N
N

N

HAL

open science

Constant Power Load Stabilization in DC Microgrids Using
Continuous-Time Model Predictive Control
Youssef Alidrissi, Radouane Ouladsine, Abdellatif Elmouatamid, Rachid Errouissi,

Mohamed Bakhouya

» To cite this version:

Youssef Alidrissi, Radouane Ouladsine, Abdellatif Elmouatamid, Rachid Errouissi, Mohamed Bakhouya. Con-
stant Power Load Stabilization in DC Microgrids Using Continuous-Time Model Predictive Control. Electron-

ics, 2022, 11 (9), pp.1481. <10.3390/electronics11091481). <hal-04607721)

HAL Id: hal-04607721
https://hal.science/hal-04607721v1

Submitted on 11 Jun 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

ENCE OUVERTE

ETALAB - Open licence


https://hal.science/hal-04607721v1
https://www.etalab.gouv.fr/wp-content/uploads/2017/04/ETALAB-Licence-Ouverte-v2.0.pdf
https://www.etalab.gouv.fr/wp-content/uploads/2017/04/ETALAB-Licence-Ouverte-v2.0.pdf
https://hal.archives-ouvertes.fr

i:;l?é electronics

Article

Constant Power Load Stabilization in DC Microgrids Using
Continuous-Time Model Predictive Control

Youssef Alidrissi I'*, Radouane Ouladsine 1, Abdellatif Elmouatamid 1, Rachid Errouissi 2

and Mohamed Bakhouya !

check for
updates

Citation: Alidrissi, Y.; Ouladsine, R.;
Elmouatamid, A.; Errouissi, R.;
Bakhouya, M. Constant Power Load
Stabilization in DC Microgrids Using
Continuous-Time Model Predictive
Control. Electronics 2022, 11, 1481.
https:/ /doi.org/10.3390/
electronics11091481

Academic Editors: Pablo Garcia
Trivifio and Ahmed Abu-Siada

Received: 21 December 2021
Accepted: 31 March 2022
Published: 5 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 LERMA Lab, College of Engineering and Architecture, International University of Rabat, El Jadida 11100,
Morocco; radouane.ouladsine@uir.ac.ma (R.O.); abdellatif.elmouatamid@uir.ac.ma (A.E.);
mohamed.bakhouya@uir.ac.ma (M.B.)

Department of Electrical Engineering, United Arab Emirates University, Al-Ain P.O. Box 15551,

United Arab Emirates; rachid.errouissi@uaeu.ac.ae

*  Correspondence: youssef.alidrissi@uir.ac.ma

Abstract: Despite its advantages over its AC counterparts, DC microgrids present a lot of challenges.
One of these challenges is the instability issues caused by constant power loads (CPLs). CPLs
deteriorate the system’s performance due to their incremental negative impedance characteristics. In
this paper, a DC microgrid composed of a PV /battery system feeding a pure CPL was considered. A
continuous-time model predictive control combined with a disturbance observer was applied to the
DC-DC bidirectional converter. The purpose of the composite controller is to address the nonlinearity
of the CPL and to maintain the stability of the system in a large operating region under load and
PV generation variations. To show the performance of the system, several tests were performed
under PV power and CPL power variations. Simulation results show good performance in terms of
transient response, optimal tracking, and stability in a large operating region.

Keywords: DC microgrid; constant power load; bidirectional DC-DC converter; model predictive
control; disturbance observer

1. Introduction

Renewable energy sources (RESs) are becoming a key solution to face the increasing
demand of electricity and the environmental impact caused using fossil fuels. Photovoltaic
(PV) technology is widely used in various applications due to its ease of installation,
competitive cost, and wide selection [1,2]. In grid-connected applications, the excess power
can be injected into the main grid, while in stand-alone applications, the use of energy
storage systems (ESSs) is crucial due to the intermittent nature of PV power [3]. Hence,
ESSs are used to store surplus energy for further usage to meet the load demand [4-6].

