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Abstract

It is known that constant power load (CPL) may cause a negative impedance, which seri-
ously affects the stability of power system. In this paper, a new control algorithm for DC–
DC buck converter feeding unknown CPL is proposed. First, under the assumption of
known extracted power load, the standard passivity–based control (PBC) is presented to
reshape the system energy and compensate for the negative impedance and a proportion-
integration (PI) action around passive output is added to improve disturbance rejection
performance, which forms the PBC plus PI (PBC+PI). Then, a parameter estimation
algorithm is developed, based on immersion and invariance (I&I) technique, in order to
online estimate the extracted power load. In the next step, the online estimation scheme
is adopted to construct an adaptive strategy. Finally, the stability analysis of the cascaded
system containing a closed-loop control system and observer error dynamics is conducted.
Simulation and experimental results are demonstrated to validate the performance of the
proposed controller.

1 INTRODUCTION

Microgrid refers to a small-scale power system, which pro-
vides the power by utilizing controllable distributed power
supplies (DPSs) in a certain area [1, 2]. Its proposal is to achieve
flexibility and efficient application of DPSs and solve their
grid-connection problem. The development and extension of
microgrid can fully promote the large-scale access to DPS and
renewable energy and provide highly reliable power for various
forms of loads.

DC–DC converters are regarded as an essential device in
microgrids, whose major role is to interface the renewable
sources including solar, wind energy and fuel cell with load
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systems for realizing power transfer [3, 4]. A typical structure
of the microgrid with generations and loads is displayed in
Figure 1, where the load system is made up of converters con-
nected in cascade and parallel forms, rectifier, LC filter circuit,
motor drives, and resistive load. This case is also mentioned in
[5]. It is noted that for a feeder system, the load system should
be exactly modeled as constant power load (CPL) system [6].
The negative impedance caused by CPL will obviously decrease
stability margin or even destabilize the power systems [7]. As
a consequence, various control methods have been proposed
to compensate for it and then make the equivalent damping
positive. Meanwhile, the controller of voltage regulation is
developed by employing large/small signal analysis methods.
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FIGURE 1 A typical structure of microgrid with generations and loads

An active damping approach is used to stabilize three
traditional converters with CPLs including buck, boost and
buck–boost [8]. Passive damping technique is employed for
the voltage regulation of LC output filter with CPL [9]. It is
reported in [10, 11] that sliding mode control is developed for
buck converter and boost converter with CPLs. A controller
based on local linearization technique is presented to control
DC microgrids with CPL [12]. For DC power systems feeding
CPL, a power shaping control scheme is devised [13, 14]. A
H∞ controller is developed to control buck converter with
CPL [15]. However, the local linearization method based on the
small-signal analysis is used. A composite controller integrating
backstepping method with a disturbance observer is presented
to deal with the voltage regulation problem of converters with
CPL [16, 17]. Besides, to handle optimization problem of
buck converters with CPL, model predictive control is intro-
duced [18]. The papers [19–21] address the control problem
of DC–DC converters with CPL under discontinous con-
duction mode (DCM). It is noted that the open-loop control
systems of DC–DC converters feeding CPL under DCM are
stable. This is a key result, which is different from the case
of continous conduction mode (CCM). It is known that the
existence of negative impedance caused by CPL will render the
open-loop control system of converter under CCM unstable. It
is observed from their analysis and simulation results that the

closed-loop system under the controller proposed in [19–21]
is unstable under CCM. Therefore, there is still a long way for
researching the control problem of DC–DC converter with
CPL under DCM from the theoretical view. The readers can
refer to the reviews in [5, 22, 23] on this topic, which state the
sphere of application of the aforementioned methods in some
details.

