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RESUME. Laccés & I'électricité dans les communautés isolées est capital pour améliorer la vie dans
ces sociétés. Lutilisation de sources d’énergie renouvelables couplés a des systémes de stockage
d’énergie est la clé pour I'approvisionnement en énergie propre dans les zones non-connectés au
sans réseau principal. Le fonctionnement autonome des énergies renouvelables représente un défi
pour leur exploitation et la fiabilité, par conséquent, le concept de MicroGrid DC est considéré comme
une solution puissante permettant I'intégration de ces énergies renouvelables et un fonctionnement
fiable du systéme de maniére simple. Cet article propose une stratégie de commande distribuée non
linéaire pour un MicroGrid isolé composé d’énergies renouvelables et de différents systémes de sto-
ckage pour alimenter la charge. Les résultats de simulation montrent le comportement du MicroGrid
proposé ainsi qu’ une comparaison avec le contréle linéaire classique, de maniére a mettre en évi-
dence les performances de la commande.

ABSTRACT. The access to electricity for isolated communities is capital for improving life in those
societies. The use of renewable energy sources (renewables) and energy storage systems is the key
for clean energy supply in remote areas without the main grid. The standalone operation of renewables
represents a challenge for operation and reliability, therefore the DC MicroGrid concept is seen as a
powerful solution allowing renewables integration and reliable operation of the system in a simple way.
This paper proposes a distributed nonlinear control strategy for an isolated MicroGrid composed of
renewables and different time-scale storage systems to supply a DC load. The simulations results
show the behavior of the proposed MicroGrid and a comparison with classical linear control is done
to highlight the control performance.
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1. Introduction

A significant number of people in remote communities live without access to elec-
tricity. This villages may never have grid connection because of economic reasons and
remoteness. On the other hand, many of isolated communities, such as African, Brazilian
or island communities, have great potential for solar radiation and wind allowing the use
of renewable energy sources (renewables). Electricity supply can be seen as a contribu-
tion to social inclusion and improvement of quality of life where electricity is mainly used
for household purposes such as lighting, heating and others to meet local energy demand
[1, 2]. In addition, the transition for an electricity based energy usage avoids consuming
local carbon based resources like coal or wood. This helps improving the conservation of
ecosystems and mitigation of COy emissions.

The standalone grid application requires a proper operation to provide reliable, conti-
nuous, sustainable and good-quality electricity to consumers, which brings several tech-
nical challenges for renewables application. The intermittent and non-dispatchable cha-
racteristic of renewables cause great impacts related to instability and fluctuations in their
energy generation. In this context, the use of energy storage systems coupled with re-
newables operating to properly supply a local load has brought the MicroGrid concept,
which is a powerful solution to accomplish the targets of standalone grid operation, im-
proving reliability, resilience and availability of the whole system [3, 4, 5].

More specifically, direct current (DC) MicroGrids can be considered an advance for
system efficiency and simplicity, as most storage systems, renewables and loads are in-
herently DC. The DC power converters have simpler topologies as well as control design
for a DC MicroGrid becomes simpler and less expensive, since there is no reactive power
or frequency and inertia as in alternating current (AC) [6, 7].

Reliability and stability is essential for the operation of an isolated MicroGrid. There-
fore, a rigorous study of stability of the whole system is crucial. In this sense, the nonlinear
control approach becomes more interesting, since it allows the use of a more realistic mo-
del and a control strategy that can work in a wider operation region. The linear control
approach, widely diffused in literature and industry due to simplicity, often has a limited
operation region and does not present a rigorous study of stability, so nonlinear control
proves to be more advantageous and usually better performing [8, 9, 10, 11].

This paper proposes a distributed nonlinear control strategy to provide stability for a
DC MicroGrid composed of photovoltaic panels (PV) as the main generation ; two energy
storage systems with different time-scales, the batteries with slower dynamics used to
balance the power flow in the DC grid and the supercapacitor with faster dynamics to
stabilize the voltage on the DC bus; a variable DC load that can represent lights and
heating/cooking systems in the isolated area, which must be properly supply with constant
voltage following the grid requirements. The contribution here is to develop simpler local
controllers by applying nonlinear techniques compared with the proposed in [9], then the
stability of the whole grid is assured, where a second level control is assumed to exist.

