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Abstract: This paper describes the application of chattering-free super-twisting sliding mode controllers to
the control of DC electric microgrids encompassing renewable sources of energy and storage devices. The
microgrid is composed of a photovoltaic source, a super capacitator and a battery set aimed at providing
power when the renewable source is not available. These components are connected to a bus by means of
DC converters, being each one controlled by the corresponding duty cycle. Three control commands are
thus needed to be designed. Moreover, the controller of the DC converter connecting the super capacitor to
the bus is designed as a combination of super-twisting and backstepping techniques. This approach
combines the simplicity of backstepping designs along with the robustness properties of super-twisting
sliding mode controllers. The proposed approach can guarantee the regulation of system’s outputs, namely
the tracking of the maximum power point, the management of the power provided/absorbed by the battery
and the voltage in the bus regardless the presence of potentially time-varying resistive loads. A sensitivity
analysis is performed to highlight the effect of control parameters in the closed-loop performance while the
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effect of time-varying loads and parametric uncertainty is also assessed.

Keywords: DC microgrid, renewable energy, super-twisting sliding-mode control, backstepping.

1. INTRODUCTION

A microgrid (MG) is a small-scale power system aimed at
providing the electric supply in an independent way to nearby
customers. Thus, three are the main characteristics of a MG: it
is local, it is independent, and it is smart. In this way, a MG
integrates the energy generators along with the consumers and
the control units. In order to reduce the environmental
footprint of the generation, the electric power is mainly
obtained nowadays by means of renewable energies (RE) such
as photovoltaic, wind or sea waves among others (Alharbi et
al.,, 2020; Alzain et al., 2021). The stochastic nature of
renewable energy sources, which does not ensure the timely
availability of energy, obligates to also include in the system a
sort of energy storage (battery bank, supercapacitor, etc.) so
that the MG can supply the necessary electric fluid when
needed. Consequently, the MG is in the need of a control
system able to manage the integration of sources and storage
devices as well as to deal with time-varying loads.

Microgrids can be classified into Alternating Current (AC),
Direct Current (DC) or hybrid (a combination of AC and DC)
ones, (Han et al., 2018; Stojic, 2021). In contrast to AC grids,
DC ones offer some advantages such as a simpler structure that
leads to a simpler control, less losses (lack of skin effect and
less corona loss), and easiness of integration and installation.
Therefore, much effort is currently being devoted to the study
of DC microgrids, (Han et al., 2018; Weng et al., 2019; Zhang

L. et al., 2019; Zhang Q. et al., 2019; Abdali et al., 2020;
Alharbi et al., 2020).

Despite the number of control strategies developed for AC
microgrids is large (Kim et al., 2011; Cai et al., 2016; Badal et
al., 2019; Sarkar et al., 2020), these cannot be directly applied
to DC microgrids due to the different dynamics characterizing
both types of systems. Therefore, new control algorithms must
be designed for DC grids. In particular, it is of importance the
stabilization of the DC link voltage, which represents a
daunting challenge due to the nonlinear and coupled dynamics
of the whole system. In this way, linear controllers have been
employed in (Kumar et al., 2015), robust H,, controllers in
(Mohammed et al., 2012), droop (Han et al., 2015) and
adaptive droop control (Lu et al., 2014) and feedback
linearization (Cupelli et al., 2014), to cite just a few. Special
attention has been devoted in the literature to nonlinear
methods based on Sliding Mode Control (SMC). The main
reason for this is that MGs often exhibit a time-varying
behavior, uncertainties such as parameter mismatch, and
unmodeled dynamics that complicate the efficient operation of
the microgrid while a robust control approach is needed to
cope with these situations. Hence, since the beginnings of
Sliding Mode Control (Itkis, 1976; Utkin, 1977) it has been
one of the most extended techniques used to design robust
controllers (Gambhire et al., 2021) and it has also been applied
to DC microgrids and power systems (Setyawan et al., 2014).
Thus, (Cucuzzella et al., 2018) propose a second order sliding
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mode controller for the voltage control of boost converters in
DC microgrids and (Han et al., 2018) present a higher-order
sliding mode control to improve the robustness of islanded and
grid-connected operations of a DC microgrid subject to
uncertainty. The sliding gain is tuned by means of an adaptive
algorithm that provides an automatic procedure to set its value.
Furthermore, in (Mobayen et al., 2021) a robust controller
based on adaptive sliding-mode techniques is designed for
DC-DC buck converters while in (Zhang and Wang, 2017) the
adaptive classical sliding mode control is applied to the bus
voltage control problem of the equivalent topology (order two)
of an islanded DC microgrid.