Passivity-based control (PBC) based on the energy principle
is one of the advanced nonlinear control methods [24, 25]. It
is not surprising that there are a lot of results working on the
PBC for DC–DC converters. To stress the key point, the repre-
sentative works are reviewed here. For the simple case of the
classical resistance load, in [24, 26, 27], the PBC is designed
for DC–DC converters using Lagrangian approach. Borrow-
ing these results, this control method is also proposed for ZVS
quasi-resonant boost converter [28]. In [29, 30], the authors
propose the PBC algorithm for boost converter under mixed
conduction mode. It is noted that both controllers need the
exact information of resistance load and input voltage, which
can not be achieved in practical application. Further, in [31],
the authors design an incremental passivity-based controller for
boost converter with multiple disturbances. It is noted that the
the use of generalized proportional integral observer can elim-
inate the affect of the time-varying disturbances on the sys-
tem. In [32], the authors present a nonlinear controller for
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switched reluctance-based wind system on the basis of the pas-
sivity theory. It is also adopted to address the voltage regula-
tion problem of DC microgrids with ZIP loads [33]. Based on
the port-controlled Hamiltonian structure, it is reported in [34,
35] that the authors propose a PI-PBC to stabilize a large class
of power converters with the globally asymptotically stability.
Following this work, the PI-PBC is used for controlling the
dynamic wireless charging system, MMC multi-terminal HVDC
systems and wind energy conversion system [36–38]. For the
photovoltaic/battery hybrid power source system, an adaptive
PBC is designed [39].

For the complicated case of constant power load, an adaptive
energy shaping control is developed to control DC–DC buck–
boost converter [40–42]. In [43–46], an interconnection and
damping assignment PBC (IDA-PBC) is developed for DC–
DC converters with CPL. The first problem of these works lies
in that another sensor should be added to measure the out-
put current for avoiding the measurement of CPL. Although
this slightly simplifies the control design, the cost of the overall
system will be inevitably increased. Second, the parameter per-
turbations will obviously affect their steady-state performance.
Besides, an adaptive PBC is presented to stabilize boost con-
verter with CPL and constant voltage load (CVL) [47]. However,
for this work, it should be clearly noted that the basic require-
ment of PBC is not strictly satisfied since the zero dynamics
with respect to inductor current is not attractive. Moreover, the
PBC is applied to provide some guide-lines of the controller
design for buck converter with constant power load [48–50].
Unfortunately, the unreasonable approximation results in that
the PBC law is simplified as a traditional linear PID. More-
over, the integral action around tracking error may destabilize
the system since it is lack of the complete stability analysis. It is
noted that, when the system is affected by the large disturbance
and variant operation condition, the poor performance will be
obtained. The description on this problem can be found in [[23],
Remark 4].

Being aware of the previous problem, the major purpose
of this paper is to design an effective PBC+PI, which is of
practical interest for the users. Besides, adopting immersion
and invariance (I&I) method [51], a parameter observer is
devised to estimate extracted power load. The contributions are
presented.

(1) A correct PBC is designed to stabilize DC–DC buck converter with

CPL under large signal analysis.

(2) An outer-loop PI around passive output is added to enhance the tran-

sient and disturbance attenuation performance.
(3) An adaptive control strategy combining PBC+PI with I&I observer

is validated by simulation and experiment studies.

The remaining part of the paper is organized as follows: the
model of DC–DC buck converter feeding CPL and control
objectives are shown in Section 2. Based on the passivity
theory and I&I technique, an adaptive controller is designed
in Section 3. Sections 4 and 5 show the simulation and
experimental results, respectively. The conclusion is given in
Section 6.

FIGURE 2 The circuit topology of DC–DC buck converter with a CPL

2 MODEL DESCRIPTION AND
PROBLEM FORMULATION

2.1 Model of DC–DC buck converter with
CPL

Figure 2 presents the circuit topology of a DC–DC buck con-
verter with CPL. Considering continuous conduction mode
(CCM) and using the average method, the model is given by

⎧⎪⎨⎪⎩
Li̇ = −v + uE ,

C v̇ = i −
P

v
,

(1)

where i ∈ ℝ>0 denotes inductor current, v ∈ ℝ>0 represents
output voltage, P ∈ ℝ>0 is CPL, E ∈ ℝ>0 is input voltage, and
u ∈ [0, 1] is control input. It is straight forward to derive the
equilibrium set of system (1)

 ∶= {(i, v) ∈ ℝ2
>0|i −

P

v
= 0}.

2.2 Control problem formation

The extracted power load P in (1) is assumed to be unknown,
the control objectives are presented.

C1 Design a controller to regulate the output voltage v around
desired value v⋆.

C2 Propose a parameter observer to achieve an adaptive con-
trol scheme.

