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ABSTRACT

This paper addresses the problem of achieving current sharing and voltage balancing in DC microgrids
when the filter parasitic resistances of the Distributed Generation Units (DGUs) are unknown and po-
tentially time-varying. Two schemes are proposed for current sharing and voltage balancing, which use
only generated current and voltage measurements. The first scheme is a novel distributed adaptive con-
trol utilising the principles of back-stepping and passivity-based control design, intended for the case
of constant parasitic resistances. The second scheme alters an existing stabilising controller for current
sharing and voltage balancing by incorporating the estimation of the unknown, possibly time-varying,
parasitic resistance. A Super-Twisting Sliding Mode Algorithm (STA) estimates the parasitic resistance and
its bounded variations in finite-time. The simulation results using a DC microgrid composed of 4 DGUs
demonstrate the performance of the proposed schemes.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of European Control Association.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Nowadays, it is commonly accepted that microgrids represent a
conceptual and technological solution to increase the share of re-
newable energy sources. A microgrid is in general a low-voltage
distribution grid that interconnects Distributed Generation Units
(DGUs) and loads [6]. Since several devices such as plug-in electric
vehicles, photovoltaic panels and many other electronic applica-
tions can be directly connected to DC buses through DC-DC power
converters, then DC microgrids have attracted in the last decade,
and are still attracting, a great research interest and attention due
to their increased efficiency and reliability with respect to the AC
counterpart [1].

In order to guarantee a proper and safe operation of the elec-
tric devices connected to a DC microgrid, it is crucial to ensure
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that the grid voltage level is sufficiently close to the nominal one.
Moreover, to avoid the over-exploitation of one or more DGUs, it
is usually desirable that the overall load demand is shared among
all the DGUs proportionally to their generation capacity. This goal
is known as proportional current sharing [3,20,21]. It is then clear
that achieving current sharing is in contrast with ensuring that the
voltage at each node of the grid is identically equal to its nomi-
nal value. Instead, it has been proposed in the literature to regu-
late the average voltage across the whole grid towards its nominal
value. This second goal is known as voltage balancing [3,15,20,21].

A number of solutions have been proposed in the literature
to solve the current sharing and the voltage balancing problem;
see e.g. the review paper [11] and the references therein. Specif-
ically, in Trip et al. [20], proportional current sharing and voltage
balancing are achieved under the assumption that parasitic resis-
tances are negligible or perfectly known, such that their effect can
be made negligible by a simple feedforward compensation action.
Also, the same control goals have been addressed in Nahata and
Ferrari-Trecate [14] via passivity-based control design for the case
of constant parasitic resistances with known lower-bounds.

To relax these assumptions, in this paper we propose two novel
schemes to estimate the value of the parasitic resistances for DGUs
in DC microgrids with Buck converters. The first scheme refers to
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an adaptive controller that is distributed, and is based on backstep-
ping, adaptive and passivity-based control design tools. Moreover,
it offers closed-loop asymptotic stability guarantees under physi-
cally sensible assumptions. The second scheme is inspired by a re-
cently published methodology developed by the authors in Rinaldi
et al. [17] and is further theoretically developed in this manuscript.
The proposed estimator relies on the Sliding Mode (SM) Super-
Twisting Algorithm (STA) scheme. SM control techniques have been
successfully utilised to solve estimation and control problems in
energy networks and microgrids [4,5,9,18,22], as they are insensi-
tive to bounded input disturbances and they enforce finite time
convergence of the error [4]. Our scheme is composed of an STA
observer to attain the equivalence between DGU generated cur-
rents and their estimates. The scheme aims to suitably regulate
the value of estimate of the resistance such that the actual value
can be estimated in finite time. Moreover, we prove that the STA-
inspired scheme is capable to track time-varying perturbations to
the resistance with appropriate modifications in the algorithm. The
resistances’ estimations are then utilised to modify the controller
reported in Kawano et al. [7], Trip et al. [20] with a suitable feed-
forward term, making it apt for current sharing and voltage balanc-
ing in the scenario where parasitic resistances are non-neglible and
time-varying. Compared to the existing solutions available in the
literature, our methodology is able to both estimate the unknown
resistances in finite time, and accurately track possible changes to
the resistance value. Numerical simulations are provided in the pa-
per to assess the performance of the proposed schemes.

The rest of the present paper is structured as follows:
Section 2 describes the model and the problem formulation;
Section 3 presents the main theoretical key-findings, which are val-
idated via simulations in Sections 4 and 5 concludes the paper.