It is developed a control law for each device in the system, where the PV must work
at the maximum power point, the battery realizes balance on power flow and the DC load
have to be supplied with constant voltage. To stabilize the DC bus of the MicroGrid, a
control law is applied to a bidirectional boost converter that connects the supercapacitor
system to the DC grid. The control scheme is based on dynamical feedback linearization
and consists in splitting the system in different time scale dynamics, creating consequently
a simplified model to reduce size and complexity of the control system. The non-minimal
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Figure 1. The considered DC MicroGrid model. )
phase problem of the boost converter according to the chosen control output is solved

using singular perturbation analysis based on this explicit time-scale separation.

This paper is organized as follows : Section II introduces the considered MicroGrid
model, while Section III describes the nonlinear control strategy applied. Simulations
results on Matlab/Simulink are outlined in Section IV and conclusions are provided in
Section V.

2. MicroGrid Model

The considered DC MicroGrid has the target to assure voltage stability in the DC bus
and properly feed power to the load while absorbing the maximum power from the PV
array. Another important target is to save battery lifetime by allocating the battery to in-
jecting/absorbing power with piecewise constant profile. Since the PV and the DC load
introduces many time varying oscillations that could reduce battery life, a supercapacitor
is used to stabilize the voltage on the DC bus by inject/absorb the right amount of power
to balance the power flow in the grid. Power given by the battery will then be modified
according to the new level of energy in the supercapacitor, and according to a desired
charge/discharge rate [12]. Two assumptions are made : a higher level controller is sup-
posed to provide references to be accomplished by the local controllers [13]; the second
one is about a proper sizing of PV array, battery and supercapacitor in order to have fea-
sible power balance with respect to the sizing of the load. The DC MicroGrid scheme is
introduced in Figure 1.

By applying Kirchoff law in the MicroGrid circuit we may obtain the state space
equation of the whole grid.

. 1 1 1
Ve, = Vs — Ve, — =1, 1
e A N (1]
. 1 1 1
Ve, = —Vge — ——V, —1I7.(1— 2
=5 Vi RaCy O + s Ls(1 —u1) [2]
. 1 1 R
I = 7-Vor = Ve (1 =) = T2 a, [3]
. 1 1 1
Ve, = Vs — Vo, — —1 4
R N A WA A (4]
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The supercapacitor is selected here to quickly respond to grids oscillations caused by
load variations and PV intermittent feature. Therefore, this subsystem can stabilizes the
MicroGrid’s transients due its fast response characteristic. A bidirectional-boost converter
connects the supercapacitor in the DC link. The average state-space model of the super-
capacitor subsystem is present in (1)-(3).

Vs is the supercapacitor’s voltage, V¢, is the voltage on capacitor Cy, Vi, is the
voltage on capacitor Cy, Ir,, is the current on inductor Lz. R; and Ry are the resistances
representing the cable losses, Rg1 and Rys is switch losses of the semiconductors and w4
is the duty cycle. For bidirectional converters : Ry; = Roa.

The battery system operates for slow power variations in the grid, where the current
has piecewise constant variations to save its lifetime, since a battery has limited number
of cycles. The main battery target is to provide power flow regulation in long term. A
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bidirectional-boost converter connects the battery in the MicroGrid. The average state-
space model of the battery subsystem is written in (4)-(6).

Vg is the battery’s voltage, Vi, is the voltage on capacitor Cy, V¢, is the voltage on
capacitor C’, I, is the current on inductor Lg. R4 and Rj are the resistances representing
the cable losses, Rg4 and Rg5 are switch losses of the semiconductors, where Ryy = Ros,
and u» is the duty cycle of the converter.

The PV array is the main power generation in the MicroGrid sized according to the
MicroGrid’s load. The MPPT algorithm in the second level control make the system works
at the maximum power point. A boost converter is used to connect the PV into DC bus.
The state-space model of the PV subsystem is presented in equations (7)-(9).

Vpy is the panel’s voltage, V-, is the voltage on capacitor C7, V¢, is the voltage on
capacitor Cg, I, is the current on inductor Lg. R7 and Rg are the resistances representing
the cable losses, Ry7 and Ryg are switch losses of the semiconductors and w3 is the duty
cycle of the converter.

The DC load in the MicroGrid can represent basically lights and heating/cooking for
an isolated MicroGrid varying the power according to the commune need. The main load
requirement is to keep its voltage around of the grid requirements (normally +5%). A
buck converter connects the load into the grid and state-space model of the load subsystem
is written in equations (10)-(12).

