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ABSTRACT

The DC/DC converters are commonly used in DC microgrids to achieve the desired performance of a system under different operating conditions. The dynamics
of an isolated DC microgrid with solar photovoltaic panels, battery, and constant power load is a fractional nonlinear model; thus, the complex nonlinear method
should be applied for controller design and stabilizing the system. In multi-input multi-output systems with non-linear elements, non-linear control methods should
be used, but this paper presents a straightforward technique for designing decentralized controllers for the buck, boost, and buck-boost converters in an isolated
DC microgrid to stabilize the system and Maximum Power Point Tracking (MPPT) control of the solar photovoltaic panels. The presented methods can consider the
nonlinear decentralized feedback linearizing control for the nonlinear system. Depending on the performance of the converters in the system, proper dynamic models
are introduced for the converters, and decentralized controllers are determined. Various scenarios are simulated and compared to conventional methods. The results
indicate that the settling time of the output variables and the overvoltage of the DC-link voltage are reduced by less than 30% compared to other techniques.

Index Terms— Constant Power Loads, DC/DC converters, isolated DC microgrid

Corresponding author:
Jalal Nazarzadeh

E-mail:
nazarzadeh@shahed.ac.ir

Received: January 12,2023

Revision Requested: February 28, 2023
Last Revision Received: July 12, 2023
Accepted: August 19,2023
Publication Date: January 5, 2024
DOI: 10.5152/electrica.2024.23002

Content of this journal is licensed
under a Creative Commons
Attribution-NonCommercial 4.0
International License.

I. INTRODUCTION

With the increasing penetration of new energy sources, microgrids are a great alternative to exist-
ing networks. Compared to alternating current (AC) microgrids, direct current (DC) microgrids
have the advantages of good power quality, simple integration with energy storage, good com-
patibility with consumer electronics, ease of control, availability, and higher reliability [1, 2].
These benéefits, along with the features of no need for synchronization and frequency control,
elimination of reactive power, and harmonic issues, make DC microgrids a “return to Edison”
phenomenon [3, 4. In contrast, the operation of isolated direct current microgrid (IDCM) with
distributed generation (DG) sources, energy storage, and nonlinear loads have challenges such
as difficulty in achieving voltage regulation, power sharing, and potential instability (destabiliz-
ing negative impedance characteristics) due to constant power load (CPL) [5]. The IDCMs face the
challenge of instability due to nonlinear devices such as photovoltaic (PV) arrays, CPLs, and low
inertia. Therefore, designing decentralized controllers to stabilize IDCMs with CPLs is a common
problem [6].

In this regard, one of the common methods of controlling DC microgrids is the hierarchical
control method [7]. Hierarchical control can be divided into primary, secondary, and tertiary
controls. The primary control is used to control the load sharing between the DGs; the second-
ary control is responsible for regulating the voltage fluctuation; and the third control is consid-
ered for regulating the power-sharing between the DC microgrid and the upstream network.
A droop controller can be used to achieve power sharing at the primary level. However, droop
controllers have line impedance problems in large-scale DC microgrids and current sharing [8].
Also, conventional droop controllers cannot accurately share the current between different
sources. Hence, an improved droop controller has been investigated to enhance the current
sharing performance[9].

AC microgrids’ hierarchical and fuzzy control methods are more complex and less reliable than
IDCMs [10, 11]. On the other hand, the nonlinear controllers in the IDCMs require a careful nonlin-
ear analysis of the system [12]. In this regard, the backstepping algorithm can cause steady-state
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tracking errors because it does not directly deal with output voltage
regulation [13]. Although a nonlinear controller based on differential
geometry theory can be connected to an IDCM, this method can-
not guarantee the system'’s stability [14]. Also, the choice of the slide
level, dependence on load, and chattering can be considered sliding
mode control problems in stabilizing an IDCM [15]. Droop-based pri-
mary controllers are faced with a trade-off between voltage regula-
tion and load-sharing accuracy [16].