Notation The notation adopted in this paper is standard. For a
given scalar signal x, the expression sign(x) denotes the sign func-
tion. Given two vectors or matrices x, y of the same dimension,
the expression z = x o y denotes the Hadamard-element-wise prod-
uct, i.e. each entry of z is defined as z;; := x;;y;;. Also, for any x € R"
and P € R™", ||x||,2, = x"Px. The symbol I, denotes the identity ma-
trix of size n x n, whilst 1,, denotes a column vector of size n with
all entries equal to 1. The symbol diag(x;) denotes a diagonal ma-
trix with its entries x;.

2. Model and problem formulation

In this section, we describe the setup of the considered DC
microgrid and introduce its model. In addition, we formulate the
problem that is addressed in this paper and briefly describe the
approach we use to solve it.

2.1. Model

We consider a DC microgrid composed of n DGUs and m
resistive-inductive power lines. Following [20], the DC microgrid
is represented by a connected, simple graph G = (N, &), where
the nodes N ={1,2,...,n} represent the DGUs, and the edges
E=1{1,2,..., m}, the power lines. As shown in Fig. 1, each DGU
voltage source u; is the main source of energy. Part of this en-
ergy is supplied through a Buck converter, with RLC filter, to a lo-
cal load, absorbing the current I, ;(Vg ;). For any i € N/, the dynamic
behaviour of the current through the inductor L, ; and the voltage
across the capacitor Cg; is described by the following equations:

Lilyi = —Rgilgi — Vi + s, (1a)

Co Vi = Igi — 1ei (Vi) = D _ I (1b)
keé&;
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Fig. 1. Electrical scheme of DGU i and line k [20].

where &; c £ denotes the set of power lines that are incident to
ie N and through which the ith DGU can exchange power with
the neighbouring DGUs. We denote by I;;, Vy; and Ry ; the DGU’s
generated current, the output voltage and the filter resistance, re-
spectively. Also, the current through each power line k € € is de-
noted by I, and L, and R, are the inductance and resistance of
the power line, respectively. Then, the dynamic behaviour of I is
described by:

Ly = (Vgi — Vg j) — Rl )

where i, j € A are the end nodes of k.

Let us assign an arbitrary orientation to the edges of the DC
microgrid’s graph G and let B € R™™ represent the node-edge in-
cidence matrix of G. Then, (1) and (2), can be written in vector
form as follows:

Lgly = —Rgly — Vg +u, (3a)
CV = Iy + BI — I, (Vy), (3b)
LI = —B"V; —RI, (3¢c)

where Iy = col(ly ;)icp Vg = col(Vg )icp I = col(lp)kee and I (Vg) :=
COI(IZ,i(Vg.i))iE,V- Moreover, Lg = diag(Lg,i)ieN- Cg = diag(Lg,i)isN-
Rg = diag(Rg )iy L = diag(Ly)gce and R = diag(Ry ). Concerning
the model (3), consider the following:

Assumption 1.

(i) For each DGU, the generated current Iy ; and voltage V; are
locally measured and available for control design purposes.
Thus, we define the following control outputs for the system

(3):
Y1 :Ig’ (43)

Vo= Vg. (4b)
(ii) There exists a connected and weighted communication
graph gem = (N, gom yycom) The Laplacian matrix associ-
ated with G is denoted by £m,
(iii) The electrical loads are combination of constant resistance
and constant current loads, i.e.,

I,(Vy) = diag™" (k;)Vg + ki, (5)

where for each i € V, k,;, k;; > 0 define the constant resis-
tance and constant current terms of the load, respectively.
Moreover, k, and k; are unknown.

(iv) For each ie N, the value of the resistance Rg; is un-
known but bounded and smoothly time-varying. Moreover,
the upper-bound of the first and second time derivatives of
Rg ; are known.

Remark 1. The unknown parameter Rq; physically represents the
LC filter resistance. Ry ; is smoothly time-varying in practice, where
the variations can be caused by external factors, such as changes in
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the ambient temperature, or heating transients due to the thermal
losses in the buck converter.

2.2. Problem formulation

The main problem addressed in this paper refers to finding dis-
tributed controllers for the input u such that the following objec-
tives are satisfied:

Objective 1 (current sharing).

lim[; = Iy, where (6a)
WiI-g,i = WjI_g,j’ Vl, ] € N, (Gb)

where w; > 0 are weights specified by each DGU.
Objective 2 (voltage balancing).
tlir101c 1L,W V=1, WV, (7)

where W = diag(w;)cn and Vg represents, for example, a vector of
nominal voltage values for the DGUs.

