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A Novel Fast Fixed-Time Backstepping Control of
DC Microgrids Feeding Constant Power Loads

Neda Sarrafan, Jafar Zarei, Member, IEEE, Navid Horiyat, Roozbeh Razavi-Far, Senior
Member, IEEE, Mehrdad Saif, Senior Member, IEEE, Nenad Mijatovic, Senior Member, IEEE and Tomislav

Dragičević, Senior Member, IEEE

Abstract—Nonlinear behavior of constant power loads (CPLs)
and their negative incremental impedance, which impose adverse
effects on system damping and stability margins, necessitate
developing proper strategies for efficient implementation frame-
work of DC microgrid. In this paper, a fixed-time sliding mode
disturbance observer (SMDO) is first addressed to provide an
estimation of the instantaneous power flow moving along the
uncertain CPLs with time-varying nature within a fixed time.
It not only expedites the estimation rate but also improves the
robustness against physical parameter variation. The fast fixed-
time backstepping technique is then developed based on the
estimated load power to control the duty cycle of the boost
converter such that the entire power grid becomes stable and
the desired voltage of the DC bus is tracked within a fixed time
irrespective of the initial conditions. A rigorous Lyapunov-based
approach is represented to guarantee the fixed-time stability
of the proposed scheme. Finally, to validate the merits and
implementation feasibility of the proposed methodology, the
experimental realization is represented under various operating
case studies.

Index Terms—DC microgrid, Constant power load, Fixed-time
disturbance observer, Fast Fixed-time Backstepping controller,
Experimental test.

NOMENCLATURE

vC Capacitor voltage
iL Inductor current
L Inductance of the DC/DC boost converter
C Capacitance of the DC/DC boost converter
Rs Resistance of the resistive load
R0 Nominal resistance of the resistive load
Vin Input voltage
PCPL Power of the CPL
vCPL Voltage of the CPL
iCPL Current of the CPL
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η Duty cycle of the switch signal
y1 Total stored electrical energy
y2 New state variable
δ1 Mismatched disturbance
δ2 Matched disturbance
u Intermediate control law
vC,d Desired capacitor voltage
iL,d Desired inductor current
k1, k2, . . . , k6 Disturbance observer gains
m1,m2,m3 Disturbance observer parameters
n1, n2, n3 Disturbance observer parameters
δ̂1 Mismatched disturbance estimation
δ̂2 Matched disturbance estimation
α1, α2, β1, β2 Controller gains
m,n, p, q Controller parameters

I. INTRODUCTION

MAJOR breakthroughs have been made in global energy
development during the past decade. Depletion of fossil

fuel reserves and environmental issues encourages conven-
tional power systems to take advantages of the distributed gen-
erations containing renewable energy sources, energy storage
systems, and various types of loads. The effective integration
of distributed generators can be facilitated by microgrids
(MGs). DC characteristics of most renewable energy sources
and a surge in DC demand have put increased attention on DC
microgrids with wide applications such as in shipboard power
systems [1], electric aircraft [2], and hybrid electric vehicles
[3]. Moreover, high efficiency, reliability, scalability, and fault
reconfigurability make DC MGs a preferable architectural
option in comparison with the AC ones [4]. The key control
objective of the MG system is to ensure the desired voltage
regulation in all operating conditions. A hierarchical three-
layer control scheme has been introduced to control microgrids
in three major levels, primary, secondary, and tertiary control
[5]. Subsequent to the islanding process, the primary control
ensures the voltage and frequency stability of the microgrid at
the lowest level. Moreover, preserving the balance of power-
sharing is essential for the distributed energy resources in the
presence of various types of loads. This primary control level
deals with the inner voltage and current control loops of the
DERs. Secondary control has been widely used to compensate
for the frequency and voltage deviations due to the operation
of the primary controls. Finally, the tertiary level is responsible
for managing the power flow between the microgrid and the
main grid and provides an optimal operation.
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In the DC microgrid setting, the tightly-regulated power
electronic interfaces act as constant power loads, which are
nonlinear with negative impedance V-I characteristics resulting
in instability of the power grid [6]. Such instabilities induced
by CPLs impose dire effects including a reduction in system
damping and high inrush current [7]. To increase the damping
factor, three passive damping circuits including RC parallel,
RL series, and RL parallel have been represented in [8]. How-
ever, passive damping approaches suffer from heavy losses
and costs. Another solution to mitigate negative impedance
characteristics exhibited by CPLs would be active damping
methods in which large virtual resistance is connected in
parallel or series with the input impedance of the load con-
verter [9]. However, by adopting the linear small-signal model,
the DC MG can only be stabilized near nominal operating
points. Besides, the power injection may degrade the load
performance.