In addition, chattering has been one of the most well-known
concerns of SMC controllers. The presence of high-frequency
oscillation in the control signal generates undesirable
oscillation in the output, that degrades the performance of the
whole system. Therefore, huge efforts have been devoted in
the last years to avoid chattering in SMC (Cho and Kerschen,
2016) being the Super-twisting SMC one of the most
successful. Thus, (Zeb at al., 2020) design a Super-twisting
SMC for a grid-connected photovoltaic system while (Pati and
Sahoo, 2017) propose an adaptive approach to the Super-
Twisting SMC of a differential boost inverter-based
photovoltaic system. Moreover, (Alharbi et al., 2020; Sami et
al., 2020a; Sami et al., 2020b; Ullah, 2020) apply the fractional
counterpart of Super-twisting sliding mode controllers to deal
with the control problem of DC microgrids. Super-twisting
sliding mode controllers have a well-established theory
developed during the last years for both SISO and MIMO
systems (Emelyanov et al., 1996; Levant, 2001; Mondal and
Mahanta, 2013; Moreno, 2014, Nagesh and Edwards, 2014;
Jouini et al., 2017; Feng and Fei, 2018; Svecko et al., 2020),
to cite just a few.

This paper applies a Super-Twisting Sliding Mode Controller
(ST-SMC) to a high-order multivariable DC microgrid to solve
the voltage control problem regardless the presence of a time-
varying load in the system. The system is composed of a
photovoltaic source along with a supercapacitor and a battery.
A capacitor, whose voltage will be controlled, is also added on
the source side (lovine at al, 2017). In addition, a
generalization of the approach of (Nagesh and Edwards, 2014)
is adopted for which a general super-twisting exponent p is
considered while a general structure for the regulation
mechanism (in the sense of Jouini et al., 2017) is employed to
enhance the convergence and robustness properties of the
controller. Furthermore, the design of the control command
corresponding to the super capacitor is performed by
combining the backstepping and ST-SMC techniques. As it is
shown in (Shen et al., 2019) this approach merges the
simplicity of the backstepping control design while retaining
the robustness properties of the ST-SMC. In this way, the
main contributions of the work can be summarized as the
design of a general ST-SMC with arbitrary super-twisting
exponent and regulation equation, combined with
backstepping and applied to a multi-variable high-order
nonlinear DC microgrid composed of RE sources and storage
devices, and feeding time-varying loads. A combination of
higher-order and super-twisting sliding-mode controllers is

used in (Tayebi-Haghighi et al., 2018) to design a robust
chattering-free controller for robotic manipulators. This
approach differs from the one adopted in this work, which is
based on the combination of super-twisting and backstepping
techniques. To the best of authors’ knowledge, this is the first
time that this control method has been applied to the studied
system. Therefore, the description of the control law along
with simulation examples of the obtained performance and
influence of parameters are discussed in this work.

The rest of the paper is organized as follows. Section 2
describes the DC microgrid model and presents the problem to
be solved. The control algorithm is introduced in Section 3.
Section 4 contains the simulation results obtained for the
controller and the robustness and sensitivity analysis. Finally,
conclusions end the paper.