On the other hand, due to the complexity of the decentralized
controllers proposed, it will be challenging to extend to other
IDCMs [17]. A class of IDCM has been studied based on passiv-
ity theory with a non-affine dynamical model, and a centralized
controller in the system has been designed [18-20]. Although
this controller can be designed based on the affine system in
the IDCM, its implementation is complex [21]. Moreover, the cur-
rent-voltage state-space models of the converters with the CPLs
appear in the nonlinear fractional terms in the dynamical models
of the IDCM. In this case, because the variations of the CPLs are
considered an independent disturbance of the system, this dis-
turbance does not have sufficient accuracy in modeling the CPLs
[22]. The state-space models of DC/DC converters with energy
variables can be used to design the conventional controllers in an
IDCM with CPLs [23]. This approach provides a suitable space for
implementing closed-loop classical controllers and achieves the
desired performances.

Other control techniques, such as fuzzy-sliding control with an
observer [24] and adaptive backstepping sliding mode control [25],
have been proposed for a DC/DC boost converter and CPL. Also, in
[26], modular controllers based on small signal stability analysis have
been suggested for an IDCM with CPL. Despite introducing different
control techniques, the decentralized controllers in an IDCM with dif-
ferent types of DC/DC converters, CPL, and MPP control would be
significant if they provide modular implementation and stability in
nonlinear conditions.

This article introduces the proper average models of DC/DC con-
verters based on special variables in an IDCM, incorporating a solar
PV panel, a storage system, and CPL. Also, three decentralized con-
trollers are designed by applying the nonlinear feedback lineariza-
tion technique for buck, boost, and buck-boost converters in an
IDCM. These controllers provide complete stability for the IDCM
at all operating points. In addition, the dynamic performances of
the proposed controllers are obtained and compared with other
conventional and modern methods, and their capabilities are
evaluated.

A comparison between different techniques for controlling an IDCM
is summarized in Table |. This comparison is based on various indices,
including modular implementation, considering constant power
load, nonlinear stability analysis, and considering multiple DC/DC
converters.

The present article is organized into the following sections. In
the first section, nonlinear models of DC/DC converters are intro-
duced and augmented in an IDCM. In the continuation, structures
of the closed-loop controllers for different DC/DC converters
are introduced, and decentralized controllers based on system
parameters are determined. Finally, the performance of conven-
tional, passive, and proposed controllers is demonstrated and
evaluated together.
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TABLE I. A COMPARISON BETWEEN SOME PREVIOUS STUDIES WITH
PROPOSED TECHNIQUE FOR CONTROL OF AN ISOLATED DC MICROGRID

Comparison Items

Reference MI CPL NSA MC Key Future

(8] X X X X Hierarchical power sharing.

[9] X X X X Droop control with active
disturbance.

[12] v X v v Voltage control by nonlinear
technique.

[13] X X Voltage control by H_ approach.

[171 v v v X Voltage control by high gain
observer.

[18] X X v v Voltage control by passivity
theory.

[24] X v v X Voltage control by fuzzy-sliding
control.

[25] X v v X Adaptive backstepping sliding
control.

[26] v v X X Modular controller by small
signal model.

proposed v v v v Voltage control by feedback

controller linearization.

CPL, constant power load; MC, multi-DC/DC converters; MI, modular
implementation; NSA, nonlinear stability analysis.

11. ISOLATED DIRECT CURRENT MICROGRID STRUCTURE

Fig. 1 shows the structure of an IDCM. The DC/DC boost converter
on the PV side is controlled to extract the maximum available power
from the solar PV panels in the form of the Maximum Power Point
Tracking (MPPT) unit. The role of the MPPT algorithm is to keep the
operating point of the solar module at the MPP of the I-V curve
[12]. A bidirectional DC/DC buck-boost converter is connected to
the battery to regulate the DC-link voltage when the PV operating
point is changed. The IDCM in Fig. 1 consists of a DC/DC buck con-
verter. This converter is connected to the DC-link capacitor from a
long transmission line with dc resistance R, and adjusts the CPL
voltage. The main source of input energy for the IDCM in Fig. 1 is a
solar PV panel. A solar cell can be represented as part of an electrical
circuit with a p-n junction modeled by a diode and a photocurrent
generator. Also, the solar PV panel generates current from radiation,
and two series and parallel resistances are considered for presenting
the Joule effect and recombination losses. This compound is called
the single-diode solar cell model. A circuit model of a solar PV cell is
shown in Fig. 2 with single-diode, series, and parallel resistances [27].
The parallel resistance () indicates leakage through the p-n junction
of the PV cell, and the series resistance (R, ) indicates the electrical
losses of the cell surface and size.