For convenience, defining x1 ∶= i, x2 ∶= v, we obtain

⎧⎪⎨⎪⎩
Lẋ1 = − x2 + Eu,

C ẋ2 =x1 −
P

x2
.

(2)

The assignable equilibrium set is expressed as

x ∶=

{
x ∈ ℝ2

>0 | x1 −
P

x2
= 0

}
. (3)
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From (3), for given x2⋆, x1⋆ is calculated as follows

x1⋆ =
P

x2⋆
.

3 ADAPTIVE PBC+PI DESIGN

In this section, an adaptive PBC+PI is proposed to achieve the
control objectives described in Section 2.2. The detailed design
steps are given as follows.

∙ Under the assumption that the parameter P is known, a
PBC+PI that asymptotically stabilizes a specified equilibrium
(x1⋆, x2⋆ ) is designed.

∙ A parameter observer is presented to estimate the unknown
load P .

∙ By incorporating the parameter estimation algorithm into the
controller, an adaptive control scheme is achieved.

To proceed with the following design, the system (2) is rewrit-
ten in Euler–Lagrange (EL) representation [24]

ẋ +
( + (x )

)
x = Gu, (4)

where x = [x1 x2]T , the generalized inertia  > 0, damp-
ing matrix  ≥ 0, interconnection matrix  = − T and G are
expressed as

 =

[
L 0
0 C

]
, =

[
0 0

0
P

x2
2

]
, =

[
0 1

−1 0

]
, G =

[
E

0

]
.

Differentiating the system energy function H (x ) =
1

2
xT x

gets the power balance equation

Ḣ = ux1E
⏟⏟⏟

input power

− P
⏟⏟⏟

extracted power

,

which implies that the difference between input power and the
extracted power is equal to the increase in the stored energy.

3.1 PBC+PI design

3.1.1 PBC

Here, based on the standard PBC methodology [24], a controller
is proposed to stabilize the system (4).

Theorem 1. Consider the system (4) with the control input

u𝙿𝙱𝙲 =
1
E

(
L

(
−2Px2⋆

Cx3
2

(
x1 −

P

x2

)
+ �̇�𝟸

)
+ x2⋆ + 𝜔𝟷

)
,

(5)

where 𝜔1, 𝜔2 are the external input signals. Then, the closed-loop system

is locally asymptotically stable.

Proof. First, we propose the reference dynamics of the system
(4) as

ẋd +
( + (x )

)
xd = Gu − 𝜔, (6)

where 𝜔 is defined as 𝜔 = [𝜔1 𝜔2]T . Subtracting (6) from (4)
and defining e ∶= x − xd , we derive the following error dynam-
ics

ė +
( + (x )

)
e = 𝜔. (7)

Then, we reshape the function by assigning the desired energy
function

V (e) =
1
2

e⊤e.

Differentiating the function V along the trajectory (7) with
respect to time yields

V̇ (e) = −e⊤( + )e + e⊤𝜔

= −e⊤e + e⊤𝜔

<e⊤𝜔, (8)

which clearly shows that the map 𝜔 → e is passive with respect
to V . On the other hand, the reference system (6) is equivalent
to

⎧⎪⎨⎪⎩
Lẋ1d = −x2d + Eu − 𝜔1,

C ẋ2d = x1d −
P

x2
2

x2d − 𝜔2.
(9)

Borrowing PBC methodology [24], x2d = x2⋆ is fixed. Using
second equation of (9), one obtains

x1d =
P

x2
2

x2⋆ + 𝜔2. (10)

Differentiating x1d in (10) and substituting it in the first equation
of (9), the proposed PBC is given by

u𝙿𝙱𝙲 =
1
E

(
L

(
−2Px2⋆

Cx3
2

(
x1 −

P

x2

)
+ �̇�2

)
+ x2⋆ + 𝜔1

)
.

(11)

Now, from (8), the external signal 𝜔 can be designed as

𝜔 = −kpe, (12)
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where the diagonal matrix kp ∈ ℝ2×2 > 0 is the control
gain, e1 = x1 − x1d , e2 = x2 − x2⋆. It is concluded that, the
damping injection 𝜔 ensures that the Lyapunov function V

decreases so that the closed-loop system is locally asymptotically
stable. □

Remark 1. For standard PBC method, the zero dynamics of
the system with respect to the output should be asymptot-
ically stable [24]. For our design, there is no zero dynam-
ics since the relative degree is two with respect to the out-
put x2 − x2⋆. However, the zero dynamics of the system with
respect to x1 − x1⋆ is unstable, which is stated in Proposition 1
of [23].

