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Abstract: The main contribution of this paper is to propose an adaptive reduced-order state observer
for boost converter to reconstruct the inductor current and load conductance. Note that the unknown
parameter appears in the output dynamics, which poses a detectability obstacle, imposing a more
stringent requirement on the system behavior. As a result, the design of an adaptive reduced-
order state observer is more challenging. In this paper, using the dynamic extension technique, we
transform the state observation into the parameter estimation. Constructing the parameter observer,
the current and load conductance can be estimated. Introducing the estimated terms to a saturated PI
passivity-based control, an adaptive output feedback saturated controller is presented. To assess the
control performance, the simulation and experimental results are given.

Keywords: boost converter; reduced-order state observer; passivity-based control; stability analysis

1. Introduction

The DC–DC power converter is a type of energy transmission equipment for convert-
ing the DC voltage between sources and loads [1–3]. A boost converter is used to step up the
voltage, which is widely used in electronic communication, aerospace, military equipment
and other fields [4–6]. It is noted that its average model is a bilinear system, which makes
the controller design more difficult. This fact is stated in [7,8]. The non-minimum phase
property also poses a difficulty in the control scheme. Moreover, the load conductance
changes along with the variation of the working operation. Therefore, being aware of the
above problems, many researchers focus on this topic for addressing the control problem
of the boost converter. Note that many results focus on the full-information control scheme.
This means that two states of the system should be measurable. However, in some practical
applications, although the inductor current is measurable, an output feedback controller is
still desired for stabilizing the system using the only measurement of the output voltage. In
this case, we only install one sensor to obtain the information of the output signal. Hence,
the cost of power system can be clearly reduced and the reliability is improved.

Note that the zero dynamic system with respect to the current for the system is
asymptotically stable. In the case, a first way to develop an output feedback control scheme
is to adopt the indirect current control scheme [9–11]. It means that a controller is designed
to ensure the current dynamic is asymptotically stable. Borrowing the property of the zero
dynamic, the overall system is asymptotically stable. However, it should be pointed out
that the implementation of such current-mode controllers may require prior knowledge
of the load resistance and also demand more states, such as one or more currents in the
feedback, which results in poor robustness performance.

The second way to address this problem is to present a controller for stabilizing
this system which only relies on the output voltage. Note that this is different from the
current-mode control and directly regulates the output voltage without considering the
zero dynamic stability. In [12–15], a simplified output feedback controller without needing
knowledge of the current is developed. The problem is that the stability analysis is based
on the local linearization technique. In [16], the authors adopt the interconnection and
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damping passivity based control technique to give an output feedback controller. Note
that this controller is simple, so it can be easily implemented. Based on the periodic event-
triggered method, a sliding mode dynamic output feedback controller design is applied to
stabilize the boost converter [17,18].

The third way to propose a desired output feedback controller is to devise an observer
to reconstruct the state. For example, in [19], a discrete time Luenburger observer is
designed to estimate the current and then form a composite model predictive control.
In [20], combining the current observer and an adaptive law, an output feedback control
scheme is achieved. It is reported in [21] that the authors proposed an immersion and
invariance (I&I) observer to estimate the system states. The problem is that the knowledge
of load resistance is needed to construct the observer. An adaptive law seems to be
designed to estimate it. Unfortunately, this does not work for boost converters since a
detectability obstacle exists. Therefore, using the I&I technique, the result in [22] overcomes
the detectability obstacle to an adaptive output feedback controller. In [23], the authors
propose a full-order observer to estimate the state. However, in many practical applications,
the reduced-order observer is desired for reducing the calculation. Moreover, the saturation
problem of the control input is not addressed.