Let us note that since the DC microgrid graph G is connected, it
follows that 1, B = 0. Then, the equilibrium condition CgV; = 0 (see
(3)) implies that 1) Iz = 1,/ I(Vy), i.e., the total current generated by
the DGUs must match the total current demand from the loads at
the steady-state. However, there are degrees of freedom in the ac-
tual current each DGU can inject, which is the main motivation
behind Objective 1. The satisfaction of this objective guarantees
the regulation of the DGUs currents towards a proportional current
sharing regime defined by the weighting factors w;. Note that if the
value of w;, i € NV, is chosen to be inversely proportional to its re-
spective DGU capacity, then the DGUs with higher capacities will
have higher current values in steady-state. Concerning Objective 2,
note from the equilibrium condition LI = 0 (see (3)) that the vec-
tors Vg and I satisfy, at steady-state, the equation

0=-B"V; —RI.

Due to the properties of B3, Vg can in fact be shifted by the vec-
tor al, for any a € R. That is, it is possible to find u such that
Vg +aly is also an equilibrium voltage. This is the motivation be-
hind Objective 2, which will guarantee the regulation of all DGUs
average voltage towards the average of the voltage constant refer-
ence Vg.

Remark 2. The denomination “distributed” for the desired con-
trol design means that the control law for each u; should depend
only on measurements and data that are locally available, e.g., g ;
and L, ;. Moreover, in view of Assumption 1, the exchange of mea-
surement data between two adjacent nodes of the communication
graph g™ is also allowed.

3. Main results

In this section, we present two schemes for achieving
Objectives 1 and 2 whilst estimating the resistance Rg online. First,
we treat the case of constant Rg, for which an adaptive scheme is
proposed. Then, we move on to the case of time-varying Rg, for
which we design an observer based on sliding modes.

3.1. Case of constant Rg

In the following proposition we propose a distributed, adaptive
controller that achieves Objectives 1 and 2 for the case when Rg is
constant, yet unknown.

[m5G;June 24, 2023;14:27]
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Proposition 1. Consider the microgrid model (3) under Assumption
1. (i)-(iii) and further assume that k,; > 0 for each i e N and that
Rg i > 0 is constant. Let us introduce the variable zg as follows

Zgi=lg — g (8)

and design the control input u as

Ty g = — (Vg — Vg) —WLOMG,, (9a)
Tp,0p = LMW (zg + ). (9b)
ng?g = —diag(zg + ¢g)zg, (9¢)

u = —K;,z; + diag(fy) (zg + ¢g) + Vg
+ LT, (— (Vg — V) — WLO™dy)
— WL, (9d)
where K, Tog To, T, € R™™M are positive-definite diagonal matrices

of control parameters. Then, the closed-loop system, formed by (3) and
(9), can be equivalently written as

Lgzg = —K;,zg + diag(@g + zg) (f; — Rg1y)

— (Vg = V) — WLeomg,, (10a)
CoVig = 2 + g + BI — diag™" (kp)Vg — ki, (10b)
Li=-B"Vy —RI, (10c)

Ty Py = — (Vg — Vg) — WLO™G,, (10d)
Tp, 05 = LMW (25 + @g). (10e)
ng?g = —diag(¢g + 2¢)z. (10f)

Moreover, if (10) admits an equilibrium  point, say
(2, Ve, I, @g, Og. Ty), then such equilibrium point is globally asymptot-
ically stable, Objectives 1 and 2 are achieved, and fg = Rg1j.

Proof. Let us begin by introducing the change of variable from Ig
to zg as shown in (8). Then, we can compute Lgzg as follows:

Lezg = Lgig —Lgg
= (—Rglg — Vg + 1) — LT, ' (- (Vg — Vg) —WLO™G,), (1)
where we have substituted Lgig from (3) and ¢g from (9). Now we
substitute into (11) the value of u shown in (9), to obtain:
Lezg = —Rgly — Vg — Kz, (I — ¢g) + diag(Fg)lg + Vg
_ WﬁCOlTleg
= diag(lg) (fg —rg) — (Vg — V) — Kz, (Is — ¢g)