V1, is the load voltage, V-,, is the voltage on capacitor C11, V¢, is the voltage on
capacitor C'2, I, is the current on inductor L;3. R;; and R;2 are the resistances repre-
senting the cable losses, Rg11 and Ry12 are switch losses of the semiconductors and w4
is the duty cycle of the converter. The variations in the DC load is modelled as a current
source (/1) and can be related with the load voltage (V1) as follows :

Ry,

V =
YT RuR,

(Vey, — Ruln). [14]

The considered second level controller is responsible to provide the references for the
MicroGrid related to the condition of the whole system. Here, the reference value 1 }56
is provided to the battery subsystem, taking into account balance on power flow, state-
of-charge of the supercapacitor and battery and the current limitation in the battery. The
reference value I~ for the PV calculated by the MPPT algorithm, which is the incre-
mental conductance method. The DC load is supplied at constant level of voltage V¢ |
according to grid standards. Therefore, the local control strategy can be developed based
on this hierarchical control structure [14, 15].

3. Control Strategy

This section describes the control strategy of each device of the MicroGrid and pro-
vides a control law to assure stability of the whole grid.

A "plug and play" approach based on the "system of systems" philosophy using distri-
buted control methodologies is developed for this MicroGrid, since this kind of approach
can work better due remoteness of the system. Therefore, the supercapacitor is allocated
to regulate the voltage V. by controlling the output voltage V¢, on its converter, which
deal with the fast oscillations and transients of the DC bus. The reference for the battery
is the current I7 , which is given by the second level controller to control the slower
variations on the grid. The reference of the PV is current I} = calculated by the MPPT
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algorithm to extract the maximum power from the PV array. Lastly, the control target in
the DC load is maintain voltage V¢, on its desired constant value V¢, .

3.1. Supercapacitor system

The supercapacitor control target is to regulate the DC bus voltage (V) to assure
stability of its dynamic. For this, the voltage V(, is the control input chosen to accomplish
this target. Therefore, we can control V(, by driving Ve, to the desired voltage Vi, such
that, V. is stabilized.

The control structure follows the consideration : the supercapacitor system (1)-(3) is
composed of two subsystems, first one is the current subsystem (/) and second one is
the voltages subsystem (V¢ ,V, and V). There is a control law, such that the current
subsystem is allocated to have much faster dynamics than voltages subsystem. Therefore,
by properly choosing the convergence speed of both subsystems we create the singular
perturbation condition based on explicit time-scale separation.

Since Iy, will be controlled to have much faster dynamics than the voltages, under
some mild conditions the controllers can be developed separately [16]. First, we propose
the control design to steer Ir,, — Iy _, where I} _ is yet to be designed. Thus, I} will be
deduced based on a simplified model for V-, obtained by singular perturbation result, that
can steer Vi, to V¢, , where V(, is calculated to stabilize the DC link in the MicroGrid.

3.1.1. Current subsystem control law

The first step is to control the current I, to its reference I7 . According to the control
objective, let us define the output as y; = Ir,. It is considered that the system has one
output and one input, thus a square system is shown in (15).

{ jLs :fl(V017V027IL3)+91U1 [15]
v =1,
The Lie derivative of the output with respect to g7 is :
Ve,
Jp = -2
1 I

J1 is non-singular since V(, is always positive by technological reasons, therefore a
nonlinear feedback linearizing control input can be written as :

B 1
up = J;t |vg — I (Ve, = Vo, — RoiI1,) [16]

u =1+ VL [L3vs — Ve, + RoilL,) [17]
Ca
where v3 is the additional input to be designed.
Since I} is the desired trajectory for I, it is possible to design the additional input
vs in a linear manner with respect to the output I, and hence a linear stable subspace is
generated.

vy =1;, — K3(I1, —I;,) — K§as [18]
Gy = I, — I}, [19]

where K3 and K§' are positive constants.
vg 18 the desired dynamics of I, and a3 an auxiliary variable to represent a integral
term. This can be interpreted as a PI controller from linear control theory.
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3.1.2. Voltages subsystem control law

Now, the crucial step is to properly calculate the reference value I7 _, such that Vo, —
V¢, - Here, the task is to design a slowly varying I} = whose derivative has minimum effect
in the current control designed previously.

