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Abstract: This article deals with the decentralized passivity-based controller (PBC) design for
the power modules DC/DC and AC/DC connected to a DC microgrid. The DC power modules
use buck and boost topologies, while the AC/DC rectifier employs the boost topology. Linear
extended state observers are used to estimate the load current demand by the DC microgrid.
Thus, the power modules get equitable contribution and synchronization. The PSIM simulation
results show the effectiveness and robustness of the decentralized passivity-based controllers
of the power modules for the DC microgrid system.
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1. INTRODUCTION

The constant search for energy efficiency has driven in-
novations, such as microgrids Modu et al. (2023), which
stand out in a sustainable generation. Amid the acceler-
ated transition to renewable energy, microgrids are emerg-
ing as a technology that integrates diverse sources for
more efficient and sustainable generationAl-Ismail (2021);
Espina et al. (2020). Advances in power electronics enable
decentralized controllers for microgrid power modules.
Renewable energy sources, such as photovoltaic panels
connected to a battery or a load, are built through the
microgrid concept. They implement power circuits to raise
the voltage (buck converter), obtaining electrical power to
support human development, as mentioned in the litera-
tureAnand and Fernandes (2013); Bai et al. (2020); El-
Shahat and Sumaiya (2019). On the other hand, Loranca-
Coutifio et al. (2022) mentions that modeling is the most
common control practice, where we typically assume that
all the elements of the network and their models are
known a priori. Unfortunately, this is not the general case
in practice since the DC microgrid is subject to continuous
changes due to its modular nature. Additionally, they say
this issue becomes even more relevant when the converter-
load combinations are not predicted during the control
design stage, this can cause instability Feng et al. (2002);
Liu et al. (2003). Another major challenge from a model-
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based perspective is that many active and passive devices
involve many state variables and equations.

Thus, this motivates the proposal of a passivity-based
controller that adapts to continuous changes due to the
modular nature of the DC microgrid. This proposal is
based on an Extended State Observer to estimate param-
eters, state variables, and internal and external pertur-
bations to reduce the effects of the converter-load combi-
nations and, in this way, ensure the stability of the DC
microgrid system. The ease of the design of the passivity-
based controllers and extended state observers in each DC
generation power module makes it possible to solve many
problems subject to a DC microgrid system.

1.1 Contributions

The main contribution is using three different topologies
for DC power generation in a DC microgrid system,
Fig. 1. The respective passivity-based control laws and
extended state observers (ESOs) achieve local stability
in the closed loop in each power converter. Employing
ESOs, the passivity-based controllers make an equitable
power contribution and synchronize the interconnection
node of the DC microgrid. To evaluate the effectiveness
and robustness of the closed-loop system using the PSIM
simulation program.
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Fig. 1. Three power modules of the DC Microgrid System.

2. DESCENTRALIZED PASSIVITY-BASED
CONTROL DESIGNS

This section deals with the design of DC power generation
modules. The first and second power modules are DC/DC
buck converters and DC/DC boost converters, while the
third power module is a mono-phase rectifier boost type.
We use their corresponding average models to design the
passivity-based controllers of the DC power generation
modules. These controllers adapt the output currents
according to the demand at the interconnection node of
the DC microgrid.

2.1 Modeling and ESO-PBC for the DC/DC Buck power
converter

From the circuit in Fig. 1 (a), we obtain the following
average model of the buck power converter.

di

A, Y
dv . 1 .

Ch djl =1ilL, — <f{1> Ve, — ipy (2)

From (1)-(2), we write to the buck power converter system
in its passive form as follows:

Ai=(J—R)x+ Bu; +1n (3)

where,
.T:(iLl UCI)TERz; UleR;B:(El O)T
(L1 O\, . _ (0-1),
A(o Cl)"](l 0)’ (4)
0 0 r
R=|, L1 )in=(0—ip) ;
Ry

Making a true copy from (3), we have the following
dynamic desired system,
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Ai* = (J — R)x* + Buj + 7" (5)
where the desired input vector of perturbation adapts the

estimated output current given by i/p\l , thus we have to n*
0

as follows
= <_iP1 )

The error dynamics is obtained from (3) and (5), where
we define to as e = x — 2%, e, = u1 —uj, and e;, = n—n".
Therefore, we have

Aé = (J—R)e+ Bey, +e, (6)
The Lyapunov candidate function is defined as follows
1
V(e) = 5eTAe >0 (7)
Its time derivative is given by
V(e) = el Ae
Substituting (6) in (8), yields the following

(8)

Vie)=e" ((J — R)e+ Bey, +e,)
=—e"Re+e' Be,, + eTe,,

We choose the following error input control law

9)

eu, = —yBTe (10)

>0

We incorporate (10) in (9), where we consider that error
of the perturbation is radially enclosure. Thus, we have