Also, the solar PV panel generates current from radiation, and two
series and parallel resistances are considered for presenting the
Joule effect and recombination losses. This compound is called the
single-diode solar cell model. A circuit model of a solar PV cell is
shown in Fig. 2 with single-diode, series, and parallel resistances [27].
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Fig. 1. Structure of the isolated direct current microgrid

The parallel resistance (R, ) indicates leakage through the p-n junc-
tion of the PV cell, and the series resistance (R, ) indicates the electri-
cal losses of the cell surface and size.

For an ideal PV cell, the series and shunt resistances are zero and
infinite, respectively. In Fig. 2, the current source (iph) is dependent
on sunlight and ambient temperature. The output current of the PV

array (i, )is

vy +Rsip

R, M

ip :iph —/o (ea(‘/ﬁRsip) —1)—

where a.=q/(N;kT), and v, and I, are the PV output voltage and
reverse saturation current of the diode. Also, g, k, T, and N; are
the electron charge, Boltzmann's constant, the cell temperature, and
the number of series cells, respectively.

The photocurrent (i, ) is linearly dependent on solar radiation (G )
and is also affected by PV temperatures.

5 Iy +Ki(To-T,))

ref

lph =

)

where I,,,, K;,and T, are the produced nominal photocurrent, the
temperature coefficient of the short circuit current of the solar PV
panel, and the reference temperature 25° C, respectively. Also, G

and T, arethe reference radiation 1000w /m? and the ambient tem-
perature. Fig. 2-b shows the characteristic curves i, —v; &p, -v; of
a typical solar PV panel. At the MPP, the output current and voltage
of the solar PV panel is

diy

dvil;,;
Ap

This operating point is shown in Fig. 2 with v, and fp. In the conven-
tional method, a DC/DC boost converter is connected to the output
of the solar PV panel for tracking the MPP. However, like other energy
conversion systems, a stability margin is required to achieve dynamic
stability in a solar PV panel athigh level loading close to the MPP.

Another component of the DC microgrid is the battery. A battery
plays an important role in operating an IDCM for power balancing
between solar PV panels and demand. The battery can be mod-
eled in experimental, electrochemical, and equivalent circuits. For
dynamic modeling of an IDCM, a circuit model with the voltage
source (E ) and series resistance (r) is more appropriate. A DC/DC
bidirectional buck-boost converter is connected between the bat-
tery and the DC-link capacitor to adjust the DC-link voltage to the
desired values. When the output power of the solar PV panel exceeds
the load, the battery absorbs and stores the extra power from the PV
panel. Also, if the solar PV panel cannot meet the requested power
of the load, the current is injected from the battery to the DC link to
adjust the DC-link voltage.

Fig. 3 shows the IDCM-integrated circuit model. The structure of this
IDCM includes a solar PV panel, a DC/DC boost converter between
the solar PV panel and DC-link capacitor, a battery, a DC/DC bidirec-
tional buck-boost converter between the battery and DC-link capac-
itor, a constant resistance load (R,), a current source (ig.) parallel
connected to the DC-link node, and a DC/DC buck converter with
CPL connected to the DC-link capacitor from a long transmission line
(R.) . The power demand of the CPL is given as P, . The switching
control signal of the boost converter (q,) is adjusted by pulsewidth
modulation (PWM) to regulate the output power of the solar PV
panel. Also, the switching control signal of the buck/boost converter
(g2) is adjusted by PWM for tuning the DC-link voltage and control-
ling the charge and discharge of the battery. Finally, the switching
control signal of the buck converter (q3) regulates the CPL voltage.

Practical PV cell
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Fig. 2. Solar photovoltaic panel with characteristics.
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Fig. 3. Integrated configuration of the isolated direct current microgrid with solar photovoltaic panel.