In a large-signal sense, numerous nonlinear strategies such
as feedback-linearization technique [10], [11], sliding-mode
control [12–14], backstepping control [15], [16], model pre-
dictive control [17], fuzzy method [18], combination of fuzzy
with model predictive control [19], deep deterministic re-
inforcement learning [20], passivity-based control [21] have
been conducted to minimize destabilization effects of CPLs
on the DC microgrids. It can be observed that the represented
schemes [10–21] stabilize the entire power system with an
asymptotical convergence rate in infinite time, which may not
be adequate for abrupt changes in various system operating
states and step-wise load variations. One way of overcoming
this challenge is to establish a finite-time control method,
which not only accelerates the convergence rate but also
provides strong robustness in the face of uncertainties, and
improved disturbance attenuation. In [22], a composite finite-
time protocol containing a finite-time disturbance observer
and a finite-time backstepping controller is developed for
stabilizing a DC/DC boost converter loaded by CPLs. In
[23] a finite-time control protocol is presented for accurate
power sharing and voltage regulation of super capacitor system
feeding CPLs by employing a non-recursive synthesis strategy
based on rigorous large-signal stability analysis. In [24],
integer and fractional order terminal sliding mode control laws
are established for DC/DC boost converter to overcome the
instability challenge caused by constant power loads. However,
in the introduced techniques in [22–24], the upper-bound
estimate for settling time relies on the initial conditions. From
a practical point of view, DC bus voltage deviation for larger
initial states can result in power loss. Thus, it is desirable to
expedite the convergence rate regardless of initial states that
can be satisfied by proposing a fixed-time control technique.
In [25], the fixed-time terminal sliding mode controller is
suggested to stabilize the entire marine power grid as well
as tracking the reference voltage of the DC bus in the fixed
time. However, the convergence time of this control technique
can not be considered an optimal one. Thus, it is essential to
design the controller which ensures fast convergence rate both
far away from and at a close range of the control objective.

Moreover, putting forward a promising solution to com-
pensate for the adverse effect of uncertainties in the power

of CPLs is an absolute necessity in the high-performance
control of modern power grids. To measure the capacitor
current of the output filter, a current sensor is required to
be installed in series with the capacitor, leading to higher
equivalent series resistance. Besides, the installation of addi-
tional sensors gives rise to system cost and complexity. In [26],
[27], the uncertainty in the power load is only assumed to be
bounded by a certain positive constant. An alternative method
to deal with these limitations can be developing the estimation
techniques to provide instantaneous power estimation of CPLs.
Deterministic observers [15], [25], [28] and stochastic filters
[17] are recognized as two general types of power load
estimators. In [15], [28], nonlinear disturbance observers have
been designed to estimate the time-varying load power changes
asymptotically in infinite time. To speed up the estimating
process, a finite-time disturbance observer is suggested in
[25], which provides load power estimation in the finite time.
However, the upper bound of convergence time depends on
the initial conditions.

This paper presents a new fast fixed-time disturbance
observer-based backstepping controller for the voltage regu-
lation of DC/DC boost converter loaded by uncertain CPLs in
a fixed time irrespective of initial conditions. The significant
contributions of this paper can be outlined as:

1) Unlike [10–21] in which voltage regulation of DC MGs
with uncertain CPLs is asymptotically accomplished, the
proposed strategy guarantees the fixed-time stability of
DC MGs to mitigate the instability impact of the CPLs
as fast as possible;

2) According to the best knowledge of authors [25–28], the
fixed-time sliding-mode disturbance observer (SMDO)
has not been yet proposed for DC MGs to estimate the
changes of CPL in a fixed time. It not only expedites
the estimation rate by eliminating the dependence on
the initial conditions but also enhances the estimation
robustness against physical parameters variation such
as system capacitance, inductance, and resistance by
adopting sigmoid functions in the observer framework.
It can also decrease the implementation cost, size, and
weight of the system compared to sensors installation;

3) The fast fixed-time backstepping controller (FFTBC) is
constructed for the first time to not only stabilize the
system within a fixed time but also ensure a fast optimal
convergence rate both far away from and at a close range
of the reference voltage;

4) The proposed protocol is implemented by establishing
an experimental setup in which the complexity of the
plant under control is included. A comparative study
is carried out to highlight the superiorities of the con-
structed scheme.

The remainder of this work is arranged as follows: Sec-
tion II provides the dynamic model of DC microgrids. The
control objectives are first explained in Section III. Then,
after introducing a coordinate transformation, the observer-
based control strategy is established. Section IV demonstrates
the real-time outcomes and examines the efficiency of the
proposed approach. Finally, Section V concludes the paper.
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Fig. 1. Typical topology of DC microgrids and its equivalent circuit diagram

II. CONFIGURATION OF DC MICROGRID

Fig. 1 depicts the schematic diagram of a DC microgrid and
its equivalent circuit. The environmental and economic issues
result in a global trend toward more utilization of renewable
energy sources such as photovoltaics, which is DC in nature,
and wind turbine, which is integrated into the AC grid through
a DC link. However, the weather conditions and geographic
locations may cause intermittency in solar and wind energy. To
address this unreliability, static storage integration is carried
out by employing purely DC elements such as batteries and
mechanical energy storage systems such as flywheels. On the
load side, if the control bandwidth of the tightly-controlled
power electronic converter feeding load is high enough, it can
act as a constant power load, which can be DC or AC supplied.