The integration of distributed generators, loads, and ESSs into single entities called
microgrids (MGs) is conspicuously becoming more popular, especially in remote zones.
For instance, PV power is used to supply telecommunication towers that are installed
in remote areas [7]. Therefore, seamless control of power electronic converters is highly
desired to ensure reliable and high-quality power for such systems. Generally, in a typical
stand-alone PV /battery system, a DC-DC power converter is used to link the PV module
to a common DC bus [8,9]. This converter is a crucial element that ensures a maximum
delivery of power by the PV generator. In addition, a DC-DC bidirectional converter (BDC)
is usually considered to interface the battery to the DC bus. It performs DC bus voltage
regulation and battery charging/discharging operations.

Various research efforts have been devoted to cover stand-alone DC microgrids with
PV /battery systems. Some researchers are predominantly focused on developing efficient
maximum power point tracking (MPPT) algorithms to take advantage of the maximum
ability of the PV generator [10-12]. This area is well studied and a lot of MPPT algorithms
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have been developed. For instance, conventional algorithms, such as perturb and observe
and incremental conductance, are widely used due to their simplicity and satisfactory
performance [13]. Additionally, high performance MPPT techniques that use artificial
intelligence have been developed, such as fuzzy logic and artificial neural network [14].
Other researchers are mainly interested in the design of local controllers to improve the
dynamics and the stability (e.g., [15,16]). Furthermore, many works focused more on
the coordination of multiple units, the power flow management in the system, and the
implementation of energy management systems, such as the works presented in [17-20].

Generally, the control of DC-DC converters in a PV /battery system is performed
using cascaded control loops with proportional integral (PI) controllers. In the case of BDC,
the inner loop is used to regulate the battery current to follow the reference given by the
outer loop. This later maintains the DC bus voltage at a desired value. Those cascaded
control loops are simple from the design and implementation point of view. However,
they suffer from slow transient response and high oscillations in the steady-state [21].
PI controllers are usually tuned based on a linearized model of the system around an
equilibrium point, raising concerns about stability issues in a large signal sense. Moreover,
connecting a constant power load (CPL) can deteriorate the system’s performance or
even lead to instability. In fact, power electronic loads when tightly controlled behave as
CPLs, such as DC-DC converters feeding resistive loads [22]. This type of load implies
incremental negative impedance (INI), which has a destabilizing effect on the system. The
destabilizing effect of CPLs has been analyzed in various works [22,23]. In addition to the
nonlinearity of CPLs, PV arrays influence the stability of the system due to their nonlinear
characteristics [24].

The mitigation of instability issues caused by the nonlinearity nature of CPLs has
been reported in the literature under three main approaches: passive approaches, active
approaches, and advanced control techniques. The simplest way to stabilize CPLs is by
adding passive components to the input filter of the system, such as resistors, inductors,
and capacitors. Thus, the size, the cost, and power loss are significantly increased. For
instance, the authors in [25] presented a passive damping approach by considering three
different passive methods: RC parallel damping, RL parallel damping, and RL series
damping. The second approach is known as the active damping method. It consists of
adjusting control loops by introducing a virtual component. The main advantage of this
technique is reducing the number of the components of the system, resulting in higher
reliability and efficiency [26]. Since most active damping methods are based on linearized
models, they can only guarantee stability in a limited operating region. To overcome
this issue, the authors in [27] presented a nonlinear active damping method using the
loop-cancellation technique. Advanced control techniques are also used to relieve the
instability effect of CPLs [22]. A nonlinear controller based on a robust sliding mode control
approach is developed in [28]. The nonlinear controller is applied to a DC microgrid with
CPLs aiming to ensure the stability of the system in a wide operating region. In [24], a
passivity-based controller was applied to a PV /battery system. The designed controller
was able to guarantee the stability of the system under various changes of PV power and
CPL power. The authors in [29] proposed a backstepping algorithm combined with a
nonlinear disturbance observer to control a DC-DC boost converter feeding CPL. The
resulting controller ensures large signal stability with fast dynamics and accurate voltage
regulation.

