulation and processor-in-the-loop
results are performed with the system parameters and the
estimator-controller gains are listed in Table 1 and Table 2,
respectively. The system and controller parameters are bor-
rowed from the experimental setup in [11] for comparison
purposes. All initial values of the controller and estimator
are set to zero. The switching frequency of the PWM is set
to 10 kHz. The results of this section are decomposed in
two simulation and laboratory tests. The simulation tests deal
with the robustness of the proposed estimator and controller
in the presence of uncertainty in inductance, capacitance,
and conductance values. The laboratory tests intend to assess
the adaptive performance of the proposed control system in
confronting with step changes in the amplitude and phase of
AC-source, and the desired output voltage.

A. SIMULATION RESULTS
In this subsection, the simulations were carried out via the
Simulink® of MATLAB® R2017b to assess the perfor-
mance of the control system for the uncertainty in L, C , G,
and ω. To this end, 25% uncertainty appears on L in the
interval t = 0.2 to 0.4 sec, on C in the interval t = 0.6 to
0.8 sec, and on G in the interval t = 1 to 1.2 sec. Finally,
2% frequency is dropped in the interval = 1.4 to 1.6 sec.
Along the test, the desired output is set to Vd = 200 V. Fig. 3
plots the time histories of the output voltage. Fig. 4-8 plot the
time histories of the input voltage and current estimations.
The time history of the power factor is shown in Fig. 9.

TABLE 1. Parameters of the system used in PIL studies parameter value
unit.

Fig. 4 shows the transient behavior of the estimator which
illustrates the estimated signals v̂i and î converge to their
real values fast from zero-initial condition. As mentioned in
Remark 4, regarding to the presence of the parasitic resis-
tance, a voltage drop appears in vi, so the amplitude of the
waveform is less than E . From Fig. 3 and 5, we can conclude
that the controller and estimator have a robust performance
against the inductance uncertainty along the test. When the
uncertainty in capacitance is applied to the test, the controller
behavior shows a small deviation in Fig. 3, whereas Fig. 6
shows the estimator is working in high accuracy. So, it can be
concluded that the estimator has a robust performance against
the capacitance uncertainty but the controller is sensitive to
the change along the test. Also, Fig. 3 shows 5% (10 V)
steady-state error in the DC-link voltage when uncertainty in
the load is applied. As shown in Fig. 7, the estimator, with
a high accuracy, estimates the input voltage signal whereas
estimation of the input current shows a deviation in the signal
amplitude for this change. Regarding to the high accuracy
estimation of the input voltage in Fig. 5-7, it can be concluded
that Ê and ρ̂ have robustness against the changes in the circuit
elements. As shown in Fig. 3 and 8, both the controller and
estimator illustrate more sensitive behaviour to the frequency
drop than the changes in L, C , and G. Fig. 8 shows that
the frequency drop causes a phase deviation in the current
estimation. However, the estimated input voltage is well syn-
chronized with the actual one by the adaptive part of the
estimator during the tests. This makes it possible to achieve
the control objective on the input side, i.e., unity power factor,
with high accuracy, as shown in Fig. 9.

B. PROCESSOR-IN-THE-LOOP RESULTS
The laboratory setup includingOPAL-RTOP 5700 and power
quality analyzer, which is employed to support the theoretical
results, is shown in Fig. 10. The rectifier runs in FPGA of
OPAL-RT. The CPU of OPAL-RT is used to implement the
controller and estimator in the discrete domain. The evalua-
tion is done by computing the DC error of the output voltage,
and the harmonic characteristics of the input current such
as total harmonic distortion (THD), displacement angle, and
power factor.

Fig. 11 shows the steady-state performance of the proposed
adaptive output feedback controller in tracking Vd = 200 V.
The PIL results are gathered in Table 3. According to this
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TABLE 2. Estimator & controller gains gain value.

FIGURE 2. Block diagram of the control system describing the connection
between the estimator, the controller and the converter.

FIGURE 3. Response of the control system to 25% uncertainties in L for
t :0.2:0.4 sec, in C for t :0.6:0.8 sec, in G for t :1:1.2 sec, and 2% frequency
drop for t :1.4:1.6 sec.

