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Abstract: In this work is considered the connection of a photovoltaics (PV) solar plant to the main
grid through a Direct Current (DC) MicroGrid and a hybrid storage system, composed of a battery
and a supercapacitor, in order to satisfy constraints of grid connection (the so-called Grid-Codes).
The objective, and main contribution of this paper, is to stabilize the DC MicroGrid voltage in
spite of large variations in production and consumption, using a nonlinear hierarchical easy-to-
implement control strategy. Here is presented the MicroGrid’s control design based on detailed
models of the photovoltaic energy sources and the storage systems. Such DC grids may present an
unstable behavior caused by the PV’s intermittent output power, by switching ripples from the power
converters and their power electronics, and oscillatory currents produced by some types of loads.
Therefore, the system is subject to both fast and slow variations, and its stabilization is based on
different technologies of storage, such as battery and supercapacitor, and control algorithms designed
thanks to the use of time-scale separation between different components of the storage systems. The
obtained nonlinear results are stronger than current linear controllers, allowing to keep operating
margins around the voltage reference. At the same time, in this work, insights from power systems
practice have been used, aiming to obtain a very simple and easy-to-implement control scheme.
Detailed simulation results are provided to illustrate the behavior and effectiveness of the proposed
stabilization technique.

Keywords: microgrids; power system stability; nonlinear control systems; Lyapunov methods; power

generation control

The integration of renewable energy sources (renewables) and modern loads on a
large scale is a challenging task due to their intermittent nature. As a consequence, the
power grid becomes vulnerable and subject to instability issues. In particular, the presence
of Distributed Generation (DG) such as solar energy, or modern loads as electric vehicles
and intelligent buildings in a distribution network creates challenges that can be addressed
by the concept of MicroGrids [1,2]. In MicroGrids, storage devices are used to compensate
for intermittent behavior and then secure grid integrity concerning the increase in the
number of DG elements [3]. They allow for the possibility to design control systems to
ensure stability during the injection and consumption of intermittent power.

The present paper focuses on stabilizing voltage on a Direct Current (DC) MicroGrid,
used to integrate renewable power. This stabilization is obtained by designing a hierar-
chical control strategy that considers the power balance between the energy sources and
loads. The nonlinear control scheme has been developed for a DC MicroGrid composed of
photovoltaic (PV) panels, two storage devices (a battery and a supercapacitor) acting at
different time scales, a DC load and its connection to an Alternate Current (AC) grid.
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In the field of MicroGrids, linear control methods are generally used, as in [4-8]. These
works use the small signal model of converters and apply the industrial standard PI control,
mostly addressing the stabilization of the MicroGrid’s DC voltage. In those works, the
control voltage performances are acceptable in terms of voltage overshoot and settling
time, and stabilization of the whole DC MicroGrid is attained. Nevertheless, such control
methods can correctly stabilize a MicroGrid only in steady state, when parameters do
not vary much. On the other hand, if several parameters are time-varying, such linear
controllers cannot ensure good performance (sometimes not even stability) for the several
operating points associated with such variations. Therefore, developing new control
structures to improve systems’ performance is necessary.

On the other hand, Refs. [9-11] propose new control strategies based on nonlinear
control theory, using state average model of converters. On those, the control strategy
is designed globally with a high-level controller, and act locally on converters with local
control algorithm. With this control strategy the system should be able to balance supply
power and demand load in order to obtain a good performance in transient conditions and
steady-state. Nevertheless, such results are rather complex, with algorithms that are difficult
to implement in small and low-cost micro-controllers, distributed on a large number of
components. The now proposed control philosophy is also based on a Systems of Systems
approach, where each brick is designed to participate in ensuring the stability of the whole
DC voltage system. This control strategy was developed in [12-17], addressing different
applications. In the present paper, such techniques were used to design a control strategy
to stabilize the DC MicroGrid voltage through a control algorithm that defines priorities in
relation to the photovoltaic system, load, and constraints for storage system operation.

Other articles (see [18-21]) have also proposed a hierarchical control scheme focusing
on a centralized supervisory control level and a distributed lower-level control, based on
nonlinear theory. These controllers present rigorous analysis of the interaction between the
different dynamics, and aim to stabilize the whole system, even when large variations of
power production and consumption occur, and to ensure power quality while providing
power to the main AC grid. Differently to those results, the present paper has used
assumptions coming from the physics of power systems to reduce the complexity of the
control design procedure. However, these assumptions make stability analysis to hold
inside a smaller operation region than more complex results. Nevertheless, these insights
from power systems’ practice allow simpler algorithms, well suited for a distributed
implementation in low-cost micro-controllers in a low voltage grid, and still allow to stand
large disturbances inside a well-defined operation region.