From singular perturbation analysis, we can consider that Iy, is already [ 23 on V¢,
dynamics because of time-scale separation (I, is considered much faster than Vi, ). The-
refore, we may replace V¢, dynamics as follows [17, 18, 19, 20].

1 1 1

Vo, = ——Vye — ———V, IF (1 —ut 20
Cs RQCQ d RQOQ C2+02 Lg( ul) [ ]

where :

b

ui =1
1 VC2

Ve, — Rol},]

Therefore, the result is a simplified model of V-, dynamics, which can be written as :

1 1 I;,

Vo, = RyCy Vae - RyCy Ve ¥ Ve,

Ve, — RouI1,] (21]

The singular perturbation result is a simplified model of V,, then a good choice for
the new control input is take : vg = I .,» called dynamical feedback approach. With vg as
the new control input we have full state transformation with no zero dynamics. Besides
that, we can easily find the control reference /7 by integrating the new control input
Iy, = [ vadt.

Applying input/output feedback linearization theory and defining V-, as the control
output, the relative degree is 2. Consequently, we may find v, in the second time-derivative
of the simplified V-, dynamics. The following Lie derivatives can be deduced as :

ch = L}Q hg (SL’) [22]
VC _ Vdc _ .C' 1 + VCJES B ROlIz32
: RyCo ? | R2Cy CoVe,?
-‘r-mILs_VCI + TVC&(VCI - 2R()1IL3)IL3 [23]

Therefore, we have found the control input v, as follows :

Ve, = L}, ha(x) + Lg, L, ho(z)vg [24]
By introducing a synthetic input 64, the input v4 can be designed as :

1

Vg = ————
L92L}2h2(x)

[0a — L, ha(2)] [25]

The synthetic input is chosen using linear techniques to give the desired dynamics for
Ve,

b0 = —FK>(Ve, — V&) + K§ (Ve, — V&) [26]
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By substituting (25) and (26) in (21) and (24), and considering Véz = 0 since re-
ference V, will be given by a constant reference value, the following closed-loop is

obtained : )
(][5 ][]
Ve, -K§ —-Kj Ve,

where we can define the speed of convergence for V,, using K9 and K5 by pole place-
ment to get slower voltage dynamics for the simplified model.

Remark 1 : One of the tasks is to design a slowly varying I; whose derivative has
negligible effects on the current subsystem.

Remark 2 : The use of singular perturbation to obtain the simplified model is valid
inside an operating region that is given by the time scale ratio from the two subsystems.
As a consequence, the desired imposed dynamics should be chosen such as to obtain a
suitable operation region for the DC MicroGrid.

Remark 3 : In the proposed control law, the dynamical feedback linearization approach
is chosen since we get full state transformation achieving a linear second-order system.

3.2. Battery system

The reference value I = for the battery system is given by second level controller,
which is related to the power flow regulation and state of charge of the supercapacitor.
According to the control objective, let us define the control output as yo = Ir,. It is
considered that the system has one output and one input, thus a square system is shown
in (27).

{ jL(; = f6(VC47VCS7IL6) +96U2 [27]
yo = I,
The Lie derivative of the output with respect to gg is :

Ve,

Jy = —
2 Lo

J> is non-singular since the voltage Vo, is always positive, therefore a nonlinear feed-
back control input can be written as :

B 1

uy = Jy |vg — o (Ve, — Vo, — Roal ) [28]
1

U =14+ — [LGUG — VC4 + R04IL5] [29]

Ves

5

where us is the control input in (27) and vg is the additional input.

Since 7 is the desired trajectory for Ir, it is possible to design the additional input
vg in a linear manner with respect to the output I, and hence a linear stable subspace is
generated.

ve =1}, — Ke(Ir, —I;,) — KSae [30]
dg = I, — I, [31]

where K and K§' are positive constants and oy is an integral term.
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Zero dynamics

The states Vo, and V-, are the zero dynamics for the battery subsystem. The calcula-
ted equilibrium points are given by :

Ve, = Vi — Rul}, [32]

Vd c

Ve =
Cs 2

1
+ 5\/ Vi +4Rs1; (Vo, — Roal},) [33]

To analyze the zero dynamics stability, the Jacobian linearization matrix B is presen-
ted bellow :