Remark 2. It is reported in [25, 52] that for PBC methodology,
to enhance the anti-disturbance performance, an integral action
around the passive output can be added.

3.1.2 PI

The damping injection term (12) and an integral action are com-
bined to form a PI controller around passive output.

Theorem 2. In the system (4), an outer-loop PI controller is designed as

{
𝜔 = − kpe − ki𝜒,

�̇� =e,
(13)

where the diagonal matrices kp ∈ ℝ2×2 > 0, ki ∈ ℝ2×2 > 0
are the damping injection parameters. The closed-loop system,
formed by applying (5) and (13), is locally asymptotically stable
with the Lyapunov function

W (e, 𝜒) = V (e) +
1
2

ki𝜒
T 𝜒. (14)

Proof. Defining 𝜉 = [e 𝜒]T , the closed-loop system is
expressed as[

M 0
0 ki

]
�̇� +

[ +  + kp ki

−ki 0

]
𝜉 = 0. (15)

By choosing the Lyapunov function (14) and differentiating the
function W along (15) with respect to time, one yields

Ẇ < e⊤𝜔 + ki �̇�𝜒

= −kpeT e − ki e
T 𝜒 + ki e

T 𝜒

= −kpeT e < 0.

Based on the LaSalle–Yoshizawa theorem [53], the closed-loop
system (15) is locally asymptotically stable provided that y = e is

a detectable output, that is,

y(t ) = 0 ⇒ lim
t →∞

(e(t ), 𝜒(t )) = (0, 0).

From (15), fixing y = e = 0, we have 𝜒 = 0. The proof is
completed. □

Finally, the PBC+PI controller is proposed by integrating (5)
with (13).

Remark 3. Although the control law (5) contains a differential

term �̇�2, it can be written as �̇�2 = −
kp2

C
(x1 −

P

x2
) − ki2

(x2 −

x2⋆ ). Hence, there is no problem about noise amplification
caused by differential action.

Remark 4. Compared with the traditional PBC methodology
[24], adding the explicit differentiation of x1d to obtain an
explicit expression of the controller is an original contribution
of this paper.

Remark 5. As explained in Section 3.1 of [24], the standard PBC
performs a ‘partial inversionąŕ of the systems dynamics. Indeed,
the controller is a copy of part of the systems equations with
the remaining states set equal to constants-plus some damping
injection terms that vanish at the equilibrium. These design rules
are conducted in (6)–(11).

Remark 6. Compared with the existing results [48–50], this
method has three main advantages.

∙ In [48–50], to obtain the explicit expression of the controller,
x1d is equal to x1⋆ on the basis of x2d = x2⋆. However, x1d

has inherent behavior itself, which is shown in (10). x1d =
x1⋆ holds only under steady state.

∙ Although the controller design and stability analysis of
[48–50] are based on a large signal model, the designed PBC
is equivalent to a traditional PID controller. In the case,
in [48–50], the designed PBC based on large signal analy-
sis is no longer valid. As a result, the main contribution of
our paper is to propose a correct PBC with strict stability
analysis.

∙ As shown in [48–50], the integral action around the error
x2⋆ − x2 may destabilize the system except the selection of
very small ki . This is due to the uncompleted stability analysis.
The conservative selection of control gain will degrade the
performance. Therefore, another contribution of this paper
is to add a PI (13)—with all positive gains—around pas-
sive output, which will effectively improve the transient and
anti-disturbance performance. Importantly, the strict stability
analysis is given in Theorem 2.