11l. DYNAMICAL MODEL OF THE ISOLATED DIRECT CURRENT
MICROGRID

For analysis of the IDCM in Fig. 3, the state-space model of the sys-
tem can be determined by applying voltage and current balance
relations in inductor loops and capacitive nodes. The state-space
model in the average value can be written as

C1dv1:im,—u(e“”*“)—1)—xliﬁﬂl—h
dt Rp
di,
Li—=v,—-v,(1-d
vge 1 mv1md)
dv, . . Vo i
C,—==iy(1=d ) +idy ——=—izds —ig
2 dt 1( 1) 207 R, 343~ d
(4)
diz .
Ly—==E—iy—-v,d
Zdt 2 20>
C34dV3 :i3_PL
dt V3
dis .
Ly—==(v,—isR, )d3—-Vv
3dt (2 3 L) 3 3

where i;, i,,and i, are the average values of the inductor currents
of the boost, buck-boost, and buck converters, respectively. Also, v,
v,, and v; are the average values of the capacitor voltages of the
boost, buck-boost, and buck converters, respectively. The switch-
ing control signals of these converters are q,-:{0,1},i:1,2and3,

and their average values are duty cycle signals with the following
constraints.

0<d;<1,fori=1,2,3 (5)

For operating a solar PV panel in the MPP, the DC input voltage of
the boost converter is adjusted by the d; control command. Also,
in the buck converter with the CPLs, the DC output voltage is regu-
lated by the d; control command. A classical or nonlinear control-
ler in a centralized structure is usually implemented in the IDCM.
Classic controllers, such as proportional integral (Pl) or Pl deriva-
tive (PID), have a simple structure and eliminate steady-state error.
However, due to the nonlinearity of the IDCM, classical approaches
for designing these controllers, especially with CPLs, do not have
acceptable results. In the following, a new technique for designing
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the decentralized controllers for the nonlinear state-space model of
an IDCM is introduced.

IV. VOLTAGE CONTROL IN THE BUCK CONVERTER WITH
CONSTANT POWER LOAD

Due to the CPL in the buck converter, a stabilizer should first be
considered for this converter. Therefore, an inner-loop controller is
considered to stabilize the closed loop system and an outer-loop
controller is applied to regulate the output voltage of the converter.
Regarding Fig. 3, the dynamic model of the buck converterwith
CPLis

dis
Ly—==v,d;-Vv 6
3 dt 443 3 ( )
dV3 . PL
Cy—=iy—— 7
3dt I3 va (7)

where v, is the input voltage of this converter. By replacing the

1
[W:; :EC3V§J , we

8)

capacitor voltage in (7) by the capacitor energy
have.

=w, -P,
dt ’

where w, =iyv3 and using the linearizer feedback technique at the
control input, (6) can be written as

dw, 1

(us

Ls

B 2w

)

Ly .. ..
Us =V3v,ds +C—(l3 —iy )i
3

dt

(10)

where i, is the load current. The state-space model (8) to (10) illus-
trates an energy model of the buck converter with CPL. This model
is converted to a linear system based on the energy variables in the
form of an open-loop system.

The input control of this model is us, and i, is considered a distur-
bance.The state vector of this systemis also considered x; =[w;w,1".
The eigenvalues of the open-loop system have pure complex roots,
so this system has oscillating behavior. A cascade closed-loop sys-
tem can be considered to track the voltage (or ws) to the desired
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reference values W3,) . The internal loop provides system stability
with a fixed gain Ek,ﬂ), and the outer loop is considered an integral
controller for tracking the output voltage of the buck converter with-
out any steady-state error. If in (10), us =k, (W, —w. ), we have

dw 1 2
C = | kyWe ——ws3 —k, W, 11
it La[ oW c w3 —k,w ) (11)

The system eigenvalues (8) and (11) are

K1 kpn 8
Ly 15 LCs

Mp=— (12)

Therefore, for k,; =2L;/C; , the complex eigenvalues of the sys-
tem are stable. The real and imaginary parts of these eigenvalues are
the same. In this case, the damping coefficient factor of the closed
loop of the buck converter with CPL is £=0.707. An integrator with
gain k;; is also used to track the storage energy of the capacitor w;
to the reference values of wj,. In this case, the state-space model of
the closed-loop system is.

0 1 0
W3 K ok W3 0 -1 W
di, 2 ke Kekn g, Lo o || (13)
dt . LsC;  LGCs Ls . 1 0 P,
w3 -1 0 0 w3

where e, ; shows the integrator output of the capacitor energy error
for Cs.The characteristic equation of this system is

A(5)=LsC55> +Cskpns® + 25+ Csk ks (14)

As a result, according to the Routh-Hurwitz stability criterion, the
stability condition of this system can be obtained.