1
T R4Ch 0
B = 1 17 1 114 (Vo,—Roalf )
CsVey  RsCs CsVg,?
The eigenvalues A can be written as :
a 1
AMa=—-+-Va?—4b 34
1,2 5 T Ve [34]
where :
1 1 Iy,
= Ve, — Roal} 35
a RiCa + RsC + 05V552( Cy 04 L6) [35]
1 1 I3
b= + S— Ve, — Roal, 36
R4Cy | R5C5 C’5VC‘%52( G 0411,) 1361

Stability of the equilibrium points will depends on the sign of a and b, then the follo-
wing stability analysis is made.
1)For @ > 0 and b > 0 : the eigenvalues is Re[A; 2 < 0], consequently the
equilibrium points of the zero dynamics are stable. Working on the above inequalities, we
find out a region related to I} . The first region is given by a > 0 :

VC4 —vVAs VC4 + Az

I7 37
<Ip, < 5 Ros [37]

where :

1 1
As = Ve, %2 + 4Ry, C5VE. 2 -
3 ¢,  +4Ro4 Cs [R4C4 +R5C’J

The second region given by b > 0 can be expressed as :

Ve, — VA4 Vo, + VA,

<I; <
2Ro4 Le 2R

[38]
with :

4Ry

A4 = VC42 + R5

e 2
VéE,

The intersection of (37) and (38) is actually given by (38), which is the region of
stability for I} , where zero dynamics are locally stable.
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2)Fora > 0 and b < 0 : at least one eigenvalue will have a positive real part
Re[A1 2 > 0], then the system is not stable.

3) For a < 0 : we also have at least one eigenvalue with positive real part
Re[A1 2 > 0] where the zero dynamics are not stable.
The control of Ir,; — I7  is stable to charge and discharge battery according to the
regions described by the introduced analysis.

3.3. PV array

The incremental conductance MPPT algorithm is based on the calculation of the po-
wer derivative in the characteristic curve of the panel to find the maximum of this function.
Then, this value is given by a reference current I7 | for the PV array to work at the maxi-
mum power point. According to the control objective, let us define the control output as
ys = Ir,. It is considered that the system has one output and one input, thus a square
system is shown in (39).

{ ng = fQ(VCwVCgaILg) +g9u3 [39]
ys = I,
The Lie derivative of the output with respect to gg is :

VCg - (ROS - RO7)IL9

Js =~ I

J3 is non-singular since Vo, # (Ros—Ro7)IL,, therefore a nonlinear feedback control
input can be written as :

1

9

U3:J§1 Vg

_ Lg’l)g — VC7 + VCg + RogILg

[41]
Vey — (Ros — Ror) 11,

us

where ug is the control input in (39) and vy is the additional input.

Since I} is the desired trajectory for Iy, it is possible to design the additional input
Vg in a linear manner with respect to the output I, and hence a linear stable subspace is
generated.

vy = I}, — Ko(Ip, —I},) — K§ag [42]
dg = I, — I, [43]
where Ky and K§ are positive constants.

Zero dynamics

The states Vo, and V¢, are the zero dynamics in the PV system. The calculated equi-
librium points are given by :

Ve, = Vey — Relf, [44]

e Vdc 1 * a
VCg = 2 + 5\/dec + 4R7IL9 (VC7 - R07IL9) [43]
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To analyze the zero dynamics stability, the Jacobian linearization matrix C' is presen-
ted bellow :

1 0
RZC7 * *
C= —Irg 1 114 [Veq —(2Ros—Ro7) 11 ]
V&g —(Ros—Ror) 17 RsCs sV, —(Fos—Ror)IT |2

In this case, we have that I, > 0 is always positive, as a consequence Vpy > V..
Therefore, we have only two possible cases in the matrix C' parameters :

1) For Vg, — (2Ros — Ror)I}, < 0, the following inequality is required to obtain
local stability :
1 I3, Ve, — (2Ros — Ror)17 ]

_ _ <0 46
RsCs  Gs[V§, — (Ros — Ror)I7,]? ol

with the above inequality it is possible to find the stability region for I , where the
eigenvalues of matrix C' are negative and then local stability is assured.

2) For Vo, — (2Ros — Ro7) I Lo, > 0, the eigenvalues of matrix C' is always negative,
then the zero dynamics is locally stable.