As an advanced control technique, model predictive control (MPC) is well suited for
the control of power converters in DC microgrids [22]. It is a powerful technique to solve
optimal tracking problems. However, MPC relies on the use of an optimal model of the
system to achieve the desired tracking performance, which is affected by the presence
of disturbances and model uncertainties. To deal with unknown parts of the model and
external disturbances, a disturbance observer can be combined with MPC to attain the
desired performance. In [30], the authors proposed a composite controller based on MPC to
control a DC-DC buck converter feeding a CPL. The composite controller combines MPC
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with a higher-order sliding mode observer to estimate disturbances and uncertainties. A
Takagi-Sugeno fuzzy-based MPC was used to stabilize a DC microgrid with time-varying
CPL in [31]. The authors in [32] presented an explicit MPC to mitigate the destabilizing
effect of CPL. Unlike previous methods, this method does not use any disturbance observer.

The work presented in this paper presents a continuous-time model predictive con-
troller based on the design strategy proposed in [33] for both the DC-DC boost converter
and the DC-DC bidirectional converter. The continuous-time MPC controller was com-
bined with a disturbance observer to deal with the unknown quantities. In [33], the
continuous-time MPC controller was applied to a grid connected three phase PV system,
and a PV /battery system with CPL was not considered in the study. The work presented
in this paper focuses on CPL stabilization in DC microgrids using continuous-time MPC.
In summary, the main contributions of this work are:

e A complete modeling of a typical DC microgrid consisting of a PV array and a battery
feeding a CPL.

e  Mitigation of the instability issue caused by CPL using a continuous-time MPC, which
ensures accurate tracking and large signal stability.

e Extensive simulations were conducted to investigate the influence of CPL on DC
microgrid stability following four scenarios—small CPL power variation, large CPL
variation, PV power variation, and square wave variation of the CPL.

The remainder of this paper is organized as follows. The problem formulation and
system modeling are described in Section 2. Section 3 introduces the continuous-time MPC
controller for a DC-DC converter in MGs. Simulation results are presented in Section 4.
Finally, conclusions and perspectives are drawn in Section 5.

2. Problem Formulation and System Modeling
2.1. Problem Formulation

The majority of existing loads in DC microgrids are powered through point-of-load
converters [34], as depicted in Figure 1. These converters when tightly controlled tend
to draw a constant power. For instance, an inverter driving a motor with a rotating
load. The motor will have a one-to-one torque-speed characteristic. Because of this linear
characteristic between the speed and torque, when the motor speed is tightly controlled
under constant torque, the power delivered to the motor remains constant. A CPL can then

be modeled as
Pcpr 1)

icpL =
de

where icpy is the instantaneous current drawn by the CPL, v, is the instantaneous DC bus
voltage, and Pcp; represents the CPL power. As can be observed, a CPL can be modeled
using an ideal current source. The relation between the voltage and current of a CPL can be
expressed as [23]

_ dvge _ PepL . U4 o)

dicpr 2o icpL
As can be seen from the Equation (2), the CPL presents an incremental negative
impedance, which has a destabilizing effect on the system in the presence of other power
converters.
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Figure 1. A typical DC microgrid with CPLs.

2.2. System Modeling

As stated above, a typical DC microgrid is considered in the present study. The
schematic of the overall studied system is depicted in Figure 2. It consists of a PV system
and a battery bank. The PV system is made of a PV array and a boost converter. The battery
bank is connected to the common bus through a DC-DC bidirectional converter. The two
converters are connected to a DC bus through a capacitor C;. and feeding a CPL.

Ipv "va LPV ’1

>
>

> N
M ™

L -
ov T va 33 —{C} Cdc %

-
it

H

=|, 1o (4

Figure 2. The studied DC microgrid.
2.2.1. PV Modeling

The PV array is modeled using a single diode model with parallel resistance R, and
series resistance Rs. The PV output current iy, of a PV module composed of N; cells in
series can be expressed by

. Vpo + Rsipy Vpo + Rsipy
i —1_1expp>_g—<PP) 3
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where vy, represents the output voltage of the PV array, Iy denotes the saturation current of
the diode and depends mainly on the temperature, I, is the photocurrent and depends on
the insolation, V; is the thermal voltage, and a denotes the ideality factor of the diode. This
model is validated experimentally in the EEBLab (Energy Efficient Building Laboratory) in
our university [35].