Motivating by the above problems, we adopt a PI passivity-based controller (PI-PBC)
proposed in [24] to stabilize the boost converter. It is noted that this control method will
provide a nice performance for the non-minimum phase and bilinear power converter
system. Indeed, we do not need to locally linearize the nonlinear system and regulate the
current for indirectly controlling output. It not only brings a simpler control structure, but
also gives a nice control performance under the variable working condition. Due to the
existence of the integral action, it can also obtain a nice robustness in practical application.
A reduced-order state observer is designed for estimating the current and load conductance.
The specific contributions of this paper are as follows:

• Inspired by the result [25], a saturated PI passivity-based controller (PI-PBC) is applied
to stabilize the boost converter with the support of experiment validation. Note that an
appropriate monotone transformation is introduced to address the saturation problem
of the control input.

• Following the work [26], a reduced-order parameter estimation-based observer (PEBO)
is devised to estimate the inductor current and load conductance.

• The simulation and experiment results are given to assess the performance of the
proposed adaptive output feedback controller.

The remainder of the paper is organized as follows. The model and problem formation
are presented in Section 2. Section 3 proposes the output feedback controller. The simulation
and experimental results are provided in Section 4. The conclusion and future work are
given in Section 6.

2. System Model and Problem Formation
2.1. The Model

Figure 1 corresponds to the topology of a boost converter. It is supposed that it works
in continuous conduction mode. Adopting the state-space averaging method proposed
in [27–29], its averaged model is given by{

Li̇ = −ri− (1− d)v + E,

Cv̇ = (1− d)i− Gv,
(1)

where i ∈ R is an inductor current, v ∈ R is the output voltage, G is the conductance, E is
the input voltage, L is the inductor, C is the capacitance, r is the parasitic resistance, and
d ∈ [0, 1] is the duty ratio. The equilibrium set is described as

Eboost = {(i, v) ∈ R2|ri2 + Gv2 − Ei = 0}. (2)
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Figure 1. The circuit topology of DC–DC boost converter.

2.2. Problem Formation

In this paper, the main problem is to propose an output feedback control scheme for
the boost converter. It means that the knowledge of the current and load conductance is
not needed, and the output voltage is only measurable. The closed-loop system has the
following features.

F1. The real information of the current and load conductance can be reconstructed via the
designed observer. That is,

lim
t→∞

î(t) = i(t), lim
t→∞

Ĝ(t) = G(t). (3)

F2. The control input is ensured to satisfy the set d ∈ [0, 1], in which the saturation problem
is addressed. Under the saturation constraint, the closed-loop system is asymptotically
stable. That is,

lim
t→∞

v(t) = v?, (4)

with all signals bounded and initial conditions.

3. Adaptive Output Feedback Controller Design

Here, we follow the design steps to develop an output feedback controller. First, the
load conductance G and the current i are assumed to be known. A saturated controller is
developed to regulate the output voltage of the boost converter around the equilibrium.
Second, based on the parameter estimation technique, a reduced-order adaptive state
observer is designed to reconstruct the current and load conductance. Finally, an adaptive
output feedback controller is formed by combining the state feedback controller and the
designed observer.

Toward the controller design, the model (1) is expressed by the port-controlled Hamil-
tonian form

ẋ = (J u−R)Qx + ζ, (5)

where u = 1− d,

x =

[
Li
Cv

]
,J =

[
0 −1
1 0

]
, Q =

[ 1
L 0
0 1

C

]
,R =

[
r 0
0 G

]
, ζ =

[
E
0

]
.

The equilibrium set can be written as

ẋ? = (J u? −R)Qx? + ζ, (6)

where x? ∈ E .
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3.1. Saturated Controller Design

First, before the controller design, we want to introduce a map to deal with the
saturation problem of the control input. We define a map q : R → R, which is strongly
monotone and verify

(q(s + h)− q(s))>h > η‖h‖2, (7)

If (7) holds for η = 0, the map q is said to be monotone. We assume that

q(s + a) = q(s) + ψ(s, a), (8)

where if a = 0, then ψ(s, a) = 0. Note that if q is sufficiently smooth, the following claim is
satisfied.