3.4. DC load system

The DC load must have a constant voltage supply, then the reference value V7 is
provided according to the grid standards. Here, we have the output control given by y, =
Ve, then the relative degree is 2. The DC load model can be represented as follows :

‘:/Cll = fll(VL7 VC11) + gllIng
IIIS = f13(VC117 VCmv Vdc) + 913(‘/012’ IL13)U4 [47]
Ya = VC11
Using backstteping techniques, we derivate the control output Vi, until find the
control input u4. The following Lie derivatives can be deduced as :

Vey, = Ly, b () (48]
. 1 1 1
Vo, =———++— | ———(V, = V, —1
O Ri1Cn [Rncn( L o)+ Chii LIB} +
1
{— Ve, — Rowidr,, + [V, — (Roiz — Ro11)IL13]U4] [49]
Li3C1
Vo, =L, hui(x) + Ly, LY, hay (2)us [50]
By introducing a synthetic input v;;, the input u4 can be designed as :
1
Ug = —[’Uu — L2 hn(l‘)] [51]
L.‘hlL}”nhll(z) i

where the synthetic input is chosen using linear techniques to give the desired dynamics
for V011 .

V11 = _Kll(VCn - Véll) - K?l(vcu - V511) [52]

where K7; and K¢ are positive constants.
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Zero dynamics

The state Vo, is the zero dynamics here, where the local stability analysis is given.

1 1 1,
Vdc — VC'12 — @IL13U4 [53]

VC*ll J’_ ROllIZlS
Vi, — (Roi2 — Ron )15

uy =
13

To analyze the dynamics above, let us consider its linearization. The needed equili-
brium points can be determined as follows.

—a 1
V= —5 % 5/ ady + 480 [54]

where :

aiz = Vie — (Ro12 — Rou)fz13

Ap =17, [(Rom — Ro11)Vie + Ri2(Vey, + Ronles)]

The linearization of the V,, dynamical equation is obtained with the Jacobian equa-
tion in (55).

1 IZIS Vc*’ll + ROllIElB

Jig= -
- R12C12  Chia [[Vey, — (Roi2 — Ronn) I 2

[55]

In the DC load case, we have that I7 _ > 0 (sense adopted in modelling from Figure
1), as a consequence we can also state that V,, > Vi, always. Let us now take into
account all possible cases :

1) For V¢ | + Roinl} , <0, we may resultin :

Ro1

Vi < ———
1™ Ry + Rony -

[56]
which is not physically possible because Vz,, > V7, then this case is not considered.
2) For Vi, + Roiily,, > 0, the following inequality is required to obtain local
stability :
_ 1 1213 Vc*'u + ROHIle
R12C12  Crz | [Vey, — (Roi2 — Ron) 17,

<0 [57]

Considering inequality (57) it is possible to find the region of stability for I _, where
Jacobionan J;4 is negative assuring local stability for zero dynamics.
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3.5. DC bus stability analysis

Different from previous results (see [9]), here the fixed reference value V, is used as
the desired reference for V,, which means steer Vo, — V. Then, instead of a time-
varying V¢, , the voltage V(, is tracked in a fixed reference value : V5 = V.. This will
induce a small steady state error in V., which is the voltage drop in R5 (cable loss). Then,
the resulting value of the DC bus voltage can be written as :

Vie = Vi, — Rol}, [58]

The result is a very convenient simplification on the control design where the ope-
ration of the MicroGrid is not affected, but limited in the operation bounds of the grid
requirements, in this case +5%.

The behavior of V. dynamics must be analyzed to verify its convergence. Then, V.
can be seen as zero dynamics calculated as follows :

: 101, , 1
Vie = Cro E(Vdc — Vie) + E(VC5 Vae) +
+ L (V& — Vae) + ! (V& Vae) [59]
Rg Cs dc R12 Cia dc

where V&, VS, and V&, are the equilibrium points of Ve, Ve, and Vi, respectively.
The equilibrium point of V. is calculated to show its steady-state value, which varies
according to the other devices of the MicroGrid (PV, battery and DC load).

1 |:Vd*c Ve, . Ve, . VC}

Vdec: 1 1 1 1
mta T tr; B2 R Rs R

[60]

When the power flow is balanced, which means [ zs = 0, the equilibrium value of the
DC bus voltage is V;, = V.. To analyze the local convergence of V. dynamics, let us
consider its Jacobian linearization J.