2.2.2. Battery Modeling

The battery is modeled using a controlled voltage source E,; in series with internal
resistor R;. The internal resistor is assumed to be constant, and the effect of the temperature
is neglected. Considering a battery with a capacity Q, the battery voltage Vj,; for the
charging mode and discharging mode can be described respectively as follows [36]:

Vbat:Ebat—Ri.z’:Eo—Ri-i—AQ(:)it(itJri*)JrExp(t) @)
_ i L Q . Q .
Vbat = Epat — Ri-1=Eg — R; - i /\it—O.lQl Q_l.tthrExp(t) (5)

where Ej denotes the battery constant voltage, i represents the battery current, i* refers
to the filtered current, it represents the actual battery charge, A denotes the polarization
constant, and the term Exp(t) represents the exponential zone voltage. This model was
also validated by experiments in [5].

2.2.3. Power Converters Modeling

The DC microgrid under the present study can be seen as two subsystems from the
control point of view. The first subsystem is the PV array with its interfaced converter.
Thus, an appropriate controller should be designed for this subsystem, with the objective
of controlling the PV terminal voltage v;,. The second subsystem is the battery bank and
the BDC. Therefore, a second controller is needed for this part with the aim of regulating
the DC bus voltage v;.. To do so, the dynamics of the DC-DC bidirectional converter and
the DC-DC boost converter are given by the following equations, respectively:

{ %:%b<d_l>vdc+% (6)
doge _ 1 _ i1 _ Pepr
a = cpiwld =D+ o — g
dippy :i(d’—l)v _i_vﬂ
dt Lyo )% T Ly @)
dvyy gy ipo.
a = Cp Cpo

where ij; and i, represent the current through the BDC inductor and the current through
the boost converter inductor, respectively; L; and Ly, are the BDC inductor value and the
boost converter inductor value, respectively; d is the duty ratio of the control signal of the
BDC; and d’ is the duty ratio of the control signal of the boost converter; Pcp; and v, are
the CPL power and the battery voltage.

To make the model in (6) more convenient, it can be rewritten as

di .
b = Apipy + Baup + Djwi ®)
7 = Ap194c + Bortipr + Doy
where
Udc 1
A =0, Bﬂ:fbr up =d—1, Dilszr wip = vy + Bi )
and
1 , 1 . Pe
A =0, By=——=—, Uy =iy, Dy == wy =i +diy— 2=+ By (10)

7
Cdc Ude
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The model in (7) can also be rewritten as

dif o .
{ dléf = Apirpy + Boup + Dpwp (11)
va = szvpv + Byotiy + Dypwon
where
A =0, Bn = ldc =d -1 D-—L = . 12
=0, Bp=,—, up= » D=1—, Wi = Vpo + Pi2 (12)
po pv
and 1
Ap =0, Bp=—=—, Up= inv/ Dp=—=—, wWp= ipv + B2 (13)
va CdC

The terms Bj1, Bv1, Biz, and B, represent the models” uncertainties. They are gaussians
and describe the imperfection related to the model simplicity.

It is worth noting that the uncertain terms [Bi]-, ,ij, with j = 1,2, and their derivatives
are assumed to be bounded and satisfy the following condition:

lim /'51.]. =0 lim % =0 (14)

t—o0 t— 00

3. Controller Design

To design the controllers for the DC-DC power converters in the studied MG, first a
continuous-time model predictive controller was considered. Then, the model predictive
controller was combined with a disturbance observer following the procedure presented
in [33].

3.1. MPC Controller
A single-input single-output system is expressed by

y = Ay + Bu + Dw (15)

where y € R is the system state, i.e., the controlled output; u € R is the control input; and
w € R is the sum of multiple disturbances consisting of model’s uncertainties and external
disturbances. A, B, and D are constant parameters.