The DC/DC boost converter feeding CPLs and resistive
loads are illustrated in Fig. 1. The dynamic equation of the
system is accomplished by employing Kirchhoff’s laws:{

dvC
dt = 1

C

[
(1− η) iL − vC

Rs
− PCPL

vC

]
diL
dt = 1

L [Vin − (1− η) vC ]
(1)

where L and C are the boost converter parameters, iL is the
inductor current, vC is the voltage of the capacitor, PCPL =
vCPLiCPL is the power of the CPL, Vin is the input voltage
and η denotes the duty ratio of the control switch signal, which
implies the control input of the system.

III. FAST FIXED-TIME DISTURBANCE OBSERVER-BASED
BACKSTEPPING CONTROLLER

In this part, the main control objectives are explained at
first and the system model given in (1) is converted into
Brunovsky’s canonical form. Then, the fixed-time SMDO is
formulated to track the possible variation of the power load
produced by the non-ideal CPLs. Finally, the fast fixed-time
backstepping is proposed to make the system states converge
to the desired equilibrium points within a fixed time.

A. Control Objectives

The current drawn by CPLs increases/decreases when its
terminal voltage decreases/increases leading to a negative
incremental impedance [29]. Thus, a reduction in the effective
damping of the system is made resulting in system instability.
The most critical situation of system stability may occur
under pure CPL. That is why the resistive loads are employed
to enhance the system damping [29]. Besides, the nonlinear
behavior of CPLs necessitates investigating proper strategies
to ensure system stability. The major control target is to design
the control signal η such that the fixed-time convergence
property regardless of the initial states are provided for the
output voltage vC to follow its desired value vC,d. The duty
cycle for pulse-width modulator (PWM) control of the boost
converter can be obtained by the output signal of the controller.

Definition 1: For systems (1), a fixed-time tracking can be
obtained to restore the voltage deviation caused by constant
power loads if there exists a proper control signal η such
that lim

x→T
vC = vC,d and vC = vC,d, ∀t ≥ T where T is

independent of the initial value of the voltage.

B. Diffeomorphism Coordinate Transformation

To design the proposed fast fixed-time backstepping con-
troller, Brunovsky’s canonical form of the dynamic model
in (1) is required [30]. A diffeomorphism transformation
generates the standard form of the integrator system with the
new coordinate of the total stored energy and rate of change
of stored energy, respectively.

In the dynamic system (1), capacitor C and inductor L are
the energy storage units. The total stored energy is expressed:

y1 =
1

2

(
Li2L + Cv2

C

)
(2)

Its time derivative can be taken by considering (1) as:

ẏ1 = LiL
diL
dt

+ CvC
dvC
dt

= ViniL −
v2
C

Rs
− PCPL (3)

A new variable y2 and the uncertain term δ1 are defined:

y2 = ViniL −
v2
C

R0
(4)

δ1 = −PCPL +
v2
C

R0
− v2

C

Rs
(5)

In practice, the nominal resistance of the resistive load
R0 should be also considered since uncertain environmental
factors like temperature may affect the load resistance Rs.
Taking the time derivative y2 leads to the following result:

ẏ2 =
V 2
in

L +
2v2C
R2

0C
− (VinvC

L + 2iLvC
R0C

)(1− η)

+ 2
R0C

(PCPL − v2C
R0

+
v2C
Rs

)
(6)

Based on (6), by isolating the unknown values including the
total amount of load power, u and δ2 are denoted as:

u =
V 2
in

L
+

2v2
C

R2
0C
− (

VinvC
L

+
2iLvC
R0C

)(1− η) (7)

δ2 =
2

R0C
(PCPL −

v2
C

R0
+
v2
C

Rs
) (8)
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The following standard form of integrator systems is finally
achieved by employing the aforementioned transformation to
the dynamic system model:{

ẏ1 = y2 + δ1
ẏ2 = u+ δ2

(9)

The main control objective is to design the control law η
so that DC bus voltage vC can track its reverence value vC,d
within a fixed time. After employing the coordinate transfor-
mation, the intermediate control law u should be designed such
that state y1 tracks its reference value y1,d which is given by:

y1,d =
1

2
(Li2L,d + Cv2

C,d) =
1

2
L(
PLoad
Vin

)2 +
1

2
Cv2

C,d (10)

The load power including resistive load and CPL is derived:

PLoad = PCPL +
v2
C,d

Rs
(11)

The intermediate control input u should be proposed such
that the fixed-time stability of (9) is guaranteed. Afterwards,
the main control input η in system (1) is obtained from (7):