—wemg,, (12)
where we have used rg := Rg1, and the identity (diag(fg) — Rg)lg =
diag(Ig) (fg — Rg1x). By propagating the change of variable (8) to
(12) and the Vg-dynamics of the microgrid in (3), we get that the
closed-loop system is equivalent to (10), where we have substi-
tuted the value of I, from (5). By direct substitution, it can be ver-
ified that if (10) admits an equilibrium point, which we denote
by (Zg.Vg. I, @g. 0. Tg), then the equilibrium conditions Lgzg =0,
Tp,%g =0 and ngfg =0, together with the fact that @g;+Zg; > 0
for all i e N (see Remark 4), imply that Zg = 0,. This in turn im-

plies from the condition Tegég =0 that

LOMW Gy = LOTWI; =0 (13)
and

fg = Rel,. (14)
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Moreover, the equilibrium condition T(pg(ﬁg =0 implies that
1, W1 (=(Vg - Vg) — WLO™F,) = 0, or equivalently, that
1L,W T, =1, Wy (15)

In view of (13) and (15), to achieve Objectives 1 and 2, it is suf-
ficient to show that the equilibrium (Zg, Vg, I, @g, O, 7) is asymp-
totically stable. To assess the stability of this equilibrium, consider
the following Lyapunov function candidate

1 1 - 1 = 1 -
5=§||Zg||%g+EHVg_Vg”%g"‘j”I—I”%"‘j”(ﬂg_‘/’g”%}g
1 = 1. 3
+§”9g_9g”%,g+§||rg_rg||%gs (16)

which is positive-definite with respect to the equilibrium under
consideration. Moreover, the time derivative of S, along trajectories
of (10), satisfies:

S=2zgLezg + (Vg — Vg) "GV + (I — ) TLi+
+ (g — @) Ty, + (B — 0) " Ty, b
+ (Fg — ) Ty, T (17)

Since the equilibrium being analysed makes the right-hand side of
(10) zero, then we can write (10) equivalently as follows:

Lgzy = —K;, 7y + diag(gg + z5) (Fg — Tg) (18a)
— (Vg — Vg) = WL™ (6 — ). (18b)

CoVg = 2g + (9g — Pg) + BU — 1) — diag(kr) (Ve — V), (18¢)
Li=-B"(Vg—Vy) —RUI-1), (18d)
Ty @5 = —(Vg — Vi) = WLO™ (6 — 6p), (18e)
Tp,0p = LO™Wzg + LO™W (@ — ). (18f)
T; o = —diag(eg + 2g)zg. (18g)

Consequently, $ in (17) can further be simplified into the ex-
pression:

S =—llzgll?, — IV - V2

mag ey~ M= TI%: (19)

Since S <0, the stability of the equilibrium (Zg, Vg, I, @g, bg, 7g)
is concluded. To show asymptotic stability, we invoke LaSalle’s
invariance theorem. Then, it is sufficient to show that the
(Zg, Vg, I, @g, O, Tg) is the largest invariant set of (18) in which §
is zero all the time. This is done next.

Let (zg, Vg, I, g, 6g,f¢) be any solution of (10) which satisfies
S =0 all the time. Then, zg = Z; = 0, Vg = Vg and I =1 all the time.
Under these conditions, the equilibrium condition CgVg =0 (see
(18)) leads to establish that ¢z = @g all the time. Since z; =0
and @g = @g, it follows from (18) that T(,gég =0, ie, Og is con-
stant. In fact, 63 = 0, which can be directly established from the
equilibrium condition Ty,¢g = 0= 0 = L™ (6; — 65) and from the
fact that 17Ty 0 = 0 = 17T, 0 = 17T 65(0) Vt > 0; see (18). Fi-
nally, from the equilibrium condition Lgzg =0 we get that 7 = Fq
all the time, where we have used the assumption @g; +Z,; = I_g_l- >
0. Therefore, the equilibrium (Zg, Vg, I, @g, Og, F¢) is the largest in-
variant set of (10) in which the time derivative of the positive-
definite, and non-increasing function S is identically zero. Hence,
the equilibrium in question is asymptotically stable by virtue of
LaSalle’s invariance principle (see, e.g., Khalil [8, Th. 3.5]. Conse-
quently, Objectives 1 and 2 are fulfilled. Also, from (14), we have
that lim;_,o fg = Rg1ly. O