The objective of the controller is to track the reference of the output y. To do so, a cost
function of the system represented by (15) is defined as

L=le(t+ )] = [rep(t+ Tr) = y(t + T))? (16)

where T; is the predictive horizon, y,.f(t + T;) and y(t + T;) represent the desired future
reference and the predicted output, respectively. The future error e(t + T;) is predicted by
Taylor series expansion [37] as

T+r

e(t+T) = e(t) + T () + ...+ (UT; 5 17)

where 0 is the relative degree of the system, r is the control order. For the system described
by (15) the relative degree is equal to one, while the control order is set to be zero. Hence,
higher order derivatives are eliminated and the expression in (17) is reduced to

e(t+T,) = e(t) + TeW(t) (18)
The first derivative of the error is then expressed by

eM(t) = Ysep — Ay — Bu — Dw (19)
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e(t+T;) = e(t) + Tr(Y,.p — Ay — Bu — Dw) (20)

Based on the above expression of the predicted error in Equation (20), the resulting
cost function is expressed as

L= Tr2B2 - [ze(t)TT’B + 2T72B(yref - A]/ - DZU)]M + ez(t) + 2e(t)Tf’(yref - Ay - DZU) + Trz(yref B A]/ - Dw)z (21)

The optimal control law is derived by taking the derivative of the cost function with
respect to the control input, such as [38]

dl 1/1 .

Introducing (22) in (19), the following equation is obtained, which represents the
closed-loop system error.

() + melt) =0 (23)

In practice, there is no information about the disturbance w, which raises a concern
about real-time implementation of the control law u(t) (22). To address such a concern, the
disturbance w can be replaced by its estimate @, yielding to the following, where @ is the
estimation of the disturbance w.

) = 5 (e(t) + iy — Ay~ D) (04)

3.2. Disturbance Observer

To compensate for disturbance effects, a disturbance observer is usually combined
with MPC, such as higher-order sliding mode observer [39], and Luenberger observer [40].
In this work, the disturbance estimate is obtained by considering the disturbance observer
presented in [41], where z denotes the estimation of the output y, and A is the observer

gain. '
i ™ )
The derivative of the estimation of the disturbance can be expressed as
@ = Ay — Ay — Bu — D) (26)
Defining the estimation error e;,, = @ — w, its dynamics can be expressed by
ew + ADey = —w (27)

At steady-state, all variables converge to constant values. Therefore, with the assump-
tion of (14), one can conclude that tlirn w = 0. Equation (27) indicates that the disturbance
—o0

observer can be made stable by selecting A to verify AD > 0. The asymptotic stability of

the disturbance observer follows from the assumption tlim w = 0. The disturbance observer
— 00

(26) can be simplified by replacing the control law u(t) by its expression in (24) yielding to

w:—%dﬂ—km (28)

By integrating Equation (28), the Equation (29) is obtained as

wm:—%ékﬂw—mm+mm+mm 29)
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To combine the above disturbance observer with the MPC, Equation (24) is replaced
in (19). The updated tracking error, dynamics is expressed as

e(t) + (;r +AD> e(t) + AT?/Ote(r)erer — D(w(0) + Ae(0) =0 (30)

In real-implementation, the disturbance can be seen as the sum of measurable distur-
bance w;, and unknown disturbance w,,. Thus, only the unknown component should be
estimated using (29). The updated control law is given by

u(t) = ;(% (t )—i—ymf Ay — Dwy, — Dzi)u> (31)

Assuming that @(0) = —Ae(0), and replacing @, in (31) by (29) the final expression of
the control law is given by

u(t) = % ((71? +)LD) (t) + ?]e(r)dr%— <yref — Ay — Dwm)) (32)

r

Considering (23), the settling time is expressed by ts. = 4T, and it is considered equal
to 10 times the switching period Tg,. The observer gain is selected by considering the
Equation (30) in such way to achieve the desired settling time.

3.3. Application to DC-DC Power Converters

Since each converter is modeled using two dynamic equations, cascaded control loops
are adopted. In the case of the BDC, the aim of the outer loop is to regulate the DC bus
voltage and to provide a reference signal to the inner loop, which in turn takes responsibility
of controlling the current flowing through the inductor L;. Similarly, for the boost converter,
the outer loop regulates the PV voltage while the inner loop controls the current iy .