3.2 Parameter observer design

Here, based on the I&I technique [51], an observer can be devel-
oped to reconstruct P , which is now assumed to be unmeasured.
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Theorem 3. For the system (2), we design parameter observer

⎧⎪⎨⎪⎩
P̂ = q −

1
2

𝛾Cx2
2 ,

q̇ = 𝛾x1x2 − 𝛾P̂ ,

(16)

where the observer gain 𝛾 > 0. Defining the estimate error P̃ = P − P̂ ,

one has

lim
t →∞

P̃ (t ) = 0. (17)

Proof. Differentiating the estimate error P̃ along the trajectories
(2) and (16), one gets

̇̃P = − ̇̂P

= q̇ − 𝛾x2(x1 −
P

x2
)

= −𝛾P̃ ,

which gives the convergence property (17). □

3.3 Adaptive control design

Substituting the estimate P̂ of (16) in (5), (13), the adaptive con-
trol law is formed by

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

û𝙿𝙱𝙲+𝙿𝙸 =
1
E

(
L

(
−2P̂x2⋆

Cx3
2

(
x1 −

P̂

x2

)
+ ̇̂𝜔2

)
+ x2⋆ + �̂�1

)
,

�̂� = − kpê − ki �̂�,

̇̂𝜒 =ê,

ê =

[
x1 − x̂1d

x2 − x2⋆

]
,

x̂1d =
P̂

x2
2

x2⋆ + 𝜔2.

(18)
We write the adaptive controller (18) in the perturbed form

û𝙿𝙱𝙲 =u𝙿𝙱𝙲+𝙿𝙸 + 𝜑1(x )P̃ ,

�̂� =𝜔 + 𝜑2(x )P̃ , (19)

where 𝜑1(x ), 𝜑2(x ) are the properly defined functions. There-
fore, applying the form (19) in system (4) and considering
the observer error dynamics, the extended system can be

TABLE 1 Simulation/experimental set-points and physical parameters

Parameter Symbol (unit) Value

Input voltage E (V) 24

Reference output voltage x2⋆ (V) 12

Gain x2⋆∕E 0.5

Nominal extracted power P (W) 14

Inductance L(𝜇H) 110

Capacitance C (𝜇F) 630

obtained

⎧⎪⎪⎨⎪⎪⎩

[
M 0

0 ki

]
�̇� +

[ +  + kp ki

−ki 0

]
𝜉 = 𝜑(x )P̃ ,

̇̃P = −𝛾P̃ .

(20)

where 𝜑(x ) ∶= [𝜑1, 𝜑2]T . From Theorems 1 and 2, it is noted
that the system (20) is asymptotically stable when P̃ = 0. There-
fore, borrowing the asymptotic result of the cascaded system
reported in Proposition 4.1 of [54], the locally asymptotic sta-
bility of the system (20) is established.

Remark 7. The papers [40–42] are focus on the control prob-
lem of DC–DC buck–boost converter with CPL. Moreover, the
control performance of the works [40–42] is sensitive to the
variations of the circuit parameters L,C , E since their exact
knowledge is needed. In this paper, we successfully address the
voltage regulation problem of DC–DC buck converter via an
adaptive PI-PBC. Importantly, an integration around the pas-
sive output is added to further improve the robustness against
the parameter perturbations.

4 SIMULATION RESULTS

A simulation study, which verifies the effectiveness of the pro-
posed adaptive PBC+PI (18), is carried out via 2019bMat-
lab/Simulink. The control structure of DC–DC buck converter
with CPL is shown in Figure 3, where a buck converter with
resistance is regarded as a CPL. The circuit parameters are
shown in Table 1. To clearly state the results, the following sim-
ulation cases are considered.

4.1 Tracking performance

To clearly investigate the tracking performance of the adap-
tive control scheme, the cases of different references and initial
conditions are taken into account. The simulations are demon-
strated with initial conditions as
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FIGURE 3 The control structure of DC–DC buck
converter with a CPL

5
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IC1
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IC3

FIGURE 4 Variable response curves of DC–DC buck converter with
CPL under proposed adaptive PBC+PI with kp1

= kp2
= 1, ki1

= ki2
= 0.5,

in the presence of different initial conditions and reference x2⋆ from 12 V to
18 V

IC1. x(0)T = [0.1, 6],

IC2. x(0)T = [0.1, 10],

IC3. x(0)T = [0.1, 15].