TABLE 3. Harmonic analysis.

table, the control objectives have been achieved with a high
accuracy. The harmonic content of the input current is illus-
trated in Fig. 12 which presents a comparable result with
the adaptive state feedback controllers reported in [11]. Also,

FIGURE 4. Response of the estimator at the start time.

FIGURE 5. Response of the estimator to 25% uncertainty in the
inductance value at steady-state.

FIGURE 6. Response of the estimator to 25% uncertainty in the
capacitance value at steady-state.

comparing with the harmonic limits specified by European
standard EN61000-3-2 reported in [37] Fig. 12 demonstrates
that the proposed control algorithm obeys the standard with a
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FIGURE 7. Response of the estimator to 25% uncertainty in the
conductance value at steady-state.

FIGURE 8. Response of the estimator to 2% frequency drop at
steady-state.

FIGURE 9. Power factor history along the test.

large margin. The proposed estimator presents a lower THD
owing to providing a smooth estimation of the input current
that is required in all the CMC strategies to stabilize the

FIGURE 10. Experimental setup based on OP5700.

FIGURE 11. Time histories of v , vi and i in steady-state.

FIGURE 12. Fourier spectrum of the input current harmonics for the
proposed control algorithm compared to the standard EN61000-3-2.

tracking error dynamics. The best performance of the CMC
controllers proposed in [11] associated with THD, power
factor, displacement and DC error are obtained by the Passiv-
ity Based (PB) controller with 5.4%, the PB controller with
0.9981, the adaptive Feedback Linearization (FL) controller
with 0◦ and the adaptive Internal Model (IM) controller with
0.04 V, respectively (see the Table 4 in [11]). In comparison,
Table 3 shows that the overall performance of the proposed
adaptive output feedback controller is comparable with the
control strategies proposed in [11].
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FIGURE 13. Time responce of v and i to a step change in the amplitude of
vi from 150 to 100 V.

FIGURE 14. Time histories of Ê , ρ̂ and î to a step change in the amplitude
of vi from 150 to 100 V.

FIGURE 15. Time responce of v and i to a step change in the phase of vi
from 0 to 10 deg.

FIGURE 16. Time histories of Ê , ρ̂ and î to a step change in the phase of
vi from 0 to 10 deg.

Fig. 13 and 14 respectively display the response of the
proposed control system and the estimator to the change in E
from 150 to 100 V. By this change and at the beginning, the

FIGURE 17. Time response of v , vi and i to a step change in Vd from 160
to 200 V.

output voltage v drops and then after 0.15 sec, the proposed
scheme has quickly damped the voltage deviation and gives
a satisfactory performance dealing with the server changes
in the input voltage. Notice that Fig. 14 shows the estimator
tracks a smaller value than E , due to the consideration of the
parasitic resistance in the laboratory tests. This drop becomes
bigger when the input current increases after the step-down
change in the input voltage. The laboratory results for the
case of the known parameters in [11], shows a significant
steady-state tracking error. The comparison emphasizes the
importance of adaptation role on E in the proposed estimator.

Fig. 15 and 16 illustrate the response of the control system
to the phase change in the input voltage from 0

◦

to 10
◦

.
Obtained results represent a fast convergence in the estimator
and controller performance. As can be seen in Fig. 16, the
estimator has been able to synchronize the estimated signals
to the new one after 0.05 sec. Fig. 17 plots the response of
the control system to a step-change in the desired output from
160 to 200 V. It shows that the output voltage reaches to its
new reference without overshoot after 0.1 sec.

VI. CONCLUSION
In this paper, the impact of the phase difference between the
input voltage and current on the quality of the output voltage
signal has been extensively studied. The mathematical anal-
yses clearly demonstrate that larger values of the phase shift
result in increased DC error and higher amplitude of harmon-
ics in the output voltage. To address this issue, a novel non-
linear, globally exponentially convergent and robust estimator
has been developed using I&I-based filtered transformation.
By employing a fifth-dimensional estimator, the input current
and voltage are accurately estimated from the output voltage.
In addition, an application of the estimator has been presented
in conjunction with a dynamic controller. Laboratory tests
illustrate a fast convergence and robust performance of the
proposed scheme. Our future study concentrates the extinc-
tion of the proposed strategy on other widely used converters.
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