In this scheme, the higher-level controller provides reference values for the local con-
trollers. Thereafter, we develop these distributed controllers using backstepping, feedback
linearization, and Lyapunov-based control techniques. Power system stability is analyzed
by intermediate Lyapunov functions provided for each step to construct a composite Lya-
punov function for the overall stability analysis. The local controllers are implemented at
the actuators’ level on each device’s power converters (PV panel, battery, supercapacitor).
The reference is obtained by a Maximum Power Point Tracking (MPPT) algorithm concern-
ing the PV power source. The supervisory higher-level controller is allowed to reduce the
power reference in case of overproduction. The higher-level controller provides power
references for the storage devices to cope with power imbalance in the whole system.

This paper is organized as follows. In Section 1, the model for the DC MicroGrid is
introduced; in Section 2 the DC MicroGrid Control strategy is drawn; in Section 3 low-level
control laws for each subsystem are designed; in Section 4 the stability analysis for the
overall interconnected system is done; Section 5 provides simulation results about the
connected system behavior; finally, Section 6 presents the conclusions.

1. DC MicroGrid Model

A general DC MicroGrid as in Figure 1 is composed of Distributed Generation (DG)
such as photovoltaic arrays, energy storage elements such as supercapacitors and batteries,
DC loads and grid-tied converters [22]. The energy storage elements play an important
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role for the entire power management of the DC MicroGrid as mentioned. They ensure a
secured network, provide high quality power and maintain the common DC grid voltage
stable [23]. Bidirectional converters are used to charge or discharge the energy storage
elements such as the battery and the supercapacitor. The load (an electric vehicle charge
station for example) is modeled as a variable resistance, which in the present case is more
delicate than constant power loads.

DCMICROGRID
Photovoltaic b Ppy
Arrays Ipy i & igy R, 5

PEAT §'
Igar Rs Ly iz Iz R, —

Main GRID
Power|
— V' 1
1 N

Battery

L—| AC Load

P Load

DC Load

Figure 1. The considered DC MicroGrid.

In the following, the different components of the DC MicroGrid are described.

1.1. PV System Modeling
1.1.1. Solar Array

A complete solar panel model with series and parallel connection is proposed [24,25].
The PV is represented as a current source. Due to the variations of the temperature and the
solar radiance, the current and the voltage generated by the PV panel vary.

The PV DC/DC boost converter operates following references given by a standard
MPPT algorithm (not discussed in this paper) under varying levels of irradiation and
temperatures [24-26].

1.1.2. DC/DC Boost Converter

The DC/DC converter used to control the PV array is an unidirectional boost converter.
It is represented by three state variables: the voltages on the capacitors C; and Cp and the
current in the inductance L;.

The mathematical model for the DC/DC boost converter that interconnects the PV to
the DC grid is obtained based on power electronics averaging technique (see [27-30]), and
is given by (1).

1.2. Storage System

The hybrid storage system (battery-supercapacitor) adopts the advantages of both
technologies, high power density from the supercapacitor and high energy density from the
battery. The proposed hybrid storage consists of a lead acid battery and a supercapacitor,
as in [3,31-33].
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1.2.1. Battery Model

The chosen model for the study is based on the resistive Thevenin model for a Lead
Acid Battery, considered as a voltage generator [34].

1.2.2. Supercapacitor

The Supercapacitor is modeled by the so-called three-branch model, extracted from
the transmission line modeling. It is connected to the DC grid by a DC/DC bidirectional
boost converter as in [35,36].

1.2.3. Bidirectional Boost Converters

The bidirectional boost converter controlling the battery is given by (2), based on the
voltages on the capacitors C3 and C, and the current in the inductance L; (see [29,30,32,37]).

The bidirectional boost converter controlling the supercapacitor is modeled based on
the voltages on the capacitors and the current in the inductance Cs, Cg, L3, shown by (3),
(see [29,30,32]).

