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Branch, Islamic Azad ing AC microgrids, and even in some areas, such as efficiency, reliability, stability, DC
University, Isfahan, Iran microgrids are superior. In spite of mentioned advantages, the main technical chal-
lenge related to operation of the DC microgrids is to provide a fast and stable voltage
regulation. In this paper, a robust control structure is proposed for multi-bus DC micro-
grids. Adopting master—slave control strategy, an adaptive voltage control scheme

is proposed to robustly maintain the master unit voltage at the nominal value. In
addition, an adaptive current controller is designed to robustly regulate the current of
all the DG units in the grid-connected mode, as well as the slave units in the islanded
mode of operation. All of the controllers are designed based on local measurements
and are independent with respect to parameters, dynamic, and topology of the DCMG
loads. The control scheme is shown to be stable and robust subject to parametric
uncertainties and various types of disturbances. The consistent and effectiveness of
the proposed control scheme is demonstrated through simulation studies in MATLAB®
software environment.
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Introduction

Driven by remarkable concerns about the environmental issues and limited energy
sources, the penetration of the distributed energy resources (DERs) and distributed gen-
eration (DG) units is on the rapid rise [1, 2]. Microgrids are small-scale distribution net-
works that provide requirements for integrating the DER-based DG units and loads, and
improve the stability, reliability, and efficiency of power supply [3, 4]. Microgrids can be
classified in alternative current (AC) and direct current (DC) types. Although the AC
microgrids (ACMGs) are more popular, the DC microgrids (DCMGs) have many advan-
tages compared to ACMGs. The DCMGs have higher stability, reliability, and efficiency,
while having no frequency, synchronization, stability, harmonics, power quality, and
reactive power issues [5]. In addition, most of the DERs are either naturally in DC form,
such as photovoltaic and fuel cells, or converted to DC form, such as wind energy con-
version systems. Moreover, most of domestic and commercial loads, such as electronical
or digital appliances, are inherently in DC form, and some of these loads that work with
AC power, such as home and kitchen electrical appliances, can also operate with DC
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power. Currently, DCMGs have been widely deployed in data centres, communication
systems, electric vehicles, traction systems, aircrafts, submarines, islands and villages,
and it is expected to become more widespread [6].

In spite of many benefits, the DCMGs present some technical challenges. The main
issue related to operation of DCMGs is to provide a fast and stable voltage regulation [6].
So far, different methods have been reported in the literature, which can fall in Droop
control method and master—slave (MS) control method categories. In the Droop control
method, the load current is shared between DC distributed generation (DCDQG) units
based on their droop characteristics, and all the DCDG units participate in regulating
the DCMG voltage. In the MS control method, a DCDG unit is designated to be respon-
sible to voltage control as a master unit, and other DCDG units inject pre-specified
amount of currents to DCMG as slave units. Consequently, enhancement of steady-state
and dynamic behaviour and disturbance rejection performance of DCMG in both the
Droop and MS methods is strongly depended on the stability and robustness of applied
voltage control scheme [7].

Several methods for voltage control of DCMGs have been reported in the literature.
Among them, conventional linear control techniques are still deployed. However, the
effectiveness of these techniques is depended on linearization of system and operating
point. Moreover, large uncertainties and disturbances strongly affect the performance
of control system [8]. Nonlinear control techniques are other options which can over-
come the drawbacks of linear methods and exhibit higher performance. Most of nonlin-
ear controllers are designed based on exact knowledge of system parameters. Therefore,
the robust performance of control systems should be investigated against parametric
uncertainties and disturbances [8]. In [7, 9], fractional order sliding mode controller
has used to enhance the current control performance of DCDGs in an islanded DCMG.
Model predictive control scheme [10, 11], projection-algorithm-based sliding mode con-
trol [12], and Hu robust control scheme [13, 14] are used to enhance the stability and
robustness of DCMGs. In [15], the voltage balance of a bipolar DCMG is improved by
using a communication based centralized controller. A distributed secondary control-
ler and a remote load current measurement scheme are used in [16, 17], respectively, to
mitigate the voltage steady state error in DCMGs. In order to enhance the stability of
the DCMG systems in the presence of constant power loads, some Lyapunov function-
based control methods have been presented in [18-21]. In [22], a cascade structure is
presented to voltage control of a DCDG. The adopted control structure in [22] is based
on linear robust method and contains an inner control loop that estimates uncertain-
ties and disturbances, and an outer control loop that tracks the desired control trajec-
tory. An optimal control has been used in [23] to voltage control of a DCDG, which is
robust with respect to load uncertainties. However, the control methods presented in
[7, 9-22] are designed based on online measurement of instantaneous load current and
can be applicable only for local loads. In case of non-local loads, the measurement of the
instantaneous load current is relying on high bandwidth communication links between
each non-local load and controllers, which can make the control method impractical
[12, 16].