[m5G;June 24, 2023;14:27]
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Remark 3. The controller u in (9) is obtained in two steps. The
first one consists in defining the backstepping-inspired change of
variable in (8) (see, e.g., Khalil [8, Ch. 9]), which allows to in-
troduce an integral action in the “non-actuated” state Vg, the dy-
namics of which are subject to the constant disturbance k. The
second step consists in choosing u such that the overall closed-
loop system, with dynamic extensions ¢g, 65 and fg, has a port-
Hamiltonian representation, which are features of the IDA-PBC
control design methodology (see Astolfi and Ortega [2], Ortega and
Garcia-Canseco [16]). Here we omit the port-Hamiltonian represen-
tation, but the interested reader is referred to the proof of Propo-
sition 2 in Machado et al. [10] for a similar design and analysis.
Nonetheless, we specify that the dynamic extension ¢g allows to
meet Objective 2. Moreover, the introduction of the 6g-dynamics
permits to achieve Objective 1, as it is evident from the equilibrium
condition associated with these dynamics. Finally, the 7g-dynamics
is the adaptive feature of our design, as it leads to the estima-
tion of the unknown resistance matrix Rg (c.f. Nageshrao et al. [13,
Ex. 4]).

Remark 4. The fact that the equilibrium value @g;+Z;; =1 ; is
positive for all i € A/ invoked in the proof of Proposition 1 guaran-
tees, in particular, that lim;_, . g = Rg1y, i.e,, the unknown resis-
tance matrix Rg can be accurately estimated, the exact compensa-
tion of which is central to the carried out asymptotic stability anal-
ysis. We note that the equilibrium condition @g ; +Z; ; = I'gyi > 0, for
all i e NV, is ensured from two facts: (i) the total current gener-
ated by the DGUs must match the total current demand from the
loads at the steady-state (= Iy > 0, for some k € A'); and (ii) the
equalities 0 = LOMW (Zg + @g) = LMW g, which imply (6), hold at
steady-state.

3.2. Extension to the case of time-varying Rg

In this subsection, we introduce an observer based on the STA
for the finite time online estimation of Rg, which henceforth is as-
sumed to be time-varying (see Assumption 1.(iv)). Subsequently,
we explain how such an estimate for Ry can be coupled with a
slightly modified version of the passivity-based controller reported
in Trip et al. [20] where Objectives 1 and 2 are achieved only in
the scenario where Rg = 0.

In order to introduce the assumptions needed in the design of
the observer for Rg, first we present the controller proposed in Trip
et al. [20], i.e.,

Ty = —LO™WI,, (20a)
Ty = —¢ + 1, (20b)
u=—-K(y —¢) +WLemo + Vv, (20c¢)

where Ty, Ty, K € R™" are positive-definite diagonal matrices of
control parameters and W is a diagonal matrix as defined in
Objective 2.

Some properties of the controller (20) are as follows [20]:

+ The right-hand side of the 6-dynamics is an algorithm for the
weighted consensus of the DGUs currents. It is often used in
power systems control design to achieve fair current sharing
among DGUs, as the equilibrium current vector fg necessarily
satisfies ng o 1, which is equivalent to (6b).

The introduction of the variable ¢, which acts as a filter on
I, but without altering its desired equilibrium value, is useful
to attenuate oscillations. In addition, the state-feedback term
—K(g—¢) in u is fundamental to guarantee convergence of
solutions of the closed-loop system towards a constant steady-
state.
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+ Finally, the term WL®™f + Vg comes from the desire of es-
tablishing a passive (or skew-symmetric) interconnection be-
tween the Iz-dynamics and the 6-dynamics, while simultane-
ously achieving Objective 2. Indeed, note that if R; =0 all the
time, the Iz-dynamics of (3) in closed-loop with (20) becomes:

Lly = —K(Ig — ¢) + WLO™) — (Vg — V). (21)

Therefore, at the steady-state the identity W.£©mg — (V — V) =
0 holds (as Iy = ¢g). After (pre) multiplication by 1,W-1, it
leads to (7).

Even though the controller (20) fulfils Objectives 1 and 2 in the
scenario when R is equal to zero, this is not the case when Rg > 0,
even if its value is constant. To see this, assume that Ry > 0 and
constant. Then, the Ig-dynamics of (3) in closed-loop with (20) is
given by:

Ll = —Rgly — K(Iy — ) + WLO™O — (Vg — V).

Then, at steady-state we obtain —Rgly + W LMY — (Vg — Vg) =0,
which, after (pre) multiplication by 1)W1, leads to 1] W~V =
1, W=1V¢ — 1;W~1Rglg. Then, (7) holds only if I; = 0, which is not
desired. To overcome this limitation, and considering also the case
where Rg is time-varying, next we design an observer scheme to
estimate in finite time the value of Rg, which will be then used in
(20) to cancel the term —Rglg in the Ig-dynamics (3).