1.3. Interconnected Model

The mathematical model for the DC grid in Figure 1 is obtained based on the power
electronics averaging technique [27]:

) 1 1 1

Voo = ——— Ve — =i 1
c1 RGO TG i1+ R.C, VPV (1a)
. 1 (1—”1) .

Ver = — Vi V 1b
c2 G, 2+ & i1 + R,C, ¢ (1b)
. 1 Ro1 — R R 1-—
= Ve — (Ro1 02)t1 + oziL1 B ( ul)ch (10)

Ly Ly Ly
1 1
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c3 RGBT C i + oo Vbar (2a)
. 1 (1—up).
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; 1 Ropz — Roa)us + Roa . 1—u
fy = Ve — (Roz — Ros)up 04 ( 2)Vc4 20)

L L L

) 1 1 1
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c5 RGOS TG ir3 + RaCs /s¢ (3a)
. 1 (1*1/13) .
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(o3 ReCe ce + e ir3 + ReC, ' PC (3b)
: 1 Ros — Rog )13 + Rog . 1—u
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Ls Ls L
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DC = Ghc Rz( c2— Vpc) +ira +i13 Voe 4)

where Ry, Ry, R3, R4, R5, R, L1, Ly, L3, C1, Ca, C3, Cy, Cs, Cg and Cpc are known positive
values of resistances, inductances and capacitors respectively, and Pj,,; represents the DC
demanded power load. To model the switches, small resistances (Ro1, Roz, Ros, Ros, Ros and
Roe) are included to take into account conduction losses. Vpy, Vgar, Vsc and Vpc are the
photovoltaic panel, battery, supercapacitor and DC MicroGrid voltages, respectively. The
measured output vector is composed by V1, Viep, Vies, Vies, Vies, Ve, 111,112,113 and Vpe.
The control inputs u1, #p and us represent the duty cycles of each converter. Equation (4)
describes by Kirchhoff’s law the voltage variation due to the sum of all currents in the DC
bus Vpc.
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2. DC MicroGrid Control Strategy

The target for the controller is to stabilize the DC bus voltage around the desired
value, then ensuring power quality and allowing the DC MicroGrid to manage the desired
amount of power. The proposed control will be based on two control layers (see Figure 2).
First, we define the high level controller to give reference values for lower local controllers.
Thereafter, we develop a local control using backstepping and Lyapunov-based techniques.

DC GRID
PV Panel | Power
¢ '
I Pry
DC/DC
voc4
m——————— I I e ey Power
I batref \!’ s "
|y Tl upervisor
[ -| Comroll | Power
1 " | f—
BAT . .
Main Grid
Battery | DC/DC T—a] | AC GRID
GEELR N i : ( \ >
BAT 1 :
{ DC/A(.*-E(D' [
I scref e l — Ploa
S 3
‘ us Psc Power DC
1 — C Loa
Supercapacitor [ DC/DC oa
H J

Vsc Voc:

Figure 2. DC MicroGrid Control strategy.

2.1. High Level Controller for PV Array Source

A Maximum Power Point Tracking (MPPT) algorithm is used to extract the maximum
power from a photovoltaic array of solar cells. To accomplish this task, a V%, time varying
(piecewise constant) desired voltage reference is provided by the MPPT. In this paper, the
Incremental Conductance method is applied (see [25,38,39]).

2.2. High Level Controller for Storage System

We rely on the storage system (battery + supercapacitor) to act as a buffer to absorb the
current (power) variations and stabilize the DC bus. Based on the physical characteristics
of the storage components, and in particular on the current limitations from the battery, we
indicate: 1—to consider a current reference ¢ based on power balance equations for the
whole system; 2—to use a time-scale separation to decompose it in two components, a fast
one (ij;) and a slow one (i,), as shown in Figure 3. The slow component will be used as
the reference for the battery’s power supply, while the fast component will be the reference
power for the supercapacitor. This time-scale separation is obtained by the introduction of
a first-order low-pass filter that decomposes the current reference in two references for the
battery and supercapacitor [40]

isT = irp + 113 ©)

The two components are chosen to keep sufficient time-scale separation between the
lower and higher-level control objectives (see [41]), and to ensure that the battery does not
need to react faster than its specifications allow. Therefore, we target to extend the lifespan
of the battery [10].