2
k1 >0,kq T (15)

3%-3

Therefore, for k,; =2Ls/Cs and k; <2/(LsCs), the buck converter
with CPL is a stable system with zero steady-state error. The detailed

[ e

'r= : Y Y |
Iy jear  PWM q, L, 4 1
. 1
+ '
IDI ]!3__, :
I L i
Buck P‘ :
Com‘erler L 1
-, .
l----*---v-------- L DT L ey |
I s g
]\Fl - ”3_’013
“‘.IG >
X
w
* = k_!
5

Fig. 4. The proposed controller for the buck converter.

structure of this controller is shown in Fig. 4. This structure repre-
sents a decentralized controller because all the necessary signals to
adjust the duty cycle of the buck converter are received from the
input and output terminals of the converter. This controller provides
internal stability with zero steady-state error in regulating the output
voltage of the CPL.

V. MAXIMUM POWER POINT TRACKING CONTROL IN THE
BOOST CONVERTER

A feedback linearization technique is applied to the boost converter
to regulate the output power of the solar PV panel for operation
on the MPP condition. For this purpose, the inductor current of the
boost converter is adjusted to i;, =P, /v,; therein after, the output
power of the solar PV panel can follow the MPP. Also, according to
the characteristics of the solar PV panel in Fig. 1, the output voltage
and power of the solar PV panel can be followed by the MPP. The
voltage and current of solar PV panels under MPP are denoted by
v, and iy, respectively. For this purpose, the dynamic model of the
boost converter, according to Fig. 3, is

di, .
L—=v,—u 16
dr (16)
b (17)
dat v,

where P, =V, is the desired output power of the solar PV panel
from MPPT unit, and u, =v,d; is considered as control input. For
tracking control with zero steady-state error, a proportional and inte-
gral controller is used in the closed-loop system. The output of this
controller is given by

U;:—kpz (i1r—i1)—kize1 (18)

where i, is the reference current of the boost inductor for absorp-
tion P, from the solar PV panel under any operation conditions. For
tracking with zero steady-state error, the output of the integrator
(e1) is considered as

de;

9, i 19
g rh (19)

By combining (17) with (19), we have

dv,

——ki,Cv 20
dat 2Ly (20)
Also, by substituting (20) into (16), we can obtain

U; :_kp2C1

di dv,
L, dij =V +kpoCh—— dat L +kioCv, (21)
Relations (17) and (21) show a nonlinear dynamic model of the

closed-loop boost converter for regulating the output power of the
solar PV panel. To determine the parameters of the controller, it is
necessary to apply Lyapunov's stability theorem for guaranteeing
stability of the nonlinear system. For this purpose, a deviated model
of capacitor voltage in (Pp ) , We can write.

Vi V4 V1V1
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where V,=v,-v, is deviation of the PV output voltage from v,
. Under any operation conditions of the solar PV panel, the output
voltage and power are positive (v; >0&PF, >0) . Also, the amplitude
of the output voltage deviation of the solar PV panel is lower than
v, (i.e. ‘\71‘ <V, ). Thus, for a given output power of the solar PV panel,
a(t) in (22) is a positive term; therefore, by combining (17) and (22),
the dynamic model of the PV output voltage in deviation form can
be determined as

D a(t)i,—,a(t)>0

C] =
dt

(23)

in which ﬂ:i, —ﬂ . Also, by combining (21) with (23) based on the
deviation variables, we have

di, _—
L1d7;:(1—a(t)kp2 +k,‘2C-|)V-|—kpzl1 (24)
For evaluating the system stability in (23) and (24), the energy func-
tion is given by
e= ey L (25)

2 v 2 "

Using (23) to (25), the time rate of the energy function can be deter-
mined by

&==a(t)v} +(=a(t )kpz +kinCy Vil —kpai? (26)
For the system stability, the sign of the ¢ should be negative. To
achieve this result, we can consider
—a(t)kpz +k,‘zC1 = O (27)
On the other hand, by changing the radiation of the solar PV panel
at t =0, the output power of the solar PV panel changes from P,
to P,+AP, by MPPT unit. Since the inductor current and capacitor
voltage in the boost converter are continuous signals, so i;(0"|=0
and v, (0+ ) =v, (0’) ~V,.Thus, according to (17) and (20), we have

(28)

On the other hand, the DC-link voltage is independently adjusted by
the buck-boost converter to v,, . Therefore, the DC-link voltage does
not change at the moment of changes in the power input by the

solar PV panel (i.e. v, (0*):v2(0'):vz, ). Regarding u; =v,d;, the
deviation of the duty cycle at t =0" is d; (0*):61 (0*)/v2, .