η = 1− (
V 2
in

L
+

2v2
C

R2
sC
− u)/(

VinvC
L

+
2vCiL
RsC

) (12)

C. Fixed-time SMDO for Power Estimation
Based on (5) and (8), the disturbance terms δ1 and δ2 are

mainly due to the output power variation and are required to
be estimated within a fixed time. Accordingly, the fixed-time
SMDO structure is constructed to estimate the mismatched
disturbance δ1 in (9) as follows [31–33]: σ̇1 = σ2 − k1sig

m1 (σ1 − y1)− k2sig
n1 (σ1 − y1) + y2

σ̇2 = σ3 − k3sig
m2 (σ1 − y1)− k4sig

n2 (σ1 − y1)
σ̇3 = −k5sig

m3 (σ1 − y1)− k6sig
n3 (σ1 − y1)

(13)
For any i = 1, 2, 3, the parameters mi ∈ (0, 1), ni > 1

satisfy mi = i m̄ − (i− 1), ni = i n̄ − (i− 1), where m̄ ∈
(1− l1), n̄ ∈ (1 + l2) for sufficiently small constants l1 >
0, l2 > 0. The observer gains ki, i = 1, 2, . . . , 6 should be
designed such that the following matrices are Hurwitz:

A1 =

 −k1 1 0
−k3 0 1
−k5 0 0

 , A2 =

 −k2 1 0
−k4 0 1
−k6 0 0

 (14)

Definition 2: For any non-negative real number λ and
x ∈ <, the function x 7→ sigλ (x) is defined as sigλ (x) =
sign (x) |x|λ, where sign (x) is the standard sign function.

The mismatched disturbance δ1 is assumed to be differen-
tiable and there exists a small enough constant ς such that∣∣∣δ̇1∣∣∣ ≤ ς holds. σ1 = ŷ1, σ2 = δ̂1 and σ3 =

˙̂
δ1 introduce

the estimation of y1, δ1 and δ̇1, respectively. In [31], it is
proved that the error dynamics of the observer will converge
in a fixed time, which implies there exists a time constant
To ≥ t0, independent of the initial observer errors, such that
ŷ1 = y1, δ̂1 = δ1 and ˙̂

δ1 = δ̇1 for any t ≥ To. Besides,
the matched disturbance δ2 in (9) can be estimated using the
proposed fixed-time SMDO. According to (8), δ̂2 is obtained:

δ̂2 = − 2

R0C
δ̂1 (15)

Taking into consideration (5), (11), and (13), the estimation
of total amount of load power can be calculated as:

P̂Load = −δ̂1 +
v2
C,d

R0
(16)

Then, the reference value of state y1 in (10) is reformulated:

y1,d =
1

2

L

V 2
in

(
v2
C,d

R0
− δ̂1)2 +

1

2
Cv2

C,d (17)

The observer convergence rate has been identified as a major
factor in the effectiveness of the whole control system. In
most of the suggested disturbance observer structures, only
the asymptotic or finite-time convergence of the estimation
errors can be guaranteed. To improve the convergence rate
of the disturbance observer to be independent of the initial
observer errors, the fixed-time SMDO (13) is designed. Then,
the estimated load power is transferred to the fast fixed-time
backstepping controller to meet the control objectives.

Remark 1: The main aim of this work is to regulate the
DC voltage of the boost-based microgrid feeding unknown
time-varying CPL. Therefore, it is not required to consider the
dynamic of the CPL in the plant model directly. It is worth
noting that, in the current study, by applying an appropriate
transformation the variations of the CPLs are assumed to be a
disturbance. These variations are estimated by a novel fixed-
time sliding mode disturbance observer within a fixed time
and it is proved that the system is stable under variations of
CPLs. This strategy will help us prevent possible challenges in
practice especially when there are multiple CPLs in the grid.

D. Fast Fixed-time Backstepping Control Strategy

In this section, the fast fixed-time backstepping control
law is presented considering the system model in the strict-
feedback form expressed in (9) and the total load power
estimated by the fixed-time SMDO in (13). To meet the control
objectives described in Section III. A, the control law should
be constructed such that the state variable y1 in (2) converges
to its desired value y1,d in (17) within a fixed time. It is simply
equivalent to tracking the reference values of system states
vC,d and iL,d by their actual ones vC and iL, respectively, in
fixed time without dependence on initial states.

The backstepping control approach in two steps is presented
based on Lemma 1 in the Appendix considering the total load
power estimated by the fixed-time SMDO to provide fast fixed-
time stability of tracking errors.