The power flow of the different elements of DC MicroGrid (see [22]) will depend on
the grid topology. Most works consider a radial DC MicroGrid for its simplicity while
yet capturing most challenges existing in DC MicroGrids. Radial systems are easier for
installation and operation and meet the objective of designing a plug-and-play system
which allows a greater penetration of renewable energy into the network. The proposed
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control strategy is also applicable for ring or bus [42] topologies (which are simpler than
radial), and may also be implemented in meshed ones. For the latter it would be necessary
to prevent congestion problems, that is not addressed in the present paper, and is usually
approached with higher-level controllers, closer to optimization and communication tech-
niques. Bus topology is currently used in residential buildings, where low-voltage DC
bus is preferred to match the voltage level of many appliances and to avoid extra DC-DC
conversion stages. Additionally, in such systems, loads and AC grid interface can be located
close to each other in order to reduce the distribution losses [43]. A radial grid is shown in
Figure 4, while a ring DC MicroGrid is shown in Figure 5. The sum of the output power
of all generating units (photovoltaic system in the present case), all loads and the storage
system is defined as follows:

Ppc = Ppy + Proga + Pst (6)

with Pst = PgaT + Psc, where Ppy is the PV power, Psr is the storage power, P4t is the
battery power, Psc is the supercapacitor power, P, is the load power and Ppc is the DC
grid power.

Vpy + "
Vey tia +O"' Iy —
Controller o Controller [ |
& 'y
Vpy | il e
|
e e e A P R S B S 1 o e e e J
i1 +
_LZ.O_> Igar
£ Controller
Ipy A u
MICROGRID . 1 2
V* l L _____ % g
DC + Voc l;‘t . - =
Controller Slyr!a-'_ . 3
- position &
Vbc ! N ¢ 3
L3 + ISH

I

I I1oad _.O_p Isc

1 Controller
1 .

I

I

[y e =
| Photovoltaic |

Array \Supercapacitor

Figure 4. The Power Flow scheme.
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Figure 5. Ring DC MicroGrid Topology.

In general, the DC MicroGrid is connected to the main AC Grid then Ppc = Pgrip,
and the balance power is supplied to or obtained from the AC Grid (Pgr;p being the
power from or to the AC grid). In the present paper, we investigate the more difficult case
corresponding to when the DC MicroGrid is in islanded mode, and we cannot rely on the
AC network to balance the DC grid. In this case, any unbalance on the power flow will
create a voltage excursion on the DC grid.

The energy storage elements can switch between charge and discharge mode in order
to maintain the DC grid power balance. Vp¢(t) must be kept around its nominal value V})-
and inside voltage limits following the power balance given by Equation (4). It is possible
to rewrite Equation (4) as:

. 1 1 Per — P
Vpc = - R*(ch — Vpc) + =L _—Load
pc LRz

@)
Vbc
In the following, i5; as in (5) is designed for i, and i3, in order to steer Vpc to its
reference V7~ using backsteeping techniques [44]. Let us define the output tracking error
eVpe = (VDC — VB )
Based on the error dynamics, we suggest the following current reference:

rno= 088~ (Vey — V,
IsT Ve Rz( c2 DC)
—Cpc(Kigev,. + Kioao) (8)

with:

. o

d10 = Kipevpc
where ajg represents an integral error term, and Ky, Kjg and K}, are positive tuning
gain parameters.

Due to time-scale consideration between the voltage and current dynamics, in the
sequel we consider Vpc as a zero dynamics of the system, so ig7 can be considered already



Energies 2022, 15, 969

8 of 20

equal to i, such that inside an operation region (D = {ey,. € R | ey,. < Vpc,,,. } fora
desired constant Vpc,, ) and we can write:

o) =Lx SRl
eVpe —Kio —Kio] [evpe
As a consequence, the closed-loop dynamics of Vp¢ results in being linear and expo-

nentially stable, with desired dynamics given by the stable poles assigned by the tuning
gains. Then, there exists Pjg = PlT0 > 0 such that PjgAqg + A1TOP10 = I, where I, is the

identity matrix in R?, such that the Lyapunov function:
Wig = [a0 evpe]” Pro [w10 evpe] >0 )
exists, which time derivative is negative definite:
Wig = —ej, . —ady < 0. (10)

3. Local Control Level
3.1. Storage System Control
3.1.1. Battery Control Law

Taking the i}, reference value for iy, it is possible to compute the control law by
feedback linearization. First, we define the output tracking error:

Ci, = (ir2 —i15)

and consider the control law [11]:

1
2= — [~ (Vcs — Vea) + Road
2 (Veg + (Rog — Rog)irn) [=(Ves ca) 04112
—Lp(Ke(ir2 — i12) + Kene) + 1] 1)

where 1}, is obtained through a derivative filter, x4 represents an integral term and Ks, Ko
and K§ are the positive tuning gain parameters. By technological reasons, the following
condition is always fulfilled:

Vea + (Roa — Ros)ira # 0. (12)
Consequently, the closed loop system is shown to be linear and exponentially stable [11]:

kg = Kg iy
¢, = —Keej, —Kee (13)
3.1.2. Supercapacitor Control Law
We define the output tracking error e;, , = (ir3 — ij5) and its derivative ¢; , = (ip5— i)
As in the previous case, we consider a control law u3 by input/output feedback
linearization such as to steer i;3 towards its reference i} 5, imposing the desired dynamic
closed-loop behaviour, where a9 represents an integral error term and Ky, K9 and K§ are
the positive tuning gain parameters:

1
Uz = — )= Vs + Ve + Rosi
° (Vee + (Ros — Ros)iLs [=Ves Vs + Rosiis

—L3(Ko(ir3 — i15) + Koag + 1} 5)] (14)
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Consequently, the closed loop system results linear and exponentially stable [11]:

kg = ngiLs
éiLs = —ngiLs—Kngg (15)

We remark that iﬁ is obtained as ifZ in (11), and we need to consider a condition similar to
the one in with (12) (always fulfilled by technological reasons):

Ve + (Ros — Ros)irs # 0. (16)

The control inputs u; and u3 feedback linearize the dynamics of ij, and 71 3. As a result of
the linearity of the stable closed loop system, there exist matrices Ps9 = Py > 0 such that
PsgAgo + A6T 9Ps9 = —Ip, where I is an identity matrix in R?.

Therefore, we introduce the candidate Lyapunov function:

Weo = a6 €i,]" Po [w6 €i,] + [0 €5,,]" Po [ €;y] (17)
which time derivative is:

A 2 2 2 2
W69 - —eim - 0(6 - el'LS - 0(9 < 0 (18)

3.2. PV System Control

Based on (1), the control target for the PV array is to stabilize the voltage capacitor
Vc1 around the time varying (piecewise constant) reference value V*;, provided by the
MPPT algorithm. Similarly to [10], we state the assumption that the current can be set to
have much faster dynamics than the capacitances’ voltages. This allows the current and
voltage regulation to be in a cascaded control scheme, with an inner current loop and an
outer voltage loop. Consequently, a reference i}, for iz will be designed to steer V1 to its
reference V%;. To this purpose, we define the tracking errors:

eve, = (Vo1 — V) and e, = (i1 —i7q).
Then, similarly to [11], we consider the tracking reference as:

" 1 7%
it = RT(VPV —Ve1) + CiKy (Ver — V) + CiKjag (19)

and the control law:
Uy = ! — Vo — Vi
! Vea + (Roy — Ron)ipg - 2 ¢!
+  RoipiLi(Kzej,, +Kaaz)

— lelK%eVa
1 _
+ (GiKy — E)(Klevc1 + Kyaq)] (20)

where a7 and a3 represent the integral terms assuring zero error in steady state between
the dynamics of the states and their references:

. ® . o
N = Kleva and N3 = K3€1'L1

and where K3, Ky, KY, K3, K3 and K are positive tuning gain parameters. As before, the
control input u; feedback linearizes the dynamics of V-1 and i1, and the closed loop results
to be linear and exponentially stable [11]:

éVC1 = _KleVCl - Kfl“] (21)
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¢, = —Kae;,, — Kzuz (22)
As a consequence, there exist matrices Pj 3 = PlT 3 > 0 such that Pj3A;3 + AlT 3Pz =

—Ip, I is an identity matrix in R?. Then, we introduce the Lyapunov function for the
dynamics of V7 and i and its derivative as:

Wiz = a1 ey, )T Pr [ag ey ] + [z ei,]" Ps [z e, ] (23)

A 2 2_ 2 2
Wiz = —ey, —af—e;, —a3 <0 (24)

4. Stability Study of the Interconnected System

It is possible to split the states into controlled variables V1, i1, i1, i13 and Vpc and
the zero dynamics (uncontrolled variables) Vi, Vs, Vs, Vs and V. With respect to
the equilibrium points given by the references, the calculation of the missing equilibrium
points V&,, V&, V&, Vs and VE, can be easily performed by steady-state considerations
for the closed loop system.