2. MODEL DESCRIPTION AND CONTROL OBJECTIVE

The DC microgrid model is taken from (Abdali et al., 2020)
which in turn is adopted from (lovine et al.,, 2017) and
represents a common architecture for DC microgrids (Zhang
Q. et al,, 2019). Therefore, the proposed control strategy is
newly applied to a benchmark case study. The DC microgrid
is composed of a photovoltaic source that supplies energy to a
potentially time-varying DC load (R;) and uses a battery and
a capacitor bank storage to provide energy when the RE
photovoltaic source is not available. DC-DC converters are
employed to couple the source and storage devices to the DC
bus. This system is represented in Figure 1, where the
capacitor Cj, is also considered. By taking the state variables as
X1 = Vg, Xp = Vg,, X3 =1, X4 = V¢, , X5 = V¢ Xg = I,
X7 = Vg,, Xg = I, X9 = V¢, the mathematical description of
the model (by using the averaging technique) is given by
Equations (1)-(9), (Iovine et al., 2017). It is important to point
out that this model is of dimension nine, which is higher than
previous models used in the literature to test the ST-SMC
controllers, (Jouini et al., 2017).
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Fig. 1. DC microgrid considered for control (Iovine et al.,
2017; Abdali et al., 2020).
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Le commands to achieve the objectives described before.
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ko= (B e -2 ©) 3. CONTROLLER DESIGN

The three control inputs given by u;, u,, u3, which represent
the duty cycles of each of the DC converters, must satisfy the
constraint 0 < uy,u,,u; < 1. R, denotes the potentially
time-varying resistive (DC) load. The control signal u; aims
at integrating the energy coming from the photovoltaic source
and, simultaneously, to track the maximum power point.
Therefore, u, is employed to force x; to track its reference x;
corresponding to the Maximum Power Point Tracking
(MPPT). This reference value is provided by a higher-level
controller which will not be considered in this paper so that the
value of x; is assumed to be known in this work. There are
several MPPT algorithms that can be used for this purpose
(see, for instance, (Tobon et al., 2020) and the references
therein for more information on MPPT algorithms). The
control signal u, is aimed at forcing x, to track its specified
reference value x; regulating the amount of power provided
or absorbed by the battery. This reference value is also
specified by a higher-level controller that determines it with
the aim of maximizing its lifetime. It will be assumed that this
value is also known and constant in this work. Finally, the
control signal u; can be used to control the variable x,
corresponding to the supercapacitor voltage connected to the
grid. However, in order to guarantee the stability of the DC bus
voltage, u; will be employed to control the voltage drop at
capacitor Co, which is given by x4. This fact implies that the
system is not fully controllable and the variable x, will no
longer be controlled. A backstepping approach along with the
ST-SMC will be employed to control the x4 variable to its
reference constant desired value of x3. It will be assumed
along this work that the input voltages, Vpy, Vg, Vs and the state
values are measured, and are consequently known, the
parameters of the DC converters are known, and the resistive
load may be unknown and time-varying in the general case
(Iovine et al., 2017). These assumptions are feasible with the
practical use of the system. The equilibrium point desired for
this system is represented by:

1 1
xe = [ x5 = - Wy = i) 2} X0 = - (Vg =
(10)

where the values of x7, x5 will be calculated below according
to a backstepping procedure since the control objective is
replaced by controlling x4 instead of x,.Furthermore, the
equilibrium point must satisfy the following relations (11)-
(15) for x5 and x; (Iovine et al., 2017):

1 * * R *
4, = E(VPV —x1) [x1 - Rle(VPV - x1)]

T
* * K %
X3) X7 Xg x9]

)

Each of the control laws uy, u,, us, is designed separately to
fulfill the objectives described in Section 2. Thus, the first
control command u, is designed as follows based on the super-
twisting approach of (Nagesh and Edwards, 2014) with some
generalizations. Initially, the error control signal is defined as
0; =x;—x; for i =1,2,..,9. The function ¢ is usually
referred to as the sliding surface in the sliding mode control
literature (Gambhire et al., 2021). The controller is formulated
as:

w, = m(‘f—ﬁf—i*%xﬁ"l”@) (16)
vy = —ky15ign(o3)|os|P — ky105 + 74 (17)
z) = —k315ign(0o3) — ka1 (1 — 8)03 — 8ks124,

z,(0) =0 (18)

where %3 stands for the derivative of the reference target,
which is known since it is specified by the designer beforehand
(being zero when x3 is constant), § € {O,%, 1} selects the type
of regulation equation (18) employed, (0 < p < 1) is the
super-twisting index and kj; > 0 are positive gains for j =
1,2, ...,5. It is remarkable to point out here that in this work
we consider a more general equation (18) than in (Nagesh &
Edwards, 2014), applied to the control of the proposed DC
microgrid. The above controller (16)-(18) renders the closed-
loop for the x5 variable to:

03 = X3 — X3 = —kyy5ign(o3)|o3|P? — kyy05 + 24

(19)

It is proved in (Moreno, 2014) that an appropriate choice for
the positive gains k;; allows ensuring x3 — x3 , which in turn
ensures that x; = x; according to the definition of the
equilibrium point (10) and dynamic equation (1).
Consequently, the proposed controller can successfully
achieve the control objective set up for u4, that is the tracking
of the maximum power point. The second control law, u,, is
designed as:

v, = —kq,5ign(og)|og|P — kyp04 + 2, 20
Zy = —kg,5ign(og) — k4 (1 — 8)0g — Sksy 2,
2,(0) =0 (22)

where X¢ stands for the derivative of the reference target,
which is known since it is specified by the designer

beforehand, 6 € {0,%,1} selects the type of regulation
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equation (22) employed, which is the same value as in (18),
(i.e., the signal § is shared by all controllers) and k;, > 0 are
positive gains for j = 1,2, ..., 5. Likewise, the controller (20)-
(22) renders the closed-loop for the x4 variable to:

O = X6 — Xg = —k125ign(04)|06|P — kp206 + 2, (23)

for which an appropriate choice for the positive gains k;j,
allows ensuring xg — x¢ , which in turn ensures that x, — x;
according to the definition of equilibrium point (10) and
dynamic equation (4). Consequently, the proposed controller
successfully achieves the control objective set up for u, that is
the regulation of the amount of power provided or absorbed by
the battery.

The design of u; is more elaborate since it will be dedicated to
control x4 instead of x,. Therefore, the backstepping approach
employed in (Iovine et al., 2017) will be adopted. In this way,
initially the value of x, will be used as virtual input. Then, in
order to achieve the desired value for x, (denoted by x7), the
desired value for xg will be calculated and, finally, us; is
designed to force xg to track its calculated reference xg. To this

end, the Lyapunov function candidate V, = Cz—g(xg —x3)? is
proposed. Its time derivative is given by:

V9 = CoXo(X9 — X3)

X5 —Xg X7 —Xg9 Xg
+

Xy — X
- (P -2 G = 33)
R, TR R R,

The variable x, is used as virtual input to render the above
equation into:

Vo = Coko(xg — x3) = —Ko(xg — x5)* < 0
with Kq > 0 by setting:
X2 —Xg X5 —Xg X7 X9 Xg

-2 = _K ek
R, Re R, R, 9(X9 — x3)

Thus, x; should track the desired value x; given by:

* X X % 1 1 1 1
X5 = Ry [ 22 =2 = Koo = x5) + (5 + 1o+ 7+ 7o) %]

(24)
Now, the variable xg is used to force x- to track the desired
value x; given by (24). Therefore, the Lyapunov function
candidate V;, = %(x7 — x3)? is proposed. If the reference for

Xg is selected as:

* * 1 . %
xg = —C7K7(x7; —x7) + I (x7 = x9) + C7%7 (25)
with K, > 0 then, V, = —K,(x; — x3)? < 0. Finally, the
controller u5 is designed to make xg track the desired value of
(25) for xg by defining:

L R ok
= i ) e
Vg = —ky35ign(og)|og|P — ky305 + 23 27)
73 = —kgssign(og) — ks3(1 — 8)0g — Sks324
23(0) =0 (28)

with g3 = xg — x5 and x5 being given by (25). xg stands for
the derivative of the reference target (25), § € {O,%,l} is

shared by all controllers and k3 > 0 are positive gains for j =
1,2,...,5. Likewise, the controller (26)-(28) renders the
closed-loop for the variable xg to:

Og = Xg — Xg = —ky35ign(og)|og|P — kp308 + 23 29

for which the appropriate choice for the positive gains k;j;
allows ensuring xg — xg , which in turn ensures that x;, — x;
backstepping once, and finally, guaranteeing that xy — xg
since Vo <0. Consequently, the proposed controller
successfully achieves the control objective set up for us, which
is the regulation of x4 to the desired constant reference xg
regardless of the potentially time-varying and unknown load
R; . Moreover, the control signals u,, u,, u; are constrained to
the interval [0,1] since they represent a duty cycle. In this way,
the following saturation is included for i = 1,2,3 in the actual
control command applied to the system:

1 Uu; >1
U; =Y OSulSI (30)
0 Uu; <0
The overall controller structure is depicted in Figure 2.
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Fig. 2. Block-diagram representing the proposed controller.