3.2.1. Finite time estimation of Rg(t)
We introduce an STA to estimate in finite time the time-varying
resistance Rg. To this end, consider the assumption:

Assumption 2. All solutions of the microgrid model (3), subject to
Assumption 1, in closed-loop with (20), are bounded all the time.

The estimation scheme is then defined in the following propo-
sition:

Proposition 2. Consider the microgrid model (3a) under Assumptions
1 and 2, and the following STA observer

Lgig = —Rey1 +y2 +u+ Lgfi (Ip) + Lgb. (22a)
= fo(ly), (22b)
9=l (22¢)

where Rg := diag(Rg )icyr» with the scalar entry Ry; representing an
estimate of the ith resistance. We define the output observation er-
ror as Iy := 1 —y1. Each component of Iy is given by Iy; =1, ; -
Iy, ieN. The two nonlinear functions fi(-), f>(-) are defined by
the STA structure as:

fi(ly) = col ( - al,i|ig,f|%sign@‘,‘))ie_v (22d)

folg) := col < — O‘Z.iSign(ig,i)>ieN

and o ; and o ; are positive design parameters. To regulate the con-
vergence of ﬁg to Rg, an additional STA scheme is proposed as follows:

(22e)

ox, = —Lg 0§ (22f)
A t A
Ry = /0 odt  Ry(0) =Ry, (22¢)
@ = diag(@)ien (22h)
_Joif ;>0 .
(pl - {51 else (221)
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where og, is the sliding variable of the STA scheme, y;:=
col(1/y17)icx Rg(0) = Ry, is the initial condition of Rg. Once the slid-
ing mode of the STA scheme (22a)-(22c) is enforced, it follows that

|lgil =0, and the identity ¢; = Ry; = & holds. The evolution of & is
therefore governed as follows:

§=gi(og,) +w (22j)

@ = g(or,), ®(0)=awo, (22k)

where ® := col(w;)icn 1S an auxiliary variable, and the nonlinear
functions g1 (-) and g,(-) are

g1(og,) := col (— ﬂ],i'oRg_i|%Sign(URg_i)>ie,V (221)

g(0%,) 1= col ( - ﬂz,fsign(oRg_,,)),-EN (22m)

and B and B, ; are positive design constants. Then, the condition
Rg =Ryq (23)
is enforced in a finite time.

Proof. The STA observer (22a)-(22c) is designed to ensure the con-
vergence to the origin of fg. By subtracting (3a) from (22a), and
multiplying the result by the diagonal matrix Lgl it yields an ex-
plicit expression of the error dynamics as

Iy :Lg_1<_ﬁg+Rg>J’1+f1(ig)+’7 (24a)
b= foy). (24b)
We define a function p(-) as

PO i= L'~ Re+ Re)yr = Ly "Re oy, (25)
where the auxiliary error variables are ﬁg‘i = ﬁg,,- —Rgj, ﬁg =
col(ﬁg.,-),vevv. If we introduce also the error variable

I~2g = ,0() + 17, (26)
we obtain

Iy =0, + fi(lp) (27a)
b, = o) +pC). (27b)

The system in (27a) and (27b) is in the conventional STA struc-
ture [12]. Under Assumption 1, the function p(-) and its derivative
are composed of bounded contributions, and therefore

16i()] < Ap, (28)

where A, is a known positive constant. If each pair of design pa-
rameters satisfy the following tuning rules [12,19]:

a1 =15/A, (29)

i = 1.1A,, (30)

the error dynamics converge to the origin in finite time. Exploiting
the definition of (25), assuming that y; > 0, we can note that each
entry p;(-) of the vector p(-) satisfies

>0 if Iggj >0
POT=0 if Ry=0 (31)
<0 if Rgi<0

Therefore, p(-) =0 if an only if all the components of the error
Rg are equal to zero. During the sliding phase of the error system
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(27a) and (27b), a real-time estimate p(-) for p(-) can be extracted
as

pC)=-D. (32)
Inspired by [17], we select the following variable
Ok, 1= —Lgl o Yy = LgL;'Rgy1 o 1 = Ry (33)

to be nullified in finite time. Under the STA structure regulating ﬁg
in (22f)-(22k), from (31) and under the equality derived in (33),
the error system