Lemma 1. Under the assumption that for each time the conditions: Vcp + (Ro2 — Ro1)ip1 # 0,
Vea + (Rog — Rog)ira # 0and Vg + (Rog — Ros)ips # O, there exist control laws uq, up and ug
given by (20), (11) and (14) such that the system (1)—(4), has in closed loop an equilibrium point x,
and any initial condition exponentially converges to it.

Proof. The proof is based on a Lyapunov function W, which is a composition of the
previous Lyapunov functions. We consider the closed loop system with respect to the
control inputs uy, u and u3 already defined for controlling the dynamics of Vi, i1, ir2,
ir3 and Vpc. They were proven to be stable by the Lyapunov functions Wi 3, Wg 9 and Wiy.
These Lyapunov functions, provided for each step, will be used for the entire system by a
composite Lyapunov function. The Lyapunov function V is then defined as:

W = Wiz + Weg + Wig + Wazgse (25)

where Wi3, We9 and Wiy have already been introduced and Wysyse refers to dynamics
Ve, Vs, Ves, Ves and Vigg. We introduce the errF)rs €Veys e\{cy ey, eves and ey, between
the remaining voltage dynamics and their equilibrium points, and consider a candidate
Lyapunov function Wpa4sg as:

RGCs 5 R3C3 5 R4Cy 5
Was456 = Ve Ty s Ty O

i Rs5Cs , n Rscéez
2 Ves 2 Vs
Its time derivative is:
' _ 2 2 2 2 9
Wassse = CVey T CVes T Vey T CVes T BV < 0

Finally, we consider the composition of the Lyapunov functions for the whole system:

Wi..10 = ([‘Xl ch1]T Py [aleVa]) + ([0(261'L]]TP2 [azeiu])

RyCp 5 R3C5 5 R4Cy ,
+ 2 ey, + 2 eye; + 2 Ve
Rs5Cs ReCe
+([ag €5, " P [ €, ]) + 5 e%/@ T e%/cé

+([ag eiL3]T Pylage;,,]) + ([a10 eVDC]T Pyglaig evye]) >0
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which time derivative is:

A _ 2 2 2 2 2

Wi..q0 = —ey., — ] —e€j, —a; —ey,

2 2 2 2 2 2 2
Ves ~ ey T iy T % T Vs T Ve T Cirs

2 2 _ .2
—ey,. — a5 —ajy <0

Then, exponential convergence of all states of the interconnected system towards their
equilibrium points is ensured. [

5. Simulation Results

In this section we present simulations using detailed switching models on Simscape
Electrical from Matlab Simulink (see Table 1 for simulation parameters). These simula-
tions allow to isolate the control and dynamic response phenomena, while still being
representative for the remaining power electronic aspects.

Table 1. Simulation parameters.

Rop 0.001 Q R 010 C 0.1F
Rop 0.002 Q) R, 0.001 Q G, 0.01F
Ros 0.001 Q Rs 050 Cs 0.1F
Ros 0.0015 Q) Ry 0.01Q Cy 0.01F
Ros 0.001 Q Rs 040 Cs 0.1F
Roe 0.0015 ) R¢ 0.01 Q Ce 0.01F
L 0.0033 H L, 0.0033 H Ls 0.0033 H
Vpv 1000 V P, 1MW Vi 1000 V
Vsc 500 V VAt 500 V Vpe 1000 V

Two simulations are presented. The first one is performed in 300 s of simulation time,
and aims to show the system power characteristics and energy behavior. The second is
performed in 50 s of simulation time, and focuses on the dynamic performance of the
proposed control.

Figure 6 on the left shows the output power for the photovoltaic system with varying
irradiance. It can be seen that the output power follows the irradiance variations. Figure 6
on the right shows the control input u;, which is bounded between zero and 1. One can see
that the local controller keeps the PV tracking its Maximum Power Point.

Figure 7 shows the signal decomposition from Equation (5), with fast and slow refer-
ences shown in the top and the bottom figures, respectively.

Figure 8 shows the control input u; which is bounded between zero and one and the
output power from the battery.