Making use of (32), the control loops of the BDC can be described as

t
uir(t) = Uidc ((TI;Z +)\11)€zl( )+ %/ e (T) dt — Ub) (33)
0

t
C A .

uvl(t) = _(Tdcl +/\vl)ev1(t) T, /evl( ) dt + Il (34)
rv r

The nonlinear term C; L that appears in the DC voltage dynamic equation is considered
as unknown disturbance. The controller will compensate for it, which makes the system
more robust against CPL power variation. Hence, the stability of the DC bus voltage will
be guaranteed in large operating range.

Similarly, applying (32) to the DC-DC boost converter gives

t
1 (L A
up(t) = — | (72 + Ap)en(t) + */eiz(T) at —vpy (35)
Vdc Tri2 Tr 0
C A
wa(t) = (7% + AJeaa(t) — - / 2 (T) AT + By e (36)
To.

The overall block diagram of the studied DC MG with its controller is depicted in
Figure 3.
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Figure 3. Overall block diagram of the system.

The proposed control structure is composed of two controllers, one for regulating the
DC bus voltage and another one for regulating the PV voltage. The control diagram of the
overall system is illustrated in Figure 4.

, 1 )
‘ vdc,ref_> Lb,ref ) Sl
il —>»  FEquation (31) Ity —»  Equation (30) rPwM >
A% >» vV —>
dc b [
S,
, (a)
L
vp\’ﬂ.’f—) .Lp‘ L) > 7 d
Equation (33) ILPV —>»  Equation (32) = PWML__ S3
pr- ; vd( — B

T
(b) !

Figure 4. Control schemes for (a) DC-DC bidirectional converter (b) DC-DC boost converter.

4. Simulation Results

The DC microgrid presented in Figure 2 is simulated using MATLAB/Simulink. Two
controllers are designed for the PV converter and the battery converter. All the parameters
of the system used in the simulations are listed in Table 1.
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Table 1. Simulation parameters.

Description Parameter Value
Parallel Resistance Rp 313.0553 O
Series Resistance R; 0.39381 Q)
Diode Ideality Factor a 0.98119
Number of Cells per Module N; 60
PV Open Circuit Voltage Voc 160.4 V
PV Short Circuit Current Isce 8.232 A
PV Voltage at MPP Vypp 1282V
PV Current at MPP Inipp 7718 A
PV Array Maximum Power Pyipp 1 kW
PV Input Capacitor Cpy 0.08 mF
PV Inductor Lpy 5mH
DC bus Capacitor Cic 1.052 mF
Nominal DC Bus Voltage Vie 165V
Nominal Battery Voltage Wy 80V
Battery Internal Resistance R; 0.04 2
Battery Capacity C 20 Ah
Battery Inductor Ly 5mH
Switching Frequency fsw 12.5 kHz

By considering Equation (23) the settling time of the closed loop can be defined as
ts =~ 4T,. Hence, T, should be small as possible in order to guarantee fast dynamics of the
system. For switching devices, the settling time is limited by the switching frequency, and
it is considered to be equal to 10 times the switching period. Thus, the predictive horizon
of the inner loop for both converters is set to be equal to 0.2 ms. The outer loop should
be slower than the inner loop; thus, the predictive horizon of the outer loops is set to be
2 ms. In the presence of disturbances, the closed loop error is expressed by Equation (30).
It is clear that the poles associated with the transfer function are —1/T, and —AD. The
observer gain is chosen to impose the desired settling time in the presence of disturbances.
The observer gain of the inner loop is set to be 0.1 for both converters. The observer gain of
the outer loop of the boost converter is set to be 0.5 while the observer gain of the outer
loop of the BDC is set to be 0.4.

In order to validate the proposed controller, different scenarios are performed using
only pure CPL as load, which represents the worst case in terms of stability. The first
scenario is performed using a CPL with small power variation and the PV power is
supposed to be constant. At the beginning of the simulation, a 500 W CPL is connected to
the DC bus. From 0.4 s to 0.8 s, the CPL is increased by a small step of 50 W. Starting from
0.8 s until the end of the simulation, the CPL power goes back to 500 W. As can be noticed
in Figure 5, the DC bus voltage is restored at each time to its nominal value within 30 ms.
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Figure 5. Simulation results with small CPL power variation.