Remarks. 1. The resistive load R;, appears in the control law
(26) through the reference signal (24). Since R;, is unknown in
general, a nominal value for it should be included in (24). It
will be shown in simulation examples that the control objective
is achieved regardless the mismatch between the nominal and
actual value of R; and even in the presence of time-varying
behaviors. Therefore, the proposed approach merges the
simplicity of the backstepping design along with the
robustness properties of the super-twisting sliding mode
controllers.

2. The approach adopted in this work slightly differs from the
one followed in (Tovine et al., 2017) since the Lyapunov
function Vy, only contains xq instead of x,, x5, x9. Thus, the
theoretical results are not so strong as in (Iovine et al., 2017)
but the implementation of the controller is simpler and the
results obtained are satisfactory, as simulation examples will
show.

3. Due to the backstepping approach followed for u;, two
derivatives (x; and xg) are needed to compute the control
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command (26). This fact makes the behavior of u; and xq
slightly different from the one obtained for u; and u,.

4. Notice that the control commands are composed of two
parts: a feedback linearization part that cancels the coupling
dynamics of the controlled variable with the others and a
second part that renders it to the super-twisting structure. In
this way, the interaction among state variables is avoided and
each sliding control command is designed to achieve the
control objective of just the controlled variable.

This work will show the effectiveness of the proposed
controller and will conduct a sensitivity analysis of the closed-
loop control performance when different combinations of
parameters are employed.

4. SIMULATION EXAMPLES

The system described in Figure 1 and represented by Equations
(1)-(9) is used for computer simulation examples where the
parameters contained in Table 1 are used to describe the
dynamics of the system.

Table 1. Parameters of the DC microgrid (1)-(9), (Abdali

et al., 2020).

Parameters | Values | Parameters | Values | Parameters | Values
Ly 0.033H R, 0.1 Gy 0.1F
Lg 0.033H Rg1 0.01 Q C, 0.01F
Lg 0.0033H Ry, 0.01 Q Cy 0.1F
R, 0.1 Rga 0.01 Q Cs 0.01F
Ry 0.10 Rys 0.01 2 Cs 0.01F
Rs 0.01 0 Ry 0.01 Q Co 0.0001F
Vbus 1000V Rgg 0.01 Q Ry 0.10

This Section is divided into two subsections: the first one is
devoted to the case when there is no parameter mismatch in
the system while the second one treats the case when
parametric uncertainties are present.

4.1. Performance of the controller without uncertainty in
converters’ parameters

Initially, the effect of control gains, super-twisting index p and
flag signal § will be discussed. To this end, the signal u; will
be employed to display and discuss the results since the effect
of these parameters in the closed-loop performance is the same
in all control commands. Finally, a complete simulation for the
whole system will show the effectiveness of the introduced
controller in a general case. The following constant parameters
are used now:

Vg =400V,Vp, =400V,Vs = 1850V, R, =245 Q,
p=0.5

ki1 =2,kyy =2,k3; =4, ks =4

(31)
(32)
The desired equilibrium point for the system is given by:

x, = [300 1028.2 1000 100 1002.1 3000 1000 0 1000]”
(33)

while the initial condition for the system is x, = 1.2x, , i.e.
the initial state of the system is 20% ahead of the desired

equilibrium point. This high mismatch allows us to show the
effect of control parameters at large. The effect of & is
displayed in Figures 3 and 4.
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Fig. 3. Evolution of variable x; with the proposed controller
for different values of §.
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Fig. 4. Control signal u, associated to different values of §.

It is deduced from Figure 3 that the control objective is
achieved regardless the value of &§. However, the case
corresponding to § = 1 provides the fastest response (the
equilibrium point is reached the soonest) in comparison with
other values of §. This case corresponds to the situation when
the regulation equation (18) does not include the value of the
sliding surface. The Figure 4 displays the corresponding values
for the control signal u;. It is observed in Figure 4 that the
control signal does not experience noticeable changes with the
value of §. Consequently, it is recommended to tune the
control algorithm with § =1. Now the effect of the super
twisting index p will be discussed. To this end, § = 1 is fixed,
since it corresponds to the fastest behavior for the regulation
equation and the remaining parameters are given by (31)-(32).
The value of p will be changed. The Figures 5 and 6 depict the
performance of the system in this case and display the behavior
of the x; variable (Figure 5) and the control input u, (Figure
6).