Step 1: Designing the virtual control law y∗2
The tracking error and its time derivative are first introduced

using (9) as follows:

z = y1 − y1,d (18)

ż = y2 + δ1 − ẏ1,d (19)

where y2 is virtual control input. Let the Lyapunov function
candidate as V1 = 1

2z
2 whose time derivative becomes:

V̇1 = zż = z (y2 + δ1 − ẏ1,d) (20)

The main objective is to design the virtual control law y∗2
which makes z converge to zero within a fixed time by using
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the fixed-time SMDO in (13). According to Lemma 1, the
appropriate virtual control expression can be selected as:

y∗2 = −α1z
1
2 + m

2n +( m
2n−

1
2 )sign(|z|−1) − β1z

p
q − δ̂1 + ẏ1,d

∆
= −Λ1 − δ̂1 + ẏ1,d

(21)
where α1 and β1 are the positive real numbers and m, n,
p, q are positive odd integers that satisfy m > n, p < q.
By substituting (21) into (20), V̇1 can be rewritten as V̇1 =
z(−Λ1− δ̂1 +δ1) = −zΛ1. As mentioned in part C of section
III, the observer estimation error δ1 − δ̂1 is fixed-time stable
and becomes zero for any t ≥ To.

Step 2: Designing the intermediate control law u

To backstep, a variable change is made by ε = y2 − y∗2 ,
which gives y2 = ε − Λ1 − δ̂1 + ẏ1,d. Considering (19), the
transformed representation can be achieved as follows:{

ż = ε− Λ1

ε̇ = u+ δ2 + ∂Λ1

∂z (ε− Λ1) +
˙̂
δ1 − ÿ1,d

(22)

Set the Lyapunov function as V = V1 + V2 = 1
2z

2 + 1
2ε

2.
Taking account of (22), V̇ can be expressed as follows:

V̇ = zż + εε̇

= z(ε− Λ1) + ε(u+ δ2 + ∂Λ1

∂z (ε− Λ1) +
˙̂
δ1 − ÿ1,d)

(23)
To achieve fixed-time stability with a fast convergence rate,

the intermediate control law u can be designed as follows:

u = −z − δ̂2 −
∂Λ1

∂z
(ε− Λ1)− ˙̂

δ1 − Λ2 + ÿ1,d (24)

in which −Λ2
∆
= −α2ε

1
2 + m

2n +( m
2n−

1
2 )sign(|ε|−1) − β2ε

p
q is

defined, where α2 and β2 are the positive real numbers. Thus,
under the assumption α1 = α2 = α and β1 = β2 = β, (24) is
substituted into (23), which leads to the following result:

V̇ = −zΛ1 − εΛ2 = −α(z
1
2 + m

2n +( m
2n−

1
2 )sign(|z|−1)+1

+ε
1
2 + m

2n +( m
2n−

1
2 )sign(|ε|−1)+1)− β(z

p
q +1 + ε

p
q +1)

(25)
Referring to part C of section III, fixed-time stability of the

observer estimation error δ2 − δ̂2 can be guaranteed for any
t ≥ To. Four different cases should be analyzed to demonstrate
the fast fixed-time stability using Lemma 2 in Appendix.

(i) when |z| ≥ 1 and |ε| ≥ 1:

V̇ = −α(z
m
n +1 + ε

m
n +1)− β(z

p
q +1 + ε

p
q +1)

= −α((z2)
m
n

+1

2 + (ε2)
m
n

+1

2 )− β((z2)
p
q
+1

2 + (ε2)
p
q
+1

2 )

≤ −α 2
m
n

+1

2 2
1−m

n
2 V

m
n

+1

2 − β 2
p
q
+1

2 V
p
q
+1

2

= −α0V
m
n

+1

2 − β0V
p
q
+1

2

(26)
(ii) when |z| < 1 and |ε| < 1,

V̇ = −α
(
z2 + ε2

)
− β(z

p
q +1 + ε

p
q +1) ≤ −2αV − β0V

p
q
+1

2

(27)
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Fig. 2. Task diagram of experimental setup.

(iii) when |z| ≥ 1 and |ε| < 1,

V̇ = −α(z
m
n +1 + ε2)− β(z

p
q +1 + ε

p
q +1)

≤ −α((z2)
m
n

+1

2 + (ε2)
m
n

+1

2 )− β((z2)
p
q
+1

2 + (ε2)
p
q
+1

2 )

≤ −α0V
m
n

+1

2 − β0V
p
q
+1

2

(28)
(iv) when |z| < 1 and |ε| ≥ 1,

V̇ = −α(z2 + ε
m
n +1)− β(z

p
q +1 + ε

p
q +1)

≤ −α((z2)
m
n

+1

2 + (ε2)
m
n

+1

2 )− β((z2)
p
q
+1

2 + (ε2)
p
q
+1

2 )

≤ −α0V
m
n

+1

2 − β0V
p
q
+1

2

(29)

where α0 = 4α, β0 = 2
p
q
+1

2 β. Thus, based on Lemma 1, one
can easily prove that (19), (22) are stabilized within a fixed
time. The upper bound of settling time is estimated by:

Tc <
1

α0

n
m−n

2

+
q
q−p

2

1

2α
ln(1 +

2α

β0
) (30)

Therefore, the closed-loop system of (1), (9), (18), (21),
and (24) is fixed-time stable and z converges to the origin
within a fixed time independent of initial conditions. Then,
the main control input η can be calculated according to (12).
It demonstrates that the actual system states vC and iL will
also track their desired values vC,d and iL,d, respectively.