Thus, for the worst-case condition, the maximum variations of the
duty cycle of the boost converter t =0" are

kpamax|AP,|

max&{(o*): (29)

ViV,

In addition, according to the constraints in (5) (O <d (t)§1) and the
boost converter gain (d{ =V,/Vy ) , the maximum variations d (0*)
can be written as

maxa{(o*):min[k‘vﬁ,‘vﬁj (30)

Var Vo
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Fig. 5. Block diagrams of the proposed controllers for the boost
converter.

Therefore, by combining (29) and (30), we have

)

The upper bound of integrator gain (k,-z) is also obtained from (27)
and (31) as

v

. v,
m|n(1 -4 0
Var

Var

ViV,

" max|AR,| GV

p2

P.

[
fia < Gmax|AB,| 52
Using (31) and (32), the coefficients k,, and k;, can be determined
in the boost converter. Fig. 5 shows the block diagram of this control-
ler. This structure represents a decentralized controller because all
the necessary signals to adjust the duty cycle of the boost converter
are received from the input and output terminals of the converter.
Also, the closed-loop system has internal stability with zero steady-
state error for MPPT in the solar PV panel.

VI. DIRECT CURRENT-LINK VOLTAGE CONTROL IN THE BUCK-
BOOST CONVERTER

In order to balance the power injected by the solar PV panel and the
power absorbed by the CPL load, it is necessary to use an energy
storage source such as a battery. By connecting a bilateral buck-
boost converter between the DC-link and the battery, the DC-link
voltage can be adjusted independently. The dynamic relation for the
inductor current of the buck-boost converter in Fig. (3) can be writ-
ten as
X

dt
In this model, r is the internal resistance of the battery and its value
is small. This resistance helps to damp the oscillations of the buck-
boost converters’ variables. Therefore, the design of the controller
parameters by ignoring this resistance will lead to more suitable
results in the stability of the real system. For stabilizing the DC-link
voltage, current and voltage controllers are considered in the cas-
cade connection. A current controller is applied for tracking the
inductor current in the internal loop. A voltage controller is consid-
ered for DC-link voltage regulation in the outer loop. For the current
controller in the internal loop, we can write

=E—iyr—u,,u, =v,d, (33)

u> :_kp3(i2r —iz)—ki3ez (34)
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de;
dt

where k,3,and k;; are the gains of the current controller, and e, is
the integrator output of the current regulator. Also, i,, is the refer-
ence current of the buck-boost inductor. The DC-link voltage con-
troller generates i, . The characteristic equation of the system (33)
and (35) based on the i, asinputand i, asoutputis.

(35)

=iy —I,

A(s)=5>+kp3s+ki3 (36)
Therefore, by selecting k,3 and k;;, the natural frequencies of the
current control can be adjusted. To obtain a coefficient damping fac-
tor of £=0.707 , we can write.

2

_Kp3
kis =22

5 37)

The proportional gain k,; can also be adjusted based on the maxi-
mum duty cycle of the buck-boost converter, similar to the boost
converter in the previous section. By selecting a large gain for k3
, the natural frequency of the current controller is significantly
increased, and as a result the transient response of the current regu-
lating i, to i, is significantly decreased (i.e. i, =i, ). In this condi-
tion, using (33) and i,, /dt =0, we have

d2 EE,Et :E—ri2,
Vs

(38)

where E, is the battery terminal voltage. On the other hand, by
combining (4) and (38), the dynamics of the capacitor voltage are
obtained as

de T vV, .
C,—==id+iyd, ———id 39
2 dt M 2rv2 R 3U3 ( )

1
If the difference between the injection current of the solar PV panel
and the input current of the buck converter is considered as an exter-

nal constant perturbation applied to the DC link, then, by combining
(38) and (39), we have