(q(s + h)− q(s))>k = h>
∂q
∂s

k. (9)

In this case, Equation (7) is equal to

h>
∂q
∂s

h ≥ η‖h‖2.

Using the above defined map, a saturated PI-PBC is proposed in the following propo-
sition. Here, we assume i and G are known. The control input physically corresponds to a
collection of modulation signals that are constrained to a closed set U ⊂ R.

Proposition 1. A saturated controller is given by{
ż = ỹ,

u = q(−kpỹ− kiz),
(10)

where q : R→ U is bounded, and the passive output is given by

ỹ = x̃TQg?, (11)

where g? = JQx?. It is ensured that the closed-loop system under the controller (10) is globally
asymptotically stable with the equilibrium (x, z) = (x?,− 1

ki
u?) if, and only if,

ε <
2

|g?|
√

kiQ
,

Ra > max{0,
1
4

ba(εg?g>? N1)
−1b>a },

(12)

whereRa := R+ kpg?N1g>? + kiεg?g>? , ba = −kiεRg? − ki N1g? − ki N2g? − kpkiεN1g>? Qg?
g>? . It is ensured that N1 = ∂q

∂s (−kiz?), N2 = ∂q
∂s (kiz?).

Proof. We define w = −kpỹ− kiz and have w̃ = w− w? = −kpỹ− ki z̃. In this case, the
controller can be rewritten as u = q(w). Based on the dynamics (5) and (6), the error
dynamic can be given by {

˙̃x = (J u−R)Qx̃ + ũg?

ỹ = x̃TQg?,
(13)

where x̃ = x − x?, g? = JQx?, ũ = q(w) − q(w?). Note that ż = ˙̃z, ẋ = ˙̃x since the
equilibrium is constant. Next, we define the Lyapnuov function

W =
1
2

x̃>Qx̃ + kiεz̃g>? Qx̃ +
∫ z̃

0
(q(kdτ + kiz?)− q(kiz?))dτ. (14)
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Verifying the condition (12) and recalling that the map q is strongly monotone and
ki > 0, one has W > 0. Differentiating this function along the trajectory (13) yields

Ẇ =x̃>Q((Ju−R)Qx̃ + ũg?) + kiεz̃g>? Q((Ju−R)Qx̃ + ũg?) + kiεx̃>Qg?g>? Qx̃ + (q(kiz)

− q(kiz?))> ż,

=− x̃>Q(R+ kiεg?g>? )Qx̃ + kiεz̃g>? (Ju−R)Qx̃ + kiεz̃g>? (q(w̃ + w?)− q(w?))g?

+ x̃>Q(q(w̃ + w?)− q(w?))g? + (q(kiz? + ki z̃)− q(kiz?))ỹ.

Next, using (7) and (9) yields

Ẇ =− x̃>Q(R+ kiεg?g>? )Qx̃ + x̃>Q
∂q
∂s

(w?)w̃g? + kiεz̃g>?
∂q
∂s

(w?)w̃g? − z̃ki
∂q
∂s

(kiz?)ỹ

− kiεz̃g>? RQx̃,

=− x̃>Q(R+ kpg?N1g>? + kiεg?g>? )Qx̃ + x̃>Q(−kiεRg? − ki N1g? − ki N2g?

− kpkiεN1g>? Qg?g>? )z̃− ki z̃εN1g>? Qg?ki z̃

=−
[

Qx̃>

ki z̃

]>[ Ra
1
2 ba

1
2 b>a εg?g>? N1

][
Qx̃>

ki z̃

]
(15)

whereRa := R+ kpg?N1g>? + kiεg?g>? , ba = −kiεRg? − ki N1g? − ki N2g? − kpkiεN1g>? Qg?
g>? . Invoking the condition (12), we have Ẇ < 0. This implies that the closed-loop system
is globally asymptotically stable. The proof is completed.

Note that the detailed analysis and description about the design of the PI controller
around the passive output can be found in [24]. In this paper, we introduce a map defined
in [25] to deal with the saturation problem of the control input for the boost converter.