Ok, = 81(0r,) + @ — ¥ (Ry), (34a)

@ = g2(0R,). (34b)

can be derived, where V (Rg) := col(Rg,i),-EN. If we define the error
variable €2, 1= — ¥ (Rg), it follows that

Or, = 81(0r,) + €, . (35a)

éy,, = 82(08,) + V¥ (Rg). (35b)

The system in (35a) and (35b) exhibits a STA structure. Under
Assumption 1, each component of 1 (Rg) satisfies:

[Vi(Rg)| = IRyl < Ag,,. (36)

The system (35a) and (35b) converges to the origin in finite time
provided that B;;=1.5 /ARgi and B, = 1'1ARgi [4,12]. The con-

dition Ry; = Ry; holds in finite time also. O

Remark 5. Note that the upper-bound of the finite time re-
quired for the convergence can be computed as follows: ™ =
CtV,‘((IRgJ.(O)), where V; is the Lyapunov function proposed in
Moreno [12].

3.2.2. Achieving Objectives 1 and 2 in the case of time-varying Rg

In this part of the paper, we combine the finite-time estimation
scheme for Rg in Proposition 2 with the controller (20) in order to
achieve Objectives 1 and 2. First, consider the following assump-
tion:

Assumption 3. The quantity t™ := max;c,{t;™}, where £™ is de-
termined by each DGU, is available to all the microgrid DGUs.

Therefore, the main result of this subsection is the following:

Proposition 3. Consider the microgrid model (3) in closed-loop with
(20) and subject to Assumptions 1-3. For t > tS™, modify the con-
troller (20) by adding the term +Rgly to u, where Ry is the estimate of
Rg obtained through Proposition 2. Then, from t > t™, the closed-loop
system, with the modified controller, is globally asymptotically stable
and satisfies Objectives 1 and 2.

Proof. In view of Assumption 2, all trajectories of (3) in closed-
loop with (20) remain bounded between 0 <t < tS™. For t > t5™,
we have from Proposition 2 that Ry = Rg. Hence the controller
(20) with Rgly added to u will effectively cancel the term —Rglg
in the closed-loop system’s Iz-dynamics (see (21)). From here on,
the proof follows from Trip et al. [20, Th. 1]. O

Remark 6. The computation of 5™ in Assumption 3 depends on
the closed-loop system initial conditions, which in practice might
require the exchange of system-wide information among the DGUs.
A potentially conservative alternative to that, consists in locally
computing, offline, upper bounds for each ¢f™ in a set of feasible
system initial conditions.
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Fig. 2. Scheme of the considered DC microgrid with 4 DGUs. The dashed lines rep-
resent the communication network. Figure courtesy of Trip et al. [20].

4. Simulations

In this section, we assess the performance of the proposed es-
timation and control schemes via numerical simulations. The con-
sidered DC microgrid is composed of 4 DGUs, as depicted in Fig. 2.
The simulations are executed in a MATLAB-Simulink R2021b envi-
ronment. The prototypical model parameters have been taken from
Cucuzzella et al. [3]. The parameters of the control scheme (9a)-
(9d) are chosen as: Ty, = 0.0214, Ty, = 0.0214, T, =0.0214, W =
I4, Kz, =100I4. The parameters of the STA observer (22a)-(22c)
are set equal to oq ; =42.60, oy ;= 2250, whilst those of the STA
scheme (22f)—(22i) are By ; =69.57, B, ;=6000. The initial values
for the time-varying matrix Ry are set equal to

R¢(0) =diag(0.2, 0.3, 0.5, 0.1) (£2)
The matrix Rg(t) evolves according to the following law:
Re(t) :=Rg(0) + W (t) + A(t) (37)

where the perturbations W(t) and A(t) are: W(t)=
sin(wrt) diag [0.02, 0.01, —-0.01, —0.02], and A(t)=(1-
e‘?ti) diag [0.06, 0.03, —0.03, 0.06]". The matrix W(t) mod-
els low-frequency oscillatory behaviour of Rg, whilst A(t) captures
an exponential transient. In this study, the time evolution of Rg(t)
is caused by unmodelled exogenous processes, such as tempera-
ture variation. The simulations are executed with a time duration
of Tijm = 10 s. To quantitatively account for the performance of the
proposed schemes, the following Root-Mean Square Error (RMSE)
performance metrics are introduced:

1

Tim
Mg, = ﬁ/(; [|Rg(T)|]2 dT (38)

1
My, i= o=
Ve Tsim —m
The metric Mg, accounts for the global accuracy in the estimation
of Rg, whilst the metric My, accounts for the global voltage regu-
lation performance. Four scenarios are considered:

TSll\"l
/0 W V(1) — V)l de (39)

« Scenario (A), where the matrix Ry remains constant, and the
scheme (9a)-(9d) is employed to achieve current sharing and
voltage balancing.