Remark 2: As can be seen in (30), the upper bound of
convergence time only depends on the design parameters,
indicating that the fixed-time stabilization can be guaranteed
and that the convergence time can be preset in advance.

IV. EXPERIMENTAL RESULTS

In this section, the proposed fast fixed-time disturbance
observer-based backstepping control strategy is experimentally
investigated for DC/DC boost converter feeding CPL in a
DC modern grid. As illustrated in Fig. 2, experimental setup
of a boost converter with resistive load and CPL comprised
of a buck converter with resistive load is implemented using
Semikron IGBT stack (SEMITEACH B6U+E1CIF+B6CI) and
passive components. The dSPACE MicroLabBox with DS1202
PowerPC DualCore 2 GHz processor board is adopted to
control the duty cycle of the switch and generate associated
PWM for both boost and CPL converters such that the desired
output voltage is tracked. The control diagram of the proposed
method is illustrated in Fig. 3. Utilizing the measured signals
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Fig. 3. The block diagram of the proposed fixed-time control scheme.

vC and iL, the diffeomorphism coordinate transformation in
(2) and (4) including the total stored energy and rate of change
of stored energy is applied. New state variables y1 and y2 are
then received by the fixed-time SMDO in (13) and also by (15)
in order to estimate the variation in load power and provide
δ̂1, ˙̂

δ1 and δ̂2. The fast fixed-time backstepping controller
including the virtual control expression y∗2 in (21) and the
intermediate control law u in (24) is constructed by receiving
the desired output voltage vC,d, measurable signals y1 and
y2 together with estimated values δ̂1, ˙̂

δ1 and δ̂2. Finally, the
optimal value of the duty cycle of the switch, i.e., η in (12) is
reached by employing isolator to the intermediate control law.

The electrical parameters for the boost converter are detailed
in Table I. The observer and controller gains are tuned based
on the mentioned theoretical analysis as k1 = k2 = 0.5e3,
k3 = k4 = 3.5e4, k5 = k6 = 50, m̄ = 0.8, n̄ = 1.2, α1 =
α2 = 15, β1 = β2 = 295, p = 15, q = 33, m = 33, n = 15.

It should be noticed that the larger observer design param-
eters k1 = k2 and k3 = k4 will result in a faster convergence
rate for disturbance estimation. However, the overlarge values
may give rise to some destructive effects, such as deriving
overshoots. Regarding (13), it can be concluded that the
variation of the third observer gain k5 = k6 does not influence
the settling time. Moreover, when the tunable parameters of
the proposed controller α1, α2, β1 and β2 become larger, the
convergence speed for voltage regulation increases. The key
issue is that the tunable parameters should be adopted such
that a trade-off is made between the convergence rate and the
smoothness of the control signal. Considering (30), the upper
bound of settling time is estimated as Tc < 1.6672 sec, which
is set in advance even if the initial condition is uncertain. To
clarify the transient behavior of the results, data are imported
into MATLAB workspace, and then the plots are depicted.

Study1: Performance validation under fast changes in CPL
power, desired output voltage and input voltage

In practice, the CPLs are non-ideal with unknown and/or
time-varying nature, which may cause system instability.
Therefore, it is of major importance to guarantee the stable
performance of the power electronic systems feeding non-ideal
CPLs. This work provides a novel observer-based controller

TABLE I
SPECIFICATION OF THE BOOST CONVERTER

Parameters Values
Inductance, L 850µH

Capacitance, C 1100µF
Switching frequency, fs 20kHz

Converter input voltage, Vin 48V
DC bus voltage reference, vC,d 96V
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Fig. 4. Experimental results of the proposed FFTBC based on fixed-time
SMDO: (a) CPL power, (b) transient responses of CPL power estimations.

against the power variations in the non-ideal CPLs as well as
voltage variations in both input and desired output.

At first, it is assumed that CPL of 100W, 400W and 200W
is triggered in a fast-changing procedure at 1s, 2s and 3s,
respectively. Then, when CPL power is 200W, the desired
output voltage decreases from 96V to 80V at 4s, then decreases
from 80V to 70V at 5s and finally increases from 70V to 96V at
6s. Moreover, the input voltage is set as 62V for t ∈ [8, 10) s,
40V for t ∈ [10, 12) s, otherwise 48V.