[61]

Indeed, the Jacobian .J; is always negative, independent of the operation state of the
system or another system’ variables. Then, we can conclude that the equilibrium point of
V4. is locally stable. The proposed control law is proved to assure stability of the whole
grid considering the stability analysis of each dynamics of the system.

4. Simulation Results

The DC MicroGrid was built using SimPowerSystem toolbox from Matlab/Simulink,
where a realistic model can be developed including the control law of the system. The
simulations are focused to show the transient behavior of the dynamics of the system and
the proposed nonlinear control performance. The time range for simulations is 10 seconds
where it can be seen the supercapacitor working to keep the stability of the DC bus. Table
1 presents the element parameters of the MicroGrid.

The nominal voltage of DC bus in the MicroGrid is 630 V, with +5% of operation
bounds limitation to attend the grid requirements. Then, upper bound is 661.5 V' and
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Table 1. MicroGrid parameters

Supercap | Battery | PV | Load | Value
Ry Ry Ry R 0.19
Cl 04 07 011 10 mF
Ry Rs Rg Rqo 0.19
CQ 05 08 012 10 mF
Ro1 Ros Ro7 | Roir | 10 mQ)
Ry Ros Rog | Roiz | 10 mQ2

the lower bound is 598.5 V. The supercapacitor has 100 F of capacitance, 2,450 Wh
of energy capacity and 420 V' of nominal voltage. The battery is a lithium-ion one with
nominal voltage of 380 V' and 190kW/380kW h of storage capacity. The PV array is
composed 1, 500 panels of 60 W, which results in 90 kW p of nominal power and 331.5 V'
of open-circuit voltage. The DC load is time-varying and can represent the aggregation of
all load in the system, with maximum power demand of 40 kW.

It is important to design the MicroGrid in order to always supply the load requested
power. Here, the PV array is sized according to the energy consumption of the load during
the full day. To make the MicroGrid independent of weather conditions, the battery should
be able of supply power to the load (in a worst case scenario) during an arbitrary period of
time, given according to the desired reliability of the grid. Finally, the supercapacitor must
provide power to the MicroGrid during a specific time interval, dealing with the strongest
power peak variation in the grid [9, 21]. The sizing equations for this DC MicroGrid are
presented as follows :

39 Ppydt > [1Y Pt [62]
[t Ppdt > [ Pt [63]
Jy? Psdt > [[*(APpy + AP, — APg)dt [64]

where 7T} is the considered time interval for battery reliability and 75 is the time step
duration for the supercapacitor considering the transient variations in the grid. A Ppy and
APy, are the worst case power variations the PV and the load can produce, and A Pg the
allowed battery’s power variation.

Figure 2 presents the incident irradiation in the PV and the demanded current in the
DC load respectively. The irradiation profile will induce variations in the PV power gene-
ration, as the power demand variations cause disturbances on the DC load current profile,
therefore both parameters bring many time-varying disturbance to the MicroGrid. The
current in the DC load is negative to represent the power absorption from the DC bus of
the grid.

Figure 3 presents the voltage on supercapacitor, battery and PV array respectively. The
supercapacitor voltage varies according to the absorption/injection of power into the grid.
The same behavior in the battery voltage can be observed, proving the power flow balance
in the MicroGrid. The PV voltage varies according to the irradiation profile.

Figure 4 presents voltages V¢, , Vo, and V¢, respectively, which are the input voltage
of their converters. Voltage V¢, is related to the power exchange between the supercapa-
citor and the DC bus. Voltage V-, has the same relation with the DC bus, but is related to
the battery, which realizes the power flow regulation complementing the supercapacitor’s
duty. The errors from the references given by the second level controller are dealt by the
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Figure 2. The incident irradiation on PV and the demanded current on DC load.
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Figure 3. Voltage on supercapacitor Vs, battery Vg and PV array Vpy respectively.
supercapacitor. Voltage V. is related to the power generated in the PV, which highlights

the interment feature of this renewable energy source.
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Figure 4. The voltage dynamics on V., Ve, and Vi, respectively.

Figure 5 presents the controlled voltage on DC load (V. ,) and its reference. The vol-
tage is controlled with fast control response and the highest peaks represents variations
about 0.6%, which is inside the grid requirements (£5%). In conclusion, the MicroGrid
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control accomplish the target to correctly feed the DC load with good control perfor-
mance.
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Figure 5. The controlled voltage on the DC load and its reference.