The second scenario is performed with a large CPL power variation, as depicted in
Figure 6. The PV power is assumed to be constant during this scenario. Initially, a 500 W
CPL is connected to DC bus. A large variation of the CPL power occurs form 0.4 s to 0.8 s,
and total load power at this period is equal to 800 W. From 0.8 s to the end of the simulation,
the load power steps down from 800 W to 500 W. Clearly, the controller tracks the DC bus
voltage with fast dynamics and small deviation (about 2.3 V), and the DC bus voltage is
restored in less than 50 ms.

1000 T T T T T T T T

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 6. Simulation results with large CPL power variation.

Figure 7 shows the dynamics of DC bus voltage when variation occurs in the PV
voltage. The PV voltage varies according to the reference given to the controller of the boost
converter in the PV side. This reference is generally generated from a MPPT algorithm
to achieve a maximum power under different climate conditions. The load power is
maintained at 500 W during the simulation. The PV voltage takes different values that
cover the operating range of the PV module. For instance, 100 V and 150 V correspond to
Vmpp at different climate conditions while 128.2 V corresponds to Vi pp at standard test
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conditions. The controller is able to track the DC bus voltage reference after each variation
in the PV voltage within 40 ms.
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Figure 7. Simulation results under PV voltage variation and fixed CPL.

The controller is composed of two cascaded control loops with first order systems.
The controller has the form of a PI controller, which is sufficient to guarantee the stability,
accuracy, and robustness of the system at the same time. This is confirmed by the simulation
results, i.e., the output converges to the desired setpoint for a bounded input. It is worth
noting that the pole values of the closed loop system have negative real parts which ensure

the system’s stability.

Another long running scenario (10 s), compared to above-mentioned ones, is per-
formed under a square wave change of the CPL as illustrated in Figure 8. The load
changes between 400 W and 600 W. Simulation results show that the common bus voltage
is maintained at the desired value accordingly.
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Figure 8. Simulation results under a square wave change of the CPL.

To verify the effectiveness of the proposed approach in a more realistic scenario, an
integral test is performed under PV voltage fluctuation and load variation. Figure 9 shows
the power flow in the studied DC microgrid. It can be seen that the PV array supplies
the load and charges the battery when there is a surplus of power. Otherwise, the battery
contributes to supplying the load. It can be observed from Figures 10 and 11 that the PV

voltage and the PV inductor current optimally track their reference values.

1000 [ I ! !

"T—pv power
Battery power

800 - — Load power

600 |-
g 400 |-
]
2 200
o]
o

o

-200 |-

-400 - | \ f V

-600 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)

Figure 9. PV power, battery power, and load power.

Similarly, Figure 12 shows that DC bus voltage tracks its reference. The stability of
DC bus voltage can be seen clearly under simultaneous variation of PV power and load
variation. The battery inductor current tracks the reference generated by the DC bus voltage

loop, as shown in Figure 13.
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Figure 10. PV voltage.
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Figure 12. DC bus voltage.
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It is important to emphasize that if the battery is fully charged and the PV power is
greater than the load demand, an upper control layer changes the voltage reference from
Vmpp to a voltage reference. This latter corresponds to the power needed by the load. Such
an operating condition is beyond the scope of this research work.

In summary, according to the above-mentioned results and considered various sce-
narios, we have noticed the following. In the first scenario, which was performed using
a CPL while considering a small power variation and a constant PV power, the DC bus
voltage is restored to its nominal value within 30 ms. Regarding the second scenario, a large
power variation of the CPL is used while maintaining the PV power constant, the DC bus
voltage is regulated within 50 ms. The third scenario is performed using a 500 W CPL while
varying the PV power, the controller was able to maintain the DC bus voltage at the desired
value. In the fourth scenario, a long simulation is conducted using a square wave change of
the CPL. The controller was able to restore the DC bus voltage to its nominal value. Finally,
an integral test is performed under PV voltage fluctuation and load variation. From all
obtained results, the continuous-time MPC was able to stabilize the system regardless of
any disturbances (e.g., CPL and PV power variations).