3.2. Reduced-Order Adaptive State Observer Design

For designing a reduced-order adaptive state observer, the system (1) can be expressed by

i̇ =Axi + bx, (16)

ẏ =Ayi + φyη2, (17)

where η2 = G is an unknown constant, i is the non-measurable state, y = v is the measur-
able output, and

Ax = − r
L

, bx =
−(1− u)y + E

L
, Ay =

1− u
C

, φy = − y
C

.

An adaptive state observer is proposed in the following proposition for estimating η2
and i.

Assumption 1. There exists a sequence of positive numbers {δk}k∈N and a strictly increasing
sequence of positive times {τk}k∈N with τ → ∞ as k→ ∞ such that∫ τk+1

τk

m(s)m>(s)ds ≥ δk I2. (18)

where I2 denotes a 2× 2 identity matrix.
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Proposition 2. The dynamic extension is designed as

ξ̇y =Axξy + bx,

ẊAx =AxXAx , XAx (0) = 1,

ṁ =− λm + λ

[
AyXAx

φy

]
, (19)

ω̇ =− λω + λ(λy + Ayξy), (20)

q =λy−ω = m>η. (21)

The observer is designed as

˙̂η =− γm(m>η̂ − q), (22)

Partition the vector η̂ as η =
[
η1 η2

]>. The estimates î and Ĝ are given by{
x̂1 =ξy + XAx η̂1,

Ĝ =η̂2.
(23)

The following claim is satisfied, verifying the condition (18).

lim
t→∞

(î(t), Ĝ(t)) = (i(t), G(t)) (24)

Proof. First, a new variable ξy is introduced to represent the dynamic extension of Equation (16),
which is defined by

ξ̇y = Axξy + bx. (25)

Defining the error e := i− ξy and combining (16) with (25), one has ė = Axe. Based
on the linear system theory, a state transition matrix XAx can be constructed by

ẊAx = AxXAx . (26)

Then, we have e = XAx η1, where η1 = e(0) = i(0)− ξy(0). In this case,

i = ξy + XAx η1 (27)

is obtained. Hence, to reconstruct i, the parameter η1 related with the initial condition
should be estimated. Now, it is noted that the state observation is transformed into the
parameter estimation by using the dynamic extension technique.

Next, to estimate the unknown constant η1, η2, the linear regressor equation (LRE)
should be constructed. Toward the end, substituting Equation (27) in Equation (17) yields

ẏ = Ay(ξy + XAx η1) + φyη2. (28)

Then, a filter is applied in both sides of the above equation, which yields[
λs

s + λ

]
y =

[
λ

s + λ

]
Ayξy +

[
λ

s + λ

]([
AyXAx φy

][ η1
η2

])
. (29)
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Then, we define

m :=
[

λ

s + λ

](
AyXAx

φy

)
,

ω :=
[

λ

s + λ

]
y−

[
λ

s + λ

]
Ayξy.

The above equations can be rewritten by the form of differential equations (DE), which
are given by (19) and (20). The LRE can be expressed as

q = m>η, (30)

where q := λy−ω, η :=
[

η1 η2
]>. The observer is designed as (22). The observer error

dynamics is given by
˙̃η = −γmm>η̃, (31)

where η̃ := η̂ − η. The solution of the latter equation is given by

η̃ = e−γ
∫ t

0 m(s)m>(s)dsη̃(0), ∀t ≥ 0. (32)

whose origin is asymptotically stable under Assumption 1. The proof is completed.

3.3. Adaptive Output Feedback Control Design

In this section, we combine the adaptive observer described in Proposition 2 with the
saturated controller designed in (10) to form an output feedback control scheme.