Figure 4 reveals the response curves of the output voltage and
control input of the buck converter with CPL under adaptive
PBC+PI with different initial conditions and x2⋆ ranging from
12 V to 18 V. It is depicted in this figure that the output voltage
is capable of converging to the desired value. In addition, as
predicted by theory, when the considered initial condition is
more away from equilibrium, the larger initial energy consump-
tion is required. Besides, the phase portrait of closed-loop
system is shown in Figure 5. It is assumed that the parameter
P has been estimated exactly. The red lines denote the diverse
state trajectories from different initial conditions. As revealed in
figure, the state trajectories converge to x⋆. The stable region is
shown by the dotted areas. It is noted that this domain is only
estimated by choosing the initial condition. It is observed that
the actual stable region is very large except the neighbour of
zero.

FIGURE 5 Phase portrait of closed-loop system under the proposed
controller with kp1

= kp2
= 1, ki1

= ki2
= 1

4.2 Gain sensitivity analysis

4.2.1 Control gain

For assessing the control gain sensitivity and disturbance rejec-
tion performance, the step variation of the power load and input
voltage is considered, respectively.

First, the parameter P ranges from 7 W to 14 W. The
response curves of both states are illustrated in Figure 6. In the
figure, it is seen that larger gains kp1

, kp2
give smaller recovery

time. It is noted that the parameter observer and integral action
simultaneously eliminate the influence of the variation of the
power load P on the system, which brings a nice transient per-
formance.

Subsequently, we consider that the input voltage E is
changed from 24 V to 36 V. The integral action around passive
output is able to suppress the influence of parameter pertur-
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FIGURE 6 Variable response curves of DC–DC buck converter with
CPL under proposed adaptive PBC+PI with different kp and ki1

= ki2
= 1, in

the presence of step change in P

bation on the system. Figure 7 shows the response curves of
both states and control input under adaptive PBC+PI with
different gains ki1

, ki2
. As seen in figure, the larger gains ki1

, ki2
have a better disturbance rejection performance. We estimate
the system bandwidth by checking rise time. It is observed
from Figure 4 that the rise time is about 1.5 ms. It is known
that this time and the bandwidth are negatively correlated,
that is,

BW =
3.5
tr

,

where BW and tr denote the bandwidth and rise time, respec-
tively. It is known that the better transient performance of
closed-loop system needs larger bandwidth BW . It is observed
from Figures 6 and 7 that the controller parameters will affect
the rise time. However, the more nice noise-reducing per-
formance requires smaller bandwidth BW . Hence, it needs
to consider a trade-off between transient and noise-reducing
performance for choosing the gains kp1

, kp2
, ki1

, ki2
.

4.2.2 Observer gain

To evaluate the transient performance of the parameter
observer, different observer gains 𝛾 are chosen with a fixed
control gain kp1

= kp2
= 1, ki1

= ki2
= 5. As shown in Fig-

ure 8, a more quick convergence rate is achieved by a larger gain.
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FIGURE 7 Variable response curves of DC–DC buck converter with
CPL under proposed adaptive PBC+PI with different ki and kp1
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FIGURE 8 The transient of I&I load observer with different observer
gains 𝛾

4.3 Adaptive PBC+PI versus classical PI

Now the comparison of the performances of the proposed
control and a classical PI controller is conducted. To this
end, the design and stability analysis of PI controller are first
given.

For the system in (2), a PI controller around tracking error is
designed as

u𝙿𝙸 = k̄pē + k̄i ∫ ē, (21)
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where k̄p > 0, k̄i > 0 are the control gains and ē ∶= x2 − x2⋆.
Substituting (21) in system (2), one yields

⎧⎪⎪⎨⎪⎪⎩

Lẋ1 = − rx1 − x2 + (k̄pē + k̄i𝜉 )E ,

C ẋ2 =x1 −
P

x2
,

�̇� =ē,

(22)

where 𝜉 is an extended state and r is the parasitic resistance. Lin-
earizing system (22) around the equilibrium, the system Jacobian
matrix is obtained

J ∶=

⎡⎢⎢⎢⎢⎢⎣
−

r

L

k̄pE − 1

L

k̄iE

L

1
C

P

Cx2
2⋆

0

0 1 0

⎤⎥⎥⎥⎥⎥⎦
. (23)

To ensure the locally asymptotic stability of the system, the
eigenvalues of matrix J defined in (23) should have negative real
parts. To the end, the characteristic polynomial of (23) is given
by

s3 + a1s2 + a2s + a3 = 0, (24)

where

a1 ∶=
Crx2

2⋆ − LP

CLx2
2⋆

,

a2 ∶=
x2

2⋆ − Pr − Ek̄px2
2⋆

CLx2
2⋆

,

a3 ∶=
−Ek̄i

CL
.