Figure 9 shows the control inputs 13, which are bounded between zero and one, and
the output power from the supercapacitor. The Figures 8 and 9 show the control inputs
are smooth except in the case of fast power variations of different elements of the DC
MicroGrid. Concerning the output power from the battery and the supercapacitor, fast
time-varying signals are instantaneously absorbed by the supercapacitor Psc, such that the
battery can remain rather unchanged during fast perturbations. This is capital to ensure a
long lifespan for the battery. This one can then provide most of the energy demanded by
the load, allowing long-term stability and the use of weather forecast and load predictions
in the higher-level algorithms.
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Figure 9. Control inputs u3 and output power of the supercapacitor.

Figure 10 shows the output power for different elements of the DC MicroGrid. We can
remark that the variation of storage power follows the variation on PV and load powers,
illustrating how grid voltage stabilization is reached by the storage power response.
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Figure 11 presents the DC voltage Vpc response for this longer simulation with slow
power excursions. There, one may note that the controller always keeps Vpc close to its
nominal value despite these large power variations.

VDC (t) dc grid Voltage
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600 100 \

40 150 160 | 170
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Figure 11. DC MicroGrid voltage.

500

Figure 12 in contrast shows fast (step) load power variations. It can be seen how
the DC bus voltage is kept stable inside its operation region, despite the fast variations
on load and PV currents. The load current is equal to 576 A for 5s < t < 42.8 s and is
equal to 138 A elsewhere. The solar irradiance is kept at 1000 W/m? for + < 12.4 s and
from t > 24.8 s it is set to 300 W/m?. One can notice very small DC bus voltage variations
following the transients, quickly recovering and stabilizing at the rated (1000 V DC) in
about 10 ms. The maximum DC bus voltage error equals 4 V = 0.4%, well inside the £5%
desired operation region.

The reference and actual waveforms for the battery are shown in the fourth screen
from the top. Reference signal varies slowly for the battery, resulting in very small errors.
The reference and actual waveforms for the supercapacitor are shown in the fifth screen
from the top. This reference varies much faster due to PV generation and load demand
variations, returning to 0 A after each transitory.
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These results confirm that the proposed scheme is effective in achieving the goals
defined for this application.

1010 -
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Figure 12. Dynamic response of the system.

Comparison with PI Control

To illustrate the performance of the proposed controller, this one is compared to the
industrial standard PI control. The global objective is to stabilize the DC voltage as fast
as possible.

State space averaging method is used to obtain a Small Signal model for the con-
verter ([45—47]). The model is formulated under the assumption that all the converter ele-
ments are ideal. The PI controllers are designed similarly to the ones presented in [48-52].

In general, the DC MicroGrid is connected to the main AC Grid and then Ppc = Pgrip,
and balance power is supplied to or obtained from the AC Grid. In our work we study the
more difficult case when the DC MicroGrid is in islanded mode, and we cannot rely on the
AC network to balance the DC grid. In this case, any unbalance on power flow will create a
voltage excursion on the DC grid.

From Equation (6) we define the dynamic equation of voltage of DC MicroGrid:

Vpc = CL[IPV + Ist + Irond] (26)
DC
The energy storage elements can switch between charge and discharge mode in order to
maintain the DC grid power balance. Vpc(t) must be kept near its nominal value and
inside voltage limits following the power balance.

To present a performance comparison of the proposed controller, Figure 13 shows the
results for the same simulation as above using the industrial standard, a linear control (PI)
for the DC MicroGrid voltage. The first picture of Figure 13 shows how the DC bus voltage
(top) varies as the load current and PV current (following screens) vary. The load current is
equal to 576 A for 5s < t < 42.8 s and is equal to 138 A elsewhere. The solar irradiance
was rated as 1000 W/m? for t < 124 sand t > 24.8 s, and is equal to 300 W/ m? otherwise.
There, one sees that the DC bus voltage varies briefly following the transients, recovering
and stabilizing at the rated DC bus voltage of 1000 V DC in about 1 s. The maximum
DC bus voltage error is equal to 58 V. The battery’s reference and actual waveforms are
shown on the fourth screen from the top. The reference signal varies slowly and the actual
waveform follows it with a small switching frequency ripple.

The supercapacitor’s reference and actual waveforms are shown on the last screen
from the top. The reference signal varies fast and the actual waveform follows it to cope
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with the generation and load variations, converging to 0 A in steady state. One can also note
that the PI linear control response has bigger overshoots in transients and slower response.
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Figure 13. Vpc dynamics applying classical PI linear control.