3 2w,
GRy

dw, _

dt

+Us+0P,Us =iy E; (40)

where w, is the energy stored in capacitor C, and 3P expresses
the power perturbation due to the power injected by the solar PV
panel and the power absorbed by the R;,iq , and CPL. Also, u, is
the output control for the DC-link voltage controller. For a closed-
loop control of the DC-link voltage with a Pl compensator, the refer-
ence current i, can be determined as

1

:7(kp4(W2r —W2)+ki4ew2) (41)

(42)

where e,,, indicates the output signal of the integrator, and k,, and
kis are gains of the DC-link voltage controller. Also, w, is the refer-
ence value of energy storage in the DC-link capacitor (w,, =C,v2, /2
). As a result, the characteristic equation of the closed-loop system
(40) and (42) is

45

A(s)—sz+[C2R+kp4js+k,-4 (43)
2

In this case, k,4 it k;; can be determined for system stability based
on the maximum allowable i,, and the proper damping factor of the
closed-loop system. Finally, using (33), (34), (40), and (41) we have

. 1
Iy =—

E, (44)

(kp4 (War —W3)+kisew2 )

i(_kp3 (i2r _iz)—ki3ez)

Va

d,

(45)

The closed-loop model of the system based on these controllers is
shown in Fig. 6. The integrated model of the DC microgrid with the
decentralized controller is depicted in Fig. 7.

VII. SIMULATION RESULTS

Simulation studies are performed in various conditions with sig-
nificant changes in radiation and output load to evaluate the
performance of the proposed closed-loop system. Also, in order
to compare the results of the proposed method with other refer-
ences, the parameters of the system provided in [18] have been
used. These parameters are listed in Table Il. The DC-link reference
voltage is given as 120 volts, and the CPL output voltage is con-
sidered to be 28 volts. The parameters of the controllers are illus-
trated in Table Il based on the design techniques in the previous
section.

For simulation studies, the DC microgrid is considered in the steady-
state at t =0. The output load of the buck converter is also given
zero at t =0. The variations of the output power of the solar PV
panel (P, ), and CPL (P, ) are illustrated in Figs. 8 and 9. For example,
during 0<t <20 ms, the photocurrent is 9 A with the solar radia-
tion G=900W / m? .The output power of the solar PV panel should
be setto 267.5 W with MPPT unit.

Fig. 8 shows the dynamic performances of ij,v,p;,and d; with the
proposed controllers. In this figure, the extra graphs in light color
show the system variables in switching conditions with some ripples.
The fast regulation of the capacitor voltage in the boost converter is

q'—r:}

Bidirectional
Buck-Boost
‘Cnm'erter -

| ]
D bus §
n :

- -

(TTTIT TTTTTTTTTIT

+11 EYp
=3

!2,.

Fig. 6. Block diagrams of the proposed controllers for the buck-
boost converter.
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Fig. 7. The block diagram of the integrated model of the DC microgrid with the proposed controllers.

TABLE Il. THE DC-MICROGRID PARAMETERS

Parameters Values Parameters Values
L 5mH r 1Q

L > mH Ro 10°0
L 5 mH R, 100
G 200 n F E 48V
G 2000 p Q 16x107°
G 300 wF < 138x107
R, 1440 N, 65

R 87 W T 48

I, 10 A R, 0.01Q
o 8.66 A o 0.555

TABLE Ill. THE CONTROLLER PARAMETERS

Proportional Gains

Integral Gains

0.25

kp]=2\/£=1o\ﬁ ky=-—==167x10"
G 3 33

kyo =150 ki, =10"

ky3 =50 ks =kps /2=1250
Ky =1100 ks =3x10° <kZ, /2

shown in this figure. At t =40 ms, due to the lack of solar radiation
and the presence of a capacitor in the boost converter, the output
voltage of the solar PV panel slowly begins to decrease. In addition,
Fig. 9 shows the dynamic performances of i,,v,,p,,and d,.