Borrowing the Routh–Hurwitz criterion, the following condi-
tions should be satisfied

a1 > 0, a2 > 0, a3 > 0, a1a2 − a3 > 0.

Equivalently, the stability condition may be given by

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

k̄i <0,

r >
LP

Cx2
2⋆

,

k̄p <
k̄iCLx2

2⋆

Crx2
2⋆ − LP

+
x2

2⋆ − Pr

Ex2
2⋆

.

(25)

From the condition in (25), the selection of control gains
kp, ki depends on E , P , x2⋆. When the system is largely influ-
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FIGURE 9 A comparison of output voltage x2 and control input u

between the proposed adaptive PBC+PI with kp1
= kp2

= 1, ki1
= ki2

= 5
and classical PI with k̄p = −0.1, k̄i = −3

enced by parameter perturbations and variant conditions, the
performance of the system with classical PI under small signal
analysis will be unsatisfactory.

Remark 8. It is observed that the parasitic resistance r is consid-
ered in the system (22). It is concluded from the condition (25)
that, when r = 0, the closed-loop system is unstable. Hence, this
imposes an extra limit on the system parameter. However, in our
design, there is no restriction on it.

A comparison of transient performances of the proposed
controller and classic PI is shown in Figure 9. The rise time
under the former is about 1 ms, whereas that of the latter is
120 ms. It is obviously observed that the proposed scheme
possesses the nice transient performance. One intuitive idea to
improve the transient performance of classical PI is to increase
k̄p, k̄i . However, it needs larger initial energy consumption
in comparison with designed control law. Even, this results
in that the control input u of classical PI may be beyond
the constraint [0, 1], which can not be achieved in practical
application.

5 EXPERIMENTAL RESULTS

The experiment parameters are identical with those in sim-
ulation study given in Table 1. Figure 10 reveals the exper-
imental setup. The feeder buck converter uses a MOSFET
switch instead of the diode to increase efficiency, which is a
synchronous buck converter. The input voltage level is also
adjustable from 18 V to 36 V, and the output voltage ranges
from 2 V to 25 V. The working frequency of the converter is
100 kHz. The main processor, which is responsible for achiev-
ing the control algorithm and generating the switching pulses, is
STM32F0K6 with the arm processing core ARM-Coretex-M0.
This processor can transmit data with other devices or comput-
ers to monitor and send commands through serial communi-
cation. Converter protections includes overcurrent, input over-
voltage, input under voltage, and output or input short circuit.
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FIGURE 10 The experimental setup of DC–DC buck converter with
CPL

The CPL is a non-isolated buck converter with resistance from
TDK corporation model i6A4W product family, which is stabi-
lized by a classical PI controller. It is capable of operating from
a wide input voltage of up to 9 V to 53 V, and the output voltage
can be adjustable from 3.3 V to 15 V.

To further illustrate the nice performance of proposed
controller, the experimental comparison between adaptive
PBC+PI and classical PI is carried out. The testing situa-
tions of simulation study are still considered in experiment.
It is noted that the power of the experiment setup is low.
Although it can not satisfy the requirement of the microgrids
applications, in view of the reported theoretical analysis, it is
certain that the proposed controller is also applicable to high
power equipments-provided the assumed mathematical model
remains valid and that components with similar efficiencies are
used.

First, we consider that the reference x2⋆ is supposed to have
two step changes, which ranges from 11 V to 16 V to 14 V.
To show the nice tracking performance, a bigger change of the
reference x2⋆ is also tested, which varies from 4 V to 20 V. The
gains are chosen as kp1

= kp2
= 1, ki1

= ki2
= 0.1, 𝛾 = 60.