: T T T T
V(e)=—e"Re—e " yBB e+e'e,

——
Z:Rd

=—e'(R+ Ry)e+ele,
—_———
=R
=—eTRe + ele, (11)

Notice that R is a diagonal matrix positive definite, with
its diagonal elements are greater than one, then it can
be shown that e,, = 0 implies that e = 0 is a globally
exponentially stable equilibrium since

Vie)=—eTRe <0 (12)

On the other hand, if the error of perturbation current
estimation e, # 0, then (11) is given as follow:

V(e) = —(1—¢)e" Re — pe” Re + ele,
with ¢ > 0 being a positive constant which belongs to set
(0,1). Thus, we obtain

Vie)=—(1-¢)eTRe <0
whenever (using Young’s inequality), we write

(13)

1 _
eTen <k ’6T|2 + T \en\Q < ¢eT Re

where £k > 0. On the other hand, the linear extended
state observer (LESO) design is built from (2). For this
we make the following considering, y1 = 9¢,, ¥ = voy,

and 77 = ip,. Therefore, we have
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d . 1
01%2 i, _<R1> y1+m+ M (y—y1)
=Uobs
dm
— o (y — 14
o = =w) (14)

From (2) and (14), we obtain the error observation
dynamics,

. 1 : d .
€obs T (Rl + Al) €obs + )\Oeobs = _ﬁlm (15)
The selection of observer gains
1 2
M=20wn — | = ); Mo =w, (16)
Ry

1
WS> = 0.707
Wn 2 pEn 6

with these gains the observation error e,,s converges
asymptotically to near zero when t — 0o, which produces

that e, = iy, — i/p\l is radially enclosure and converges
asymptotically to near zero. From (10), we obtain the
passivity-based controller

wy =1t — 7 (i, —7r1,) (17)

The constant desired references of the passivity-based
controller (17) are

Ve, Vg,
= y ZLl = —

E, Ry
where Vj, is the constant-desired reference of the output

voltage of the buck power converter, and E; is the power
source supply.

U1

+m (18)

Notice that the estimated variable of the DC interconnec-
tion node output current, 7, is adapted to the inductor
current desired reference of the buck converter to obtain
an equitable active power contribution and synchroniza-
tion with the rest of the DC power modules.

2.2 Modelling and ESO-PBC for the DC/DC Boost
power converter

The average model of the boost power converter is shown
in Fig. 1 (b), which is given by

di
Lo ‘La = —vc,Uz + o (19)
dt
d’UC . 1 .
02 dt2 =1r,U2 — (_R2> VCy — Upy (20)

From (19) and (20), we write the buck-power converter in
its passive form

Ai = J(ug)x — Rx +1n (21)

where,
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. T
x= (%L, Vo, ) € R? uy € R;

(LOQ (92); J (uz) = <£2 §2>;

00 .
R=|{ L |in=0E —ip) ;
Ry

Making a true copy from (21), we have the following
dynamic desired system:

Az* = J (uy)z* — Rx™ +n* (23)
where the desired input vector of perturbation adapts the
estimated output current given by z/p: , thus we have to n*

()
7 77;102

The error dynamics is obtained from (3) and (5), where
we define to as e = x — 2%, ey, = us —uj, and e, = n—n".
Therefore, we have

Aé = J (u2)e+ (J (ug) — J (u3)) 2™ — Re +e, (24)
Making an approximate linearization with respect to wus
for J (us), we have the following
AJ (ug)

[
6”2

The Lyapunov candidate function is defined as follows

A

(22)

J (ug) = J (u3) = (25)

1
Vie) = ieTAe >0 (26)
Its time derivative is given by
Vie)=eT Aé (27)

Substituting (25) in (27), yields the following
Vie) = el J (u) ete™ (J (ug) — J (u})) 2*—Rete, (28)
We choose the following error input control law

(o) L\
Cuy = —7 au2 €z
v>0

We incorporate (29) in (28), where we consider that error
of the perturbation is radially enclosure thus, we have

(29)

T
V(e)=—eTRe —eTy 0 (uz) z* <8J (u2)x*) e+ele,

8UQ 8UQ
::Rd
= —eT(R —+ Rd)e =+ €T6n
V.
=R

= —¢TRe+eTe, (30)

Notice that R is a diagonal matrix positive definite, with
its diagonal elements are greater than one, then it can
be shown that e, = 0 implies that e = 0 is a globally
exponentially stable equilibrium since

V(ie)=—eTRe <0 (31)
On the other hand, if the error of perturbation current
estimation e, # 0, then (30) is given as follow:

Vie) = —(1—¢)e"Re — pe" Re + eTe,,
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with ¢ > 0 being a positive constant which belongs to set
(0,1). Thus, we obtain