In Fig. 4(a), CPL power changes and its accurate estimation
are displayed. Fig. 4(b) reveals the zoomed plot of the CPL
power estimation at times when the sudden changes occur in
CPL power, desired output voltage and input voltage. It is
obvious that in the presence of fast changes ensued in CPL at
t = 1s, t = 2s and t = 3s, the estimated CPL power produced
by the proposed fixed-time SMDO converge to its actual one
within a fixed time about 100ms, 20ms and 10ms, respectively.
It is noted that at times when the fast changes occur in both
desired output voltage at t = 4s, t = 5s and t = 6s and
input voltage at about t = 8s, t = 10s and t = 12s, sudden
errors occur in the estimated CPL power, which however are
attenuated very fast in fixed time after 10ms.
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Fig. 5. Experimental results of the proposed FFTBC based on fixed-time
SMDO: (a) voltage and current variations, (b) transient responses of vC .

Fig. 5(a) presents the experimental results of the system with
non-ideal CPL including dc bus voltage vc, the CPL output
voltage vCPL, the inductor current iL and CPL current iCPL.
One can observe from the zoomed plot in Fig. 5(b) that by
utilizing the fast fixed-time backstepping controller based on
fixed-time SMDO, the set-point of voltage term vc remains
at 96V . However, it experiences deviations from its desired
value at t = 1s, t = 2s and t = 3s which are eliminated
abruptly after 10ms, 30ms, 10ms, respectively. Moreover, the
desired voltages are precisely tracked at t = 4s, t = 5s
and t = 6s within a fixed-time less than 10ms, 10ms, 20ms,
respectively, which are independent of the initial conditions.
The obtained results at the moments about t = 8s, t = 10s and
t = 12s confirms the superiority of the proposed technique
to restore desired values of the output voltage vC,d against
time-varying input voltage Vin within a fixed time. In these
moments, a small magnitude output voltage is observed, which
are disappeared in less than 20ms. Despite abrupt changes
in CPL power, desired output voltage, and input voltage,
one can see from Fig. 5(a) that the inductor current iL
follows its desired value within a fixed time by employing
the proposed control scheme. It should be noted that the spike
in the current waveform can be reduced by decreasing the
controller parameters α and β. However, this may lead to
slower convergence behavior for voltage regulation. Therefore,
one should compromise between the convergence rate for
regulating voltage and the smoothness of the current signals by
accurately tuning the controller parameters. If the CPL current
iCPL is multiplied by the CPL output voltage vCPL, the CPL
power estimation depicted in Fig. 4(a) will be achieved.
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Fig. 6. Experimental results related to comparative study: (a) voltage
variations, (b) transient responses of vC under different controllers.
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Fig. 7. Quantitative comparison of the controllers.

Study 2: Comparative study
A comparative research is conducted to assess the effec-

tiveness of the proposed FFTBC based on fixed-time SMDO
for restoring desired dc bus voltage. As revealed in Fig. 6(a),
the conventional backstepping controller (BC) in [34] and
also the conventional sliding-mode controller (SMC) in [12]
is used to draw a comparison with the proposed fast fixed-
time backstepping controller. Based on the zoomed plot in
Fig. 6(b), the restoring process of desired voltage is faster with
the lowest overshoots over the proposed FFTBC compared to
two other controllers. In the presence of the instantaneous fast
changes in the CPL power at t = 1s, t = 2s, t = 3s, the
desired voltage set-point is restored within a fixed time, about
10ms, using the proposed FFTBC. However, by employing
the conventional BC in [34] and the conventional SMC in
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[12], the convergence time increases to about 10ms and 0.2s,
respectively. The similar behavior can be found against desired
output voltage variation at t = 4s, t = 5s, t = 6s and abrupt
changes in the input voltage at about t = 8s, t = 10s, t = 12s.
The main reason is that these controllers in [34] and [12] only
guarantee the asymptotical stability of the system. However, by
applying the proposed fast fixed-time backstepping controller,
the convergence time which is independent of the initial
conditions can be preset offline. It can be seen from Fig. 6(b)
that although the controllers in [34] and [12] can stabilize the
output voltage vC , its steady errors are more than %2, while
it is negligible under the proposed controller.

For a fair comparative study of the controllers in terms
of quantity, some performance indexes including the mean
square error (MSE), root mean square error (RMSE), and
mean absolute error (MAE) are calculated to compare the
performance of the proposed controller with two other control
schemes [35]. The MSE represents the average of the squared
difference between the actual values vC and the desired ones
vC,d in the data set, while the RMSE is the square root of
the average of squared differences between them. Moreover,
The MAE indicates the average of the absolute difference
between the actual values vC and the desired ones vC,d without
considering their direction over all the data points. In Fig.
7, the bar plot corresponding to the performance analysis of
the controllers is displayed. The MSE and RMSE indexes
have the smallest values for the proposed FFTBC while they
increase for BC in [34], and have the greatest values for SMC
in [12]. Moreover, the value of the MAE is the smallest for
the proposed FFTBC. There is an increase in the average of
the absolute difference between the actual values vC and the
desired ones vC,d for SMC in [12], compared to the one for
BC in [34]. Consequently, the lower values of MSE, RMSE,
and MAE imply higher accuracy of the approach. Thus, the
superiority of the proposed method is quantitatively confirmed.