Figure 6 presents the controlled currents on supercapacitor Ir,, and battery I,,. Cur-
rent I, is given by the demanded current in the DC minus the current flowing in the
battery. Here, it is possible to highlight the different duty between supercapacitor and bat-
tery, since the profile of the supercapacitor current I, present more variations compared
with battery current 7. This because the supercapcitor’s duty is to regulate the voltage
on DC bus compensating the mismatch of power on V., and the battery current is based

on long term power flow stabilization from higher level controller. The currents track their
reference with good performance.
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Figure 6. The current on the supercapacitor 1., in blue and the current in the battery I
in red, following their references.

Figure 7 presents the controlled current I, on the PV system and its reference I7 .
The chosen MPPT here is the incremental conductance one, which have fast tracking res-
ponse compared with other algorithms. As the current is also influenced by the irradiation
profile, its variations are quite similar to each other.
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Figure 7. The controlled current on PV and its reference given by MPPT algorithm.

Figure 8 presents the demanded current in the DC load I1,,, and its reference I ..
The current follows its reference allowing good control performance, then voltage is well
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controlled as consequence. The current here is negative to represent the power flowing
from the DC bus to the load.
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Figure 8. The current demanded by the DC load.

Figure 9 presents the output voltages converters that connects the devices (battery, PV
and DC load) into the MicroGrid by the DC bus. They represent the zero dynamics of
proposed control target, it is concluded that these variables present stable behavior.
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Figure 9. Output voltages on the MicroGrid converters (zero dynamics).

Figure 10 presents the voltage Vi, and its reference V5, , which is the desired voltage
of the DC bus V.. Voltage V¢, is controlled according to the control target presenting
fast control response with transient variations of 2% maximum error.
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Figure 10. Voltage Vi, and its reference.

Figure 11 presents DC grid voltage V. and its operation bounds. Voltage V. is not
controlled in a constant value, but is kept inside a desired region, which is given by the
operation bounds of the electric grid (usually +5%). In this case, voltage V. varies ac-
cording to the grid unbalance, and voltage V-, is kept in the constant reference V.. The
utilization of the fixed value V, as desired reference for V, induces a steady state error
in Vy., given by the losses in Rs. Then, a smaller distance between the supercapacitor

subsystem with the point considered for the desired DC bus voltage reduces the steady
state errors on V..
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Figure 11. DC voltage bus and the operation bounds.
4.1. Comparison with PI control

The linear PI controller is widely known and disseminated both in academia and in
industry for its simplicity of application and robustness. However, in the case of electri-
cal systems requiring better performance and greater energy efficiency, nonlinear control
approach becomes a better fitted option. To validate this premise, a comparison of the
proposed nonlinear control with the classic linear control approach was carried out in the
developed MicroGrid.

Figure 12 presents a comparison on V¢, dynamics between a classical linear PI control-
ler and the proposed nonlinear controller. It is clear that the PI response have much bigger
overshoots in transients and a slower speed response. Therefore, the control performance
of the nonlinear controller is better when compared with the PI controller.
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Figure 12. Comparison of V¢, dynamics by applying nonlinear control in red and classical
Pl control in blue.

Figure 13 compares the different voltage behavior in the DC bus, using nonlinear
controller (in red) and classical PI controller (in blue). The dynamics behavior for the
nonlinear approach is faster with smaller overshoots during transients. For the PI control,
the voltage V. came close to surpassing the operating region of the system. In conclusion,
the nonlinear control approach can stabilize MicroGrid’s DC bus with better performance,
which expose the linear control’s limitations for a wider region of operation.

5. Conclusions

This paper proposes a nonlinear distributed control for an isolated DC MicroGrid
composed of photovoltaic panels as the main generation ; two energy storage system with
different time-scales, a supercapacitor for fast variations and a battery for slow variations ;
and a DC load that requires to be supplied with constant voltage. The load represent a
generalization of the demanded power from the consumers.
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Figure 13. DC bus voltage dynamics comparing the proposed nonlinear control and the

linear Pl controller. . . . . .
%he singular perturbation analysis based on time-scale separation in the supercapacitor

system is well applied creating a stable control approach to stabilize the DC bus inside a
desired region. Moreover, the control target of each device (PV, battery and DC load) is
accomplished. The simulations results highlight the control performance of the MicroGrid
and the comparison with the PI controller shows the better performance of the proposed
nonlinear controller.
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