Using the Ziegler–Nichols method, the optimal gains of the
classical PI controller is chosen as k̄p = −0.1, k̄i = −3. The
experimental waveforms of output voltage v, inductor current
i and output current i𝚕𝚘𝚊𝚍 of DC–DC buck converter with
CPL under the proposed adaptive PBC+PI is presented in
Figure 11. Figure 12 shows the result of classical PI con-
troller. It is observed from the aforementioned figures that
the transient performance under the former is better than
that of the latter. Indeed, during the startup, the convergence
time of closed-loop system under designed controller is about
0.2 s, whereas that of PI is approximate to 1.5 s. A trade-off
among various performances including transient and robust-
ness should considered when choosing classical PI gains.
Nevertheless, due to the fact that the proposed controller is
based on the large signal analysis and adaptive algorithm, the
proper gains are selected so that a better performance can be
obtained.

Subsequently, the robustness performance of both con-
trollers in the presence of step change in P is tested when

FIGURE 11 Response curves of output voltage v, inductor current i and
output current i𝚕𝚘𝚊𝚍 of DC–DC buck converter with CPL under adaptive
PBC+PI. (a) x2⋆ ranges from 11 V to 16 V to 14 V. (b) Transient. (c) x2⋆

ranges from 4 V to 20 V

x2⋆ = 12 V. It varies from 12 W to 24 W. In addition, a wider
range of step change in P is considered to test the robustness of
the designed controller, which changes from 7 W to 35 W. The
experimental waveforms of output voltage, inductor current
and output load i𝚕𝚘𝚊𝚍 under adaptive PBC+PI and classical
PI are shown in Figure 13. It is seen that the output voltage
under designed control law offers an almost flat response
with the step change in P , which illustrates the efficacy of
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FIGURE 12 Response curves of output voltage v and inductor current i

of DC–DC buck converter with CPL under classical PI. (a) Step change in x2⋆.
(b) Transient

the adaptive capacity of the proposed controller. However,
it is observed that the output voltage under classical PI has
a longer recovery time. As a consequence, compared with
the classical PI controller, the proposed method reveals the
superiority in tracking and transient performances. Next, the
experiment of the step change in E is carried out. In Fig-
ure 14, it is seen that although the input voltage E ranges from
18 V to 34 V, the output voltage still stays around 15 V. This
demonstrates a nice robustness against the variation of input
voltage.

Although it is supposed that this converter works in CCM,
the system under the proposed controller shows a nice robust-
ness against discontinuous conduction mode (DCM). It is noted
that the adopted buck converter is a synchronous buck con-
verter. To exactly show the result of DCM for traditional buck
converter, the DCM for synchronous buck converter is done
by adding control circuitry that detects the current through the
MOSFET and turns it off when the current is zero in order
to block any negative inductor current. Hence, the MOSFET
effectively functions as a diode that enables the synchronous
buck converter to operate in the DCM. It is seen in Figure 15
that the converter works in DCM. The waveform of output
voltage contains a little big noise, but it still stays around the
desired value.

FIGURE 13 Response curves of output voltage v, inductor current i and
output current i𝚕𝚘𝚊𝚍 of DC–DC buck converter with CPL in the presence of
step change in P . (a) Adaptive PBC+PI. kp1

= kp2
= 1, ki1

= ki2
= 0.1. P

ranging from 12 W to 24 W. (b) Classical PI with k̄p = −0.1, k̄i = −3. P

ranging from 12 W to 24 W. (c) Adaptive PBC+PI.
kp1

= kp2
= 1, ki1

= ki2
= 0.1. P ranging from 7 W to 35 W

6 CONCLUSION

The adaptive control problem for DC–DC buck converter
with CPL was investigated in this paper. First, based on
passivity, a PBC plus an outer-loop PI action was designed
to stabilize DC–DC buck converter with CPL and then
improve the transient and disturbance rejection perfor-
mance. Subsequently, the parameter observer was pro-
posed to estimate power load. Then, an adaptive controller
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FIGURE 14 Response curve of DC–DC buck converter with CPL in the
presence of step change in E from 18 V to 34 V. P = 14 W

FIGURE 15 Response curves of DC–DC buck converter with CPL
under DCM. x2⋆ = 12 V

was developed by incorporating the estimated parame-
ter into PBC+PI. Finally, the simulation and experimental
results are given to assess the effectiveness of the proposed
controller.
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