The maximum currents of the charge/discharge of the battery are
limited to 8 A.This limitation occurs at 20 ms. When the radiation
is G=900w / m?, the battery current is negative, i.e., the converter is
in buck mode, and therefore the battery is also in charge mode. By
reducing the radiation on the 20 <t <60 ms, the converter operates
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Fig. 8. Dynamic performances of the system variables (i;,v;,P; &d»)
with the proposed controllers.
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Fig. 9. Dynamic performances of the system variables
(i2,v2.p2.,P, &d5) with the proposed controllers.

in boost mode, and therefore, the battery is discharged to adjust the
DC-link voltage with a stable response.

Fig. 10 shows the dynamic performances of i3,vs,ps, and d; with
the proposed controller. The current from zero (under no load)
quickly increased to reference values by changing the CPL in the out-
put of the buck converter. The fast and desirable dynamic response
under different operating conditions can be seen for regulating the
CPL voltage by the proposed controller. In Fig. 11, the power-volt-
age and current-voltage trajectories of the solar PV panel are illus-
trated. For instance, the trajectories of the solar PV panel move from
the radiation G=900W /m’ with the dynamical MPP P, =267.5 W
to G=400W /m?> with P, =120 W.

Generally, the parallel connection of a linear resistor, current source,
and constant power load to the DC link in an IDCM is considered as
a nonlinear load [25]. To evaluate the dynamical performance of the
system in this condition, a parallel current source (i, ) is connected to
the DClink.The results in Fig. 9 are repeated when a square waveform
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Fig. 10. Dynamic performances of the variables

(i3,v3,ps,P. &d3) with the proposed controllers.

system

of a current source with an amplitude of 0.9 A is connected to the DC
link. The simulation results for buck and boost converters are similar
to the previous simulation result in Figs. 8 and 10; however, simu-
lation results for buck-boost converters are depicted in Fig. 12. This
figure shows that the DC-link voltage is stable by duty cycle control
of the buck-boost converter, but the voltage ripple of the DC-link
capacitor is increased a little. It is clear that the increase in voltage
ripple is due to the square waveform of the DC current source, which
is generally reduced by choosing the appropriate capacity of the
D-link capacitor, and it does not depend on the controller.

In Fig. 11, the power-voltage and current-voltage trajectories of
the solar PV panel are illustrated. For instance, the trajectories of
the solar PV panel move from the radiation G=900W / m? with the
dynamical MPP P, =267.5 W to G=400W / m? with P, =120 W.

The passivity-based and conventional Pl controllers are imple-
mented to create a base for comparison. For evaluating the response
of the closed-loop system with proposed controllers, the simulation

A B

8 ip(G=800 win?) 1300

6 Ip=vy Trajectory » 200
<4 g
= 1100 &

2

0 10

0 10 20 30 40
vi(V)
lp - 1.71
Fig. 11. Trajectories of the solar photovoltaic panel for Maximum Power Point Tracking.
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Fig. 12. Dynamic performances of the system variables
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analysis based on the passivity-based control method presented in
[18] is shown in Fig. 13. All simulation conditions are the same as
in previous simulations. In this figure, the desired performances of
the proposed controllers are compared to passivity-based and clas-
sical Pl control. At t=20 ms, the radiation decreases from 900 to 400
W /m?and at t=80 ms, it increases to 900 W /m?. These changes

Priw)
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4
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Fig. 13. Comparison of the proposed (black), passivity-based (blue),
and traditional PI (red) controllers under different CPL (orange) and

radiation (purple) conditions.
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in radiation cause the output power of the solar PV panel to vary
between 267.5 and 120 W. On the other hand, CPL increases from
34.8 to 104.4 W at t=20 ms and decreases to 87 W at t=80 ms. The
output current of the solar PV panel, the DC-link voltage, and the
output voltage of the buck converter are shown in Fig. 13.

Despite the changes in load and solar radiation, the proposed con-
trollers quickly regulated the DC-link voltage to the reference values.
It is observed that the system’s response under classical Pl control-
lers is oscillatory.

VIIl. CONCLUSION

In this paper, a DC microgrid including the buck, boost, and buck-
boost converters was introduced, and decentralized controllers
were designed and implemented using the feedback linearization
technique. There was no need for communication infrastructure in
the decentralized linearization control system. The results were pre-
sented under conventional, passivity, and proposed controllers for
different environmental conditions, and a comparison was made
between them. The results show that the proposed controller had
faster dynamic performance than the passivity and other classical
controllers.
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