Note that the controller (10) is only driven by the passive output ỹ, which depends
linearly on the state χ =

[
i v

]> and non-linearly on the unknown conductance G. Hence,
we write ỹ as

ỹ = (C0 + h0(η2))χ + C1 + h1(η2). (33)

where the matrices C0 ∈ R1×2, C1 ∈ R are independent of η2 and h0(η2) ∈ R1×2, h1(η) ∈ R
are—in general—nonlinear functions dependent on η2. Note that ỹ = v?i− i?v.

Substituting the estimated terms î and η̂2 in (35) yields

ˆ̃y = (C0 + h0(η̂2))χ̂ + C1 + h1(η̂2), (34)

where χ̂ =
[
î v

]>. It can be also expressed in the disturbed form

ˆ̃y = ỹ + δ(η̂2, χ̂), (35)

where

δ(η̂2, χ̂) := (C0 + h0(η2))(χ̂− χ) + (h0(η̂2)− h0(η2))χ̂ + h1(η̂2)− h1(η2)

is viewed as a disturbance signal. We notice that δ(η2, χ) = 0; hence, the proposed adaptive
observer ensures

lim
t→∞

δ(η̂2(t), χ̂(t)) = 0.

The following proposition will establish the stability analysis of the closed-loop system
under the output feedback controller.
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Proposition 3. Consider the system (5) with the measurable output y. The closed-loop system
under the output feedback controller,

ż = ˆ̃y, (36a)

u = q(−kp ˆ̃y− kiz) (36b)

with ˆ̃y defined in (34), is (locally) asymptotically stable for all kp > 0, ki > 0.

Proof. First, invoking (35), the output feedback controller (36) can be written as

ż =ỹ + δ, (37a)

u =q(−kpỹ− kiz− kpδ). (37b)

Invoking the assumption (8), one has

u =q(w− kpδ) = q(w) + ψ(w, kpδ) (38)

where w = −kpỹ − kiz. Substituting (37) and (38) in system (5) yields the closed-loop
system [ ˙̃x

˙̃z

]
=

[
Ju− R− kpN1g?g>? −N1g?

g>? 0

]
∇W̄ −Ψ, (39)

where

Ψ =

[
g?ψ

δ

]
.

Note that Ψ is a disturbance signal.

W̄(x̃, z̃) :=
1
2

x̃>Qx̃ +
1
2

z̃>ki N1z̃.

The system (39) with Ψ = 0 is asymptotically stable. Note that limt→∞ Ψ = 0. With
the help of the common result of the locally asymptotically stability of cascade system
given in [30], the locally asymptotically stability of the system (39) is established.

4. Simulation Results

In this section, the simulation results of the boost converter will be provided to assess
the performance of the presented controller. The circuit parameters of the system are
coincident with these of the experimental study, which are shown in Table 1. The control
structure is revealed in Figure 2.

The set U ⊂ [0 1]. To guarantee that the control input is maintained within such
bounds, we complement the design by introducing a map q : R→ [un um] given by

q(s) =
uM − um

2
· tanh(τs− u0) +

uM + um

2
, u0 = τu? + tanh−1

(
uM + um − 2u?

uM − um

)
(40)

In this simulation, we select um = 0.1, uM = 0.9. The gains are chosen as kp = 0.05,
ki = 0.001, γ = 1, µ = 0.1 and initial conditions are given as x1(0) = L A, x2(0) =

2C V, ξy(0) = 0, η̂(0) =
[
0 0

]>, m(0) =
[
0 0

]>, w(0) = 0.
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Table 1. Simulation/experimental set-points and physical parameters.

Parameter Symbol (Unit) Value

Input voltage E (V) 6
Reference output voltage x2?(V) 12
Gain x2?/E 2
Parasitic resistance r (Ω) 0.2
Conductance G (s) 0.1
Inductance L (µH) 28
Capacitance C (µF) 830

E S

DL

C G

PBC

(10)

r

PEBO

(19)-

(22)

î Ĝ

y

PWM

u

Figure 2. The control structure of boost converter under the proposed controller.