5. Summary and Discussion

Faced with the urgent need to reduce energy consumption and the environmental
impact caused by the production of energy by traditional methods, today’s building
energy production is based on various RES. This integration of diversified RESs requires
the use of advanced control approaches to deal with the variable nature of the power
generated by these sources. Therefore, the integration of these instable sources involves
the use of energy storage systems that present the more expansive element in the whole
installation with a limited lifetime. However, coupling different sources of energy with
a variability of storage systems increases the complexity of the system. The deployed
energy conversion components should take into consideration this complexity in order to
optimize the operation of the system while achieving low consumption without sacrificing
comfort. Generally, in existing systems, energy management is ensured by the installation
of equipment according to the source to be integrated. Adding a source requires replacing
equipment in the installed chain. For a PV installation, it is necessary to have a converter,
which allows the management of energy generated by the panels. The converter makes
decisions to store the energy or supply the loads. The problem with such devices is the
limitation of the deployed cost functions and constraints and they are generally deployed
to ensure a single objective function. The main objective of the controller is to ensure a
continuous power supply to the load by extracting the maximum from the RER.

In this context, this work presents the first step towards the development of an intelli-
gent system for power conversion. The main aim is to allow the deployment of different
cost functions, such as the battery lifetime and the electricity price. The deployment of
such cost functions and constraints requires the deployment of control strategies along the
three control layers: primary control, secondary control, and tertiary control [19]. Mainly,
the aim is to develop a converter that can deploy a predictive control approach for energy
management based on the following actions: measure, analyze, predict, forecast, and
execute the actions depending on the operational context. Unlike the actual converters, the
main proposition considers multiple objectives functions, which take into consideration
batteries’ charge/discharge cycles as well as the electricity price forecasting in order to
ensure, in an optimal way, continuous electricity supply from different installed sources
(e.g., RERs, batteries, utility grid) to buildings’ services. The proposed approach is based on
predictive control models, which are able to generate a sequence of future control actions
over a prediction horizon. However, in order to carry out this objective, several forecasted
input values are required, mainly the power production/consumption and batteries’ states
of charge (SoC). This requires an advanced metering infrastructure, which allows mea-
surement and prediction of all input values. This work is a part of an ongoing research
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project that focuses on the deployment of a microgrid system together with an IoT/big
data platform in order to conduct experiments and validate developed models.

The IoT /big data platform was developed and deployed in order to allow measure-
ment and forecasting of RES power generation, load consumption, and batteries” SoC.
Sensing/actuating components with a control card are installed in order to monitor and
manage the whole MG system, offering the possibility to test the developed control tech-
niques in a real context. Unlike existing controllers, which are used as a black box to
manage the energy in a microgrid, our future works focus on the development of an open
access system to test the studied control strategies.

6. Conclusions and Perspectives

In this paper, the instability issue caused by CPLs in DC microgrids was tackled.
A DC microgrid composed of a PV /battery system was considered. The dynamics of
the system were described using appropriate models that take disturbances and model
uncertainties into account. Based on a general model, a controller was presented using
continuous-time model predictive control. Then, a disturbance observer was combined
with the MPC controller in order to make it robust. The derived controller was applied for
the two converters in the studied DC microgrid. Both controllers show good performances
in transient response and steady state. Moreover, the controller was able to maintain
the DC bus voltage at its nominal value with a fast recovery when large disturbances
occur. The stability of the system is also guaranteed in a wide operating range. Simulation
results show the effectiveness of the presented controller in terms of accurate tracking and
stability. In our future works, more attention will be given to stability analysis of complex
MG including multiple power converters and other type of loads that affects the stability,
such as pulsed power loads. Regarding experiments, an open access converter is under
investigations for being developed and deployed in our MG system in order to conduct
experiments and assess the effectiveness of advanced control approaches.
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