Figure 14 presents a comparative study for the DC MicroGrid voltage. It can be seen
that the DC bus voltage varies following each disturbance, recovering and stabilizing at the
rated (1000 V). The maximum DC bus voltage error is equal to 55 V for linear control in
red. By using the PI linear control, the voltage Vpc oscillates during 1.2 s before reaching
steady state, while the steady-state response for the proposed nonlinear control is reached
at 10 ms as designed (it could be chosen to be faster though).
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Figure 14. Comparison of the Vpc dynamics by applying nonlinear control (in blue) and classical PI
control (in red).

Table 2 shows a comparison of voltage overshoot and settling time for several step
changes in load demand and photovoltaic power. There, one may remark that the nonlinear
control has a much smaller overshoot (10%) than the linear PI. In the same way, settling
time is much faster for the nonlinear control.
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Table 2. Performance comparison with linear control and nonlinear control.
Peak Peak Settling Settling
St Overshoot Overshoot Time Time
ps Linear Nonlinear Linear Nonlinear
Control Vpc [V] Control Vpc [V] Control [s] Control [s]
t=>5s —58 -3 1.2 0.01
t=124s —45 -3 0.1 0.01
t=248s 48 4 0.15 0.01
t=428s 58 4 1 0.02

6. Conclusions

The efficient integration of distributed renewable power sources, especially fast in-
termittent sources such as solar power, is an essential but difficult task. It depends on
developing flexible integration strategies to the network.

In this paper, a DC MicroGrid composed of PV panels and storage devices evolving
at different time scales is considered to favor this integration, and controllers for each
element are designed. A hierarchical control strategy is proposed such that it absorbs the
maximum available renewable power while keeping the DC grid’s voltage stable with
respect to variations due to power production and consumption. The proposed control
algorithm splits the power reference into fast and slow components, to be tracked by the
supercapacitor and the battery, respectively. As a consequence, the storage devices keep
the DC voltage at the desired value and guarantee the balance between power generation
and consumption. Moreover, in order to guarantee a suitable lifespan for the battery, the
control strategy respects physical constraints.

Detailed simulation results corroborate our claims, and illustrate the good behavior
of each element and the overall interconnected system. Compared to other results in the
literature, this paper focuses on proposing easily implementable control algorithms, based
on physical characteristics of the grid’s elements, in order to obtain desired closed-loop
dynamics and a formal stability proof. Future works will be dedicated to implementation
in test-beds and the extension of the result to more complex meshed DC grids.
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version of the manuscript.
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Nomenclature

Ipy Output current of solar cell

Ppy Output power of solar cell

Vpy Terminal voltage of PV cell

Ipat Output current of the battery

Viat Output voltage of the battery

Pyat Output power of the battery

Isc Output current of the super capacitor

Vse Output voltage of the super capacitor

Py Output power of the super capacitor

Ppc Output power of the DC microgrid

T Cell’s reference Temperature

G Solar irradiation

s0C State of charge of battery

Ro1 ,Rop internal resistances of DC/DC converter for the PV
Ry ,Ry resistances of DC/DC converter for the PV

Ly inductance for the boost converter for the PV
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C G capacitance of DC/DC converter for the PV

Ve, Ve Voltage of capacitance C; and Cyof DC/DC converter for the PV

ir1 current of inductance L, for the boost converter for the PV

Ros, Roa internal resistances of DC/DC converter for the battery

R3, Ry resistances of DC/DC converter for the battery

Ly inductance for the boost converter for the battery

C3Cy capacitance of DC/DC converter for the battery

Vs, Ves Voltage of capacitance C3 and Cgof DC/DC converter for the battery
iro current of inductance L; for the boost converter for the battery

Ros, Ros internal resistances of DC/DC converter for the super capacitor

Rs, Rg resistances of DC/DC converter for the super capacitor

L3 inductance for the boost converter for the super capacitor

Cs Cq capacitance of DC/DC converter for the super capacitor

Vs, Ves Voltage of capacitance C5 and Cgof DC/DC converter for the super capacitor
ir3 current of inductance L; for the boost converter for the super capacitor
Cac DC-link capacitance of DC micro grid

f Frequency of the AC grid

fe cutoff frequency for the filter

Ki... Kyo positive tuning gains parameters

uy, up and uz  Duties cycle of DC/DC converter
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