Vie)=—(1-¢)efRe <0
whenever (using the Young’s inequality), we write

(32)

1 -
ele, <k |eT|2 + s |en|2 < ¢e’ Re

The passivity control law for the boost power converter
(29) Linares-Flores et al. (2023), is described by

Up = Uz + 72Vd2 (iL2 - ZL2) = V2lL, ('Uc2 - de) (33)
On the other hand, the nonlinear average model (19)-(20)
is exact linearization. Thus, we design a reduced extended

state observer, considering only the flat output dynamics
Linares-Flores et al. (2023),

P2 =mn2 + A1 (21 — y2)
M2 = Xo (21 — y2)

where, yo = 21, 21 = (%) (L2i2L2 +Cgv%2), and 1o = ay.
2

Where, a1 = Eqip, — UR% — ¥, lp,. This last expression

corresponds to the output power system. Thus, we have

2
. Vo
o~ EQ’LL2 — R722 — 12

ipz = y VCs 7& 0
Vo,
The observation error dynamics is given by eqps = 21 — Yo,
.. . d
€obs t+ Aleobs + )\Oeobs = _aal (36)
The selection of observer gains
A =2Cwn; Ao = w? (37)

1
> —— (= 0.707
“n Z B 6

with these gains the observation error e,,s converges
asymptotically to near zero when ¢ — oo, which produces
that e, = ip, — ip, is radially enclosure and converges
asymptotically to near zero. The constant desired refer-
ences of (33) are:

B o = Vi, 4 Yo~

Va,’ 2T ReEy | By

Notice that the estimated variable of the output current,
ip, of the DC interconnection node, is adapted to the
inductor current desired reference of the boost converter
to obtain equitable active power contribution and syn-
chronization with the rest of the DC power modules in
the microgrid system.

Uy =

2.8 Modelling and ESO-PBC for the AC/DC Boost
Rectifier

The average model of the mono-phase boost rectifier is
obtained employing Fig. 1 (c), and this is given by

di

Ls :1];3 = —TL4iL, — Vcsus + Essin(wnt)  (38)
dUC . 1 )

Cs dts =1r,U3 — <}%3> VCy — Ups (39)
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The passivity-based controller is calculated similarly to
the controller of the before section for the rectifier (38)—
(39), is given by

uz = Uz + y3Vi, (iL3 - 7L3) — V3l (UC3 - Vds) (40)
The reduced extended state observer to estimate the
demand current for the DC microgrid in the node is

Uz =13+ A1 (h1 —y3) (41)

13 = Ao (h1 —y3) (42)

where, y3 = El, hy = (%) (Lgi%3 + Cg’l}%«3) , and 13 = as.
2

Where ay = ip,Essin(wnt) — UR% — TLyiLy — UCsips,
corresponding to the output power system. Thus, we have
the following

2

. . Vo .
— i, Egsin(wnt) — R T TLying — 13
tps = , vos 0
Ve,

The constant desired references of rectifier controller (40)
are

Essin(wnt) — rpgip, -
s = 3sm(w?/d) T’L3’LL37 iL, = Asin(wnt)
3

where

E Es \> [2V} 1~
) () )
27“L3 27‘L3 TLs R3

Notice that the estimated variable of the output current,

i/p\g of the DC interconnection node is adapted to the
inductor current desired reference of the mono-phase
rectifier to obtain equitable active power contribution and
synchronization with the rest of the DC power modules in
the microgrid system. We omit the stability proof of the
observer controller in a closed loop because it is similar
to the previous section. So, the results obtained in this
section are almost identical to those in the last section.

3. PSIM SIMULATION RESULTS

This section aims to present simulations of a microgrid
circuit on PSIM. 3 shows the output voltage response
in each microgrid module. On the other hand, Figure 3
shows the load current response. These results demon-
strate that the controller maintains a similar voltage and
current level in each interconnected module. This reflects
the convergence towards the desired value of the modules.
In this sense, Figure 3 describes the output power in each
microgrid module. Finally, Figure 3 presents the total
active power consumed during the PSIM simulation load.

4. CONCLUSIONS

A decentralized PCB designed for DC/DC and AC/DC
generation power modules connected to a DC microgrid.
We use DC-to-DC buck and boost topologies for two
power-generating modules, and the third is a rectifier
based on a boost-type topology. Implementing different
topologies and using the ESO demonstrated that the
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Fig. 4. Output power responses in each power module.
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Fig. 5. Active power response at main load (zr).

passivity-based controllers achieve an equal contribution
of power and synchronization at the microgrid’s intercon-
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nection node by adapting to the current demand. The
PSIM simulation results showed the effectiveness and
robustness necessary for the performance of the PCB
controllers based on ESOs in closed-loop.
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