« Scenario (B), where the matrix Rg is time-varying according to
(37), and the compensation scheme (9a)-(9d) is still employed.

« Scenario (C), where the matrix Rg is time-varying according
to (37), and the control scheme (22a)-(22c), (22f)-(22i) is em-
ployed without a resistance estimation compensation.

+ Scenario (D), where the matrix Rg is time-varying according to
(37), and the compensation scheme (22a)-(22c), (22f)-(22i) im-
plemented as per Proposition 3 is employed.

For each introduced scenario, we consider also the impact of
Gaussian white measurement noises on the state variables Iy, Vg, I
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(c): Scenario (A), Voltages
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Fig. 3. Noise-free simulation. From top to the bottom: Scenario (A), Scenario (B), Scenario (C), and Scenario (D). Time histories of: (Left:) the components of the matrix Rg
and the associated estimates ﬁg. (Centre:) The currents ;. (Right:) The voltages Vg, along with their weighted mean value 1"W-'V and the reference 1TW*1Vg‘.
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Fig. 4. Simulation with noise. From top to the bottom: Scenario (A), Scenario (B), Scenario (C), and Scenario (D). Time histories of: (Left:) the components of the matrix Rg
and the associated estimates R,. (Centre:) The currents I,. (Right:) The voltages V;, along with their weighted mean value 1"W~'V and the reference 1TW*]Vg'.

If we choose as base unit for the current 50 (A) and 500 (V) for the
voltage, the associated injected measurement noises have a vari-

ance w2 = 0.01 (p.u.).

During Scenario (A), the use of the control approach (9a)-(9d)
ensures that a correct estimation of the constant matrix Rg is

achieved asymptotically (Fig. 3(a)). Objectives 1 and 2 are also
asymptotically achieved (Fig. 3(c,d)). If we consider in Scenario (B)

time-varying perturbations on Rg, the performances of the control

scheme (9a)-(9d) are still acceptably accurate (Fig. 3(d,e,f)), and
the two control Objectives 1 and 2 are still achieved. The proposed
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@A) ® (© (@ A ® (© O
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Fig. 5. The numerical values of the introduced RMSE performance metrics Mg,,
My, evaluated for the four scenarios, in absence and in presence of measurement
noise.

STA-based scheme is capable of estimating Rg in finite time, as
shown in Fig. 3(g). If we do not compensate online the fluctua-
tions on Ry as per Scenario (C), we can still achieve current shar-
ing Objective 1 (Fig. 3(h)), whilst the voltage balancing problem
(Fig. 3(i)) is not achieved, as the weighted mean value of the volt-
age is far below the prescribed setpoint. To achieve both the cur-
rent sharing (Objective 1), and voltage balancing (Objective 2), we
use the proposed compensation scheme in Scenario (D), where all
the objectives are achieved with the greatest accuracy. The analy-
sis undertaken in Fig. 5 (noise-free scenario) suggests that the ac-
curacy of the STA schemes is higher than the adaptive scheme in
(10), by virtue of the enforced finite-time convergence to the origin
of the error variables.

Fig. 4 summarises the results in presence of noise. Despite all
the performance metrics record a slightly worsening of the accu-
racy in all the scenarios (see Fig. 5), the overall performance of the
estimations of the resistances are still acceptable, and the control
objectives are still achieved. It is interesting to observe that if we
employ the scheme in (10) to estimate Ry, we observe that its ac-
curacy degrades less than if we use (22f)-(221i).

5. Conclusion

In this paper, we have proposed two novel strategies to solve
the problem of achieving current sharing and voltage balancing
in DC microgrids in the scenario where DGU filter parasitic resis-
tances are unknown and potentially time-varying. The first strat-
egy refers to an adaptive control scheme that is able to solve the
problem for the case of constant and unknown DGU filter parasitic
resistances. We also considered the case of time-varying filter re-
sistances, for which a second scheme inspired by SM STA was de-
signed and was able to estimate in finite time the DGU resistances
and tracking their evolution.
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