V. CONCLUSION

This paper developed the fixed-time observer-based voltage
regulating control for boost-based microgrid feeding unknown
time-varying CPL. A fixed-time sliding mode disturbance
observer was first designed to provide an estimation of the
instantaneous power flow moving along the uncertain CPLs
with time-varying nature within a fixed time. The sigmoid
function exploited in the proposed observer structure enhances
the estimation robustness against variation of the microgrid
physical parameters. The fast fixed-time backstepping tech-
nique was then proposed based on the estimated load power
to control the duty cycle of the boost converter such that the
adverse effects of both nonlinear behavior and induced nega-
tive incremental impedance of the CPLs were mitigated. Thus,
the desired voltage of the DC bus was tracked within a fixed
time irrespective of the initial conditions. The upper bound of
convergence time relies only on the design parameters which
signifies the fixed-time stabilization can be guaranteed and
the convergence time can be set in advance even if the initial
condition is uncertain. To evaluate the practicability of the
proposed technique over that of the other prevalent methods,

a comparative study based on an experimental test-bed was
implemented. The obtained results demonstrated the tracking
ability of the proposed approach for DC microgrids despite
abrupt variations in CPL power, desired output voltage, and
input voltage. In order to enhance the performance of the
system in the presence of large disturbances, the H∞ norm
can be considered in future research. Future research directions
may focus on developing a fixed-time fault-tolerant control
scheme for DC microgrids under faulty modes when failures
in sensors, power switches, or controllers occur.

APPENDIX

Lemma 1: Consider the following differential equation:

ẏ = −ay
1
2 +

r1
2r2

+
(

r1
2r2
− 1

2

)
sign(|y|−1) − by

r3
r4 (31)

where a and b are the positive real numbers and r1, r2, r3, r4

are positive odd integers that satisfy r1 > r2, r3 < r4. Then,
the system (31) is fixed-time stable. The upper bound of set-
tling time is estimated by Tc < 1

a
r2

r1−r2 + r4
r4−r3

1
a ln

(
1 + a

b

)
.

Proof: The system equation (31) can be simplified as:{
ẏ = −ay

r1
r2 − by

r3
r4 , |y| > 1

ẏ = −ay − by
r3
r4 , |y| < 1

(32)

Assuming a new variable w = y1− r3
r4 , the first equation of

system (32) can be developed as follows:

ẇ +
r4 − r3

r4
aw

r1
r2

− r3
r4

1− r3
r4 +

r4 − r3

r4
b = 0 (33)

Define ς = [(r1 − r2) r4]/[r2 (r4 − r3)], one can obtain:

ẇ +
r4 − r3

r4
aw1+ς +

r4 − r3

r4
b = 0 (34)

The second equation of system (32) can be expressed as:

ẇ +
r4 − r3

r4
aw +

r4 − r3

r4
b = 0 (35)

An upper-bound estimate for the settling time can be
calculated by solving equations (34) and (35):

lim
w0→∞

Tc (w0) = lim
w0→∞

r4
r4−r3 (

w0∫
1

1
aw1+ς+bdw +

1∫
0

1
aw+bdw)

< lim
w0→∞

r4
r4−r3

w0∫
1

1
aw1+ς dw + r4

a(r4−r3) ln(1 + a
b )

< r4
r4−r3 ( 1

ςa + 1
a ln(1 + a

b )) = 1
a

r2
r1−r2 + r4

r4−r3
1
a ln(1 + a

b )
(36)

Remark 3: For the suggested fixed-time stable system
ẏ = −ay

r1
r2 −by

r3
r4 where a and b are the positive real numbers

and r1, r2, r3, r4 are positive odd integers that satisfy r1 > r2,
r3 < r4, it is proved that the upper bound of settling time
is calculated by Tc1 < 1

a
r2

r1−r2 + 1
b

r4
r4−r3 [36]. The fixed-

time stable system in Lemma 1 expedites the convergence
rate such that the upper bound of settling time is estimated
by Tc2 <

1
a

r2
r1−r2 + r4

r4−r3
1
a ln

(
1 + a

b

)
. Since the inequality

Ln
(
1 + a

b

)
≤ a

b holds, one can get Tc2 < Tc1. If the state
of the system is close to the equilibrium point, i.e. |y| < 1 in
(32), using a linear term y instead of the nonlinear term y

r1
r2

causes to faster convergence rate.
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Lemma 2 [37]: For any non-negative real numbers ξ1, ξ2, ...,

ξn the inequality
n∑
i=1

ξpi ≥ (
n∑
i=1

ξi)
p holds for any 0 < p ≤ 1

while
n∑
i=1

ξpi ≥ n1−p(
n∑
i=1

ξi)
p holds for any p > 1.
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