It is deduced from Figures 5 and 6 that the index p plays a
significant role in the closed-loop performance. As the value
of p increases, the system becomes faster and exhibits
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oscillations for high values of p. Anyhow, the control objective
is achieved in all cases, for all values of p.
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Fig. 5. Evolution of variable x; for different values of p and
6=1.

0.9
0.8
0.7,
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Fig. 6. Control signal u, for different values of p and 6§ = 1.

The control signal varies accordingly, as it can be observed in
Figure 6, and it saturates most as the value of p becomes
higher. It is concluded that appropriate values for p lie in the

interval é <p < 1. It is to point out that from a theoretical

perspective, the control objective achievement is only
guaranteed when 0 < p < 1; however, higher values for p
have been considered to show its effect from a simulation
scenario.

The effect of control gains will be studied now. Thus, § =1
and p=0.5 will be used and gains will be varied. The control
gains are generated by ki, = A, kyy = A k3y =21, kyy = 24
so that all the gains are defined by a single parameter A. The
Figure 7 shows that the higher the control gains are, the faster
the closed-loop response of the system is. It is important to
notice that in all cases the control signal is chattering-free and
in all cases the control objective is achieved despite it is done
at different speeds. Also, the control signal does not vary too
much between different control gain values. To sum up, the

control recommendation is to use § = 1,% < p < 1 and higher
control gains to achieve a faster closed-loop response.

Finally, a global simulation is presented to corroborate the
performance of the designed controller for the whole system.

Thus, the parameters contained in Table 1 are used and the
initial condition is given by x, = 1.05x,, which corresponds
to a variation of 5% from the desired equilibrium point, which
is remarkable from a practical point of view. The values of
6 =1 and p=0.5 are used while ky; =21k, =21 ks =
2, ky; =24 with A =30and k;z; = 100k;; forj = 1,2,3,4.
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Fig. 7. Evolution of variable x; and corresponding control
signal u, for different values of control gains, p = 0.5and § =
1.

The gains of the third control command, the one associated to
the super capacitor and designed by backstepping, are selected
much higher to the gains associated to the first two control
signals. This choice is made since the effect of the controller
is shadowed in some way by the backstepping process and the
time derivatives needed to implement the control command.
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Fig. 8. Time-varying resistive load R; .
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Therefore, higher values of the gains are recommendable.
Also, K; = Ky = 5. The value of the resistive load is time-
varying according to the shape portrayed in Figure 8. The
nominal value is given by R; = 245 (). This means that the
controller is tuned by using this constant value of load while
the actual value is given at each time instant by the periodic
variation displayed in Figure 8.

The input voltages are also time-varying and their shapes are
depicted in Figure 9. The Maximum Power Point is also
considered to be time-varying, as it would be in a real practical
application. The Figure 10 displays the evolution of system’s
states under the proposed controller.
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Fig. 9. Evolution of input voltages Vpy, Vp and Vs.

It is observed that all control objectives are fulfilled, the
transient behavior vanishes very fast and the bus voltage is
regulated at the desired value despite all the time-varying
behaviors. It can be also deduced that the variable x4 possesses
a slower response than the variables controlled by u; and u,.
This happens because the backstepping procedure shadows the
effectiveness of the super-twisting controller. Therefore, the
gains of the third controller should be chosen larger than the
other two set of gains.
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Fig. 10. Evolution of the system states with the proposed
controller when the load and input voltages are given by
Figures 8 and 9, respectively.

The Figure 11 displays the control commands. It is observed
again that u,; and u, have a different behavior than u;. Thus,
u, and u, are chattering-free, evolve continuously with time
and are smooth. On the other hand, u; exhibits a little ripple.
This aspect is not attributable to the super-twisting controller
but to the presence of the time derivatives x; and Xg in the
control law (26).
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Fig. 11. Control signals obtained with the proposed controller
when the load and input voltages are given by Figures 8 and 9,
respectively.