First, we want to test the transient of the closed-loop system under the different gain. It
is observed from Figure 3 that a larger gain kp, ki will obtain a better transient. However, the
trade-off between the transient and noise level should be considered during the selection of
the gains. One sees that the traces of the output voltage v indeed coincide with the reference
after the transient. In fact, we can see that the fluctuation of the current is a little large.
Our next work will focus on this topic to deal with the current constraint problem. Note
that the saturation of the control input u is ensured. Indeed, u belongs to the set [0.1 0.9].
As predicted by theory, the estimates î, Ĝ converge to their real values, which makes the
output voltage stay around the desired value.

Next, we want to check the difference between the controller with the saturation and
without it. Toward this, we remove the saturation and do not change any other equations.
In the case, the response curves of the two cases are presented in Figure 4. It is seen that
the trace of the control input u without the saturation is obviously beyond the constraint
[0 1]. This is detrimental to the practical applications. Indeed, a forced saturation function
added in control input will reduce the performance and does not ensure the stability in the
experimental test. In our design, the strictly stability analysis with the saturation is given.
As shown in the figure, we can see the control input nicely satisfies the constraint [0.1 0.9].

Finally, we want to check the robustness performance against the variation of the
conductance G. To this end, a step change is added in G, which ranges from 0.1 [s] to 0.2 [s].
The traces of the state and the estimate Ĝ can be observed in Figure 5. Along with the
increasing of the gain λ, the estimate Ĝ will have a quick convergence. This results in the
output voltage also capturing a better transient.
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Figure 3. The response curves of boost converter under the proposed controller with different gain.
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Figure 4. The zooms of the controller inputs with the saturation and without it.
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Figure 5. The response curves of the proposed controller in the presence of the change in G.
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v   

in
V

Figure 6. The experimental setup of boost converter.

5. Experiment Results

In this section, the experimental results of a boost converter are shown to validate the
theoretical claims. The boost converter is developed using the TI MSP430F5132 MCU using
the code composer studio (CCS) to implement the controller. The switching frequency
is 120 KHz. The IRFP4568 N-Channel MOSFET and the STPS6045C Schottky diode are
used for the converter circuit design. The picture of the experimental setup is shown in
Figure 6. The selections of the control gain and initial conditions are similar to those of the
simulation study.

The operation curves of the boost converter are shown in Figure 7. It is seen that the
output voltage stays around the desired value. The estimates î and Ĝ are consistent with
the real values. The transient of the boost converter is shown in Figure 8. Note that it
takes 50 ms to converge to the equilibrium. The curves of the PI controller are revealed
in Figure 9. It is observed that the transient of the PI control is poor, and the convergence
time is 0.25 s. Therefore, it is concluded that the transient of the proposed controller has an
advantage over that of the PI controller.

Next, the step change in the reference is considered, which changes from 10 V to 16 V.
The estimate Ĝ is around 0.2 s. The result is shown in Figure 10. One sees that the output
voltage nicely converges to the changing reference. A step change in G is added so that the
robustness performance can be tested in Figure 11. We can see that the output voltage can
stay at 12 V in the presence of the variation of G. Hence, the nice transient and robustness
performance of the proposed controller are tested.

Figure 7. The operation curves of boost converter under the proposed controller.
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Figure 8. The transient of boost converter under the proposed controller.

Figure 9. The transient of boost converter under the PI controller.

Figure 10. The response curves of boost converter under the proposed controller in the presence of a
step change in the reference.



Electronics 2022, 11, 905 13 of 14

Figure 11. The response curves of boost converter under the proposed controller in the presence of a
step change in G.

6. Conclusions and Future Work

The output feedback control problem of boost converter with unknown load conduc-
tance was solved. Invoking the passivity property of the system, a saturated controller
was proposed with the strict stability analysis. Moreover, a reduced-order observer was
designed to estimate the current and load conductance. In this case, an output feedback
controller was proposed. The simulation and experimental results under the designed
controller were given. The future work will focus on the current constraint problem.
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