However, the amplitude is small, and it does not constitute an
important issue in practice. In conclusion, the proposed
controller is able to achieve the desired control objective
satisfactorily with a simpler design than the ones introduced in
(Iovine et al., 2017) where the backstepping procedure is more
involved or in (Abdali et al., 2020) where a complex state
dependent Riccati equation has to be solved.

4.2. Performance of the controller under uncertainty in
converters’ parameters

This Section is devoted to study the effect of parameter
uncertainty in the converters’ components. Therefore, nominal
values are used in the control laws derived in Section 3 instead
of the actual values of the elements. The nominal values used
for control calculation are given in Table 2 while the actual
values of components are given in Table 1.

It is remarkable to notice that the values of the resistors R; and
R, may be estimated from direct measurements by using the
equilibrium equation (10). Consequently, the values of these
resistors are estimated as:

5 vev®-xi(®) 5 VB(D)-x4(t)
Ry(t) = B2 Ry() = ==
10 om0 e x6(t)

Table 2. Nominal Parameters of the DC microgrid (1)-(9),
employed in the control command calculation.

Parameters | Values | Parameters | Values |Parameters| Values
Lay 0.031H Ropn 0.10202 Cin 0.105F
Len 0.032H Ry1n 0.0110Q Con 0.0102F
Lgn 0.0034H Roon 00120 Cyn 0.11F
Ry 0.1050 Roan 0.0098 0 Csp 0.011F
Ran 0.099 O Rysn 00110 Cop 0.0105F
Rgn 0.099 Ro7n 0.0103 O Con 0.000097F
Vibus 1000V Rogn 0.0102 0 Rin 0.096 ()

These equations will be used as the values for the resistors
instead of the nominal values for Ry, and R,,. In addition, the
values of K, and K, are increased to 500 in order to cope with
parameters’ mismatch. Figures 8 and 9 depict the evolution of
load and external voltage inputs and & =1, p=0.5. The
results obtained are shown in Figures 12, 13 and 14.
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Fig. 12. Evolution of the system states with the proposed
controller when the load and input voltages are given by

Figures 8 and 9, respectively, and uncertainty in converters’
parameters is considered.

It can therefore be concluded that the controller is able to deal
with the parametric mismatch and track the desired trajectories
satisfactorily. Thus, the proposed controller achieves the
control objective adequately in a wide variety of situations.
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Fig. 13. Zoom on the Figure 12.
5. CONCLUSIONS

This work is devoted to the design of a robust super-twisting
sliding mode controller for a DC microgrid integrating a
photovoltaic source, a supercapacitor and a battery. A
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capacitor is added on the source side so that the system is not
fully controllable while the voltage at this capacitor is
controlled instead, guaranteeing thus the regulation of the grid
voltage. This is a common practice in real systems. The system
is controlled by means of three control signals.
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Fig. 14. Control signals obtained with the proposed controller
when the load and input voltages are given by Figures 8 and 9,
respectively, and uncertainty in converters’ parameters is
considered.

The super-twisting controller can be directly designed for the
first two control signals but a backstepping methodology is
merged with the super-twisting technique for the third one,
controlling the bus capacitor voltage. This approach allows
taking advantage of the simplicity of the backstepping method
while ensuring the robustness of the system with respect to
changes in the resistive load. As simulation examples have
shown, the controller is able to guarantee the tracking control
of desired variables even when the load is changing in time. A
sensitivity analysis is conducted on the parameters of the
system revealing the influence of the controller free-design
parameters in the performance of the closed-loop system. The
super-twisting index is recommended to be selected in the

range % < p < 1, the regulation signal is recommended to be

6 = 1 while the higher the control gains are, the faster the
closed-loop response is. In addition, the control gains

corresponding to the third control signal are recommended to
be selected much higher than the gains of the other two to
overcome the shadowing caused by the backstepping
procedure and the calculation of the derivatives involved in the
determination of us. It has also been shown that the controller
is able to obtain an acceptable performance when parametric
uncertainty is present in the system. Overall, the proposed
scheme can achieve the control objectives satisfactorily and in
a much simpler way than previous works. As a future work,
the proposed control algorithms will be implemented and
tested in real laboratory platforms.
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