The main contribution of this paper is to propose (1) an adaptive current controller
to force all of the DCDG units in the grid-connected mode, as well as the slave units in
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islanded mode, to regulate their current at respective pre-specified amounts; (2) a cascade-
structure adaptive voltage control, adopting MS control strategy, to robustly force the out-
put voltage of master unit to track pre-defined reference value. All of the controllers are
designed based on local measurements and are independent with respect to parameters,
dynamic, and topology of the DCMG loads. The proposed control scheme in this paper is
indicated to be stable and robust with respect to parametric uncertainties and various types
of disturbances. The consistent and effectiveness of the presented control scheme is con-
firmed through simulation studies in MATLAB® software environment.

This paper is organised as follows. The DCMG under consideration is briefly described
in Sect. 2. Section 2.2 presents the mathematical modelling of a DCDG unit. Section 2.3 is
dedicated to the proposed control scheme. Section 3 presents the simulation results, and
Sect. 4 concludes this paper.

Methods

System description

Figure 1 shows the understudy DCMG including two DC distributed generation (DCDGQG)
units, a multi-bus DC network, and cluster of local and common loads. Each DCDG unit
is modelled by a DC voltage source and a DC-DC Buck-Boost converter (BBC). The point
of common coupling (PCC) bus can be connected to the main DC grid through a circuit
breaker. Depending on the status of the circuit breaker, the DCMG either can operates in
grid-connected mode, or can autonomously operates in islanded mode. The parameters of
the DCMG and DCDGs are given in “Appendix” [24].

Modelling of a DCDG unit

Figure 2 shows a BBC-based DCDG unit [25]. Taking into account the parameters in the
nominal conditions and neglecting the discontinuous conduction mode, the averaged
dynamics model of the BBC can be expressed as:

L0 =616 —0,(1 - 8)v — 63i 1)
Ly =04(1 — 8)i — Oaio (2)
5 R, 3 AC Utility
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Fig. 1 Schematic diagram of the microgrid under consideration
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Fig. 2 Schematic diagram of a buck-boost converter-based DCDG unit

where the state variables i and v are the average current and voltage of the BBC induc-
tor and capacitor, respectively, i, is the output current of the BBC that is considered as a
measurable external disturbance, § is the duty cycle of BBC switch, and

, 3= —, = — (3)

are the BBC parameters in the nominal conditions. If the parameters 61 — 64 deviate
from their nominal values, the BBC state equations can be modified as

Li=018—0,01 -8 —03i+ & (4)

Ly =04(1 — 8)i — O4io + & ()

where &; and &, are the lumped uncertainties imposed on system dynamics containing
parametric uncertainties and system dynamic disturbances.

Control strategy

In the grid-connected mode, all of the DCDG units operate in the current control mode.
Therefore, both the DCDG1 and DCDG?2 units are equipped with a designed adaptive cur-
rent controller which regulates their current at pre-specified values. Adopting MS control
strategy in the islanded mode, while DCDG2 operates in current controlled mode, as a
slave unit, fulfilling the voltage control of the DCMG is deputed to DCDG1 as a master
unit. Therefore, an adaptive voltage controller is designed in this paper that mounts on the
inner current controller in a cascade structure, to force the voltage of DCMG to track pre-
defined trajectory. In order to enhance the dynamic response, reference tracking perfor-
mances, and robustness of the proposed control scheme, all of the controllers are adaptive
designed in such a way that the lumped uncertainties imposed the system dynamics are
estimated based on Lyapunov control theory. In the following subsections, the process of
designing controllers is presented in details.

Current controller
The basis of both the master and slave controllers in the proposed control strategy is an
adaptive current controller. Letting

e =i — (6)

be the reference current tracking error, and
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E=&—§ (7)

be the error between & and its estimated value &, then, to generate an adaptive control
law, the following positive-definite Lyapunov function is selected

Vi= el + 1né? 8)
where y; > 0 is an estimation gain. The time derivate of V; can be expressed as

%Vi = 61%61 + Viéi%gi 9)
Using (6), (7), and (4), it can be obtain that

Lvi=e¢ (%imf — 018+ 02(1 — 8)v + O30 — $i> + g (10)

By cancelling the second term in right side of (10), the estimation law can be determined
as [4]:

=9

téi =—y e (11)

o

Considering (11), % Vi can be given by

V=S 015+ 60— v + 63— &) (12)
If the control input § is selected as

8= (61 + 67" (%iref + 030 — & + 62 + kiei) (13)

where k; > 0 is a control gain, then, it can be obtain that
%Vi = —kiei2 <0 (14)
that is a negative-definite function and based on Barballat’s Lemma [26], it can be con-

clude that the current controller system is asymptotically stable.

Voltage controller
The main control objective for master unit is to force the voltage of DCMG to remain at
its nominal value. Letting

ey = v — v (15)
be the reference voltage tracking error, and
gv = é':v —& (16)

be the estimation error, where &, is estimated value of év, a positive-definite Lyapunov
function can be chosen as:

Ve =1e2 + 1982 (17)

D=
D=
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where y, > 0is an estimation gain. Differentiating Vi, with respect to time gives
%Vv = ev%f?v + vav%g_v (18)
Considering (15), (16) and (5), it can be obtained that
AV, = ey (L' — 04(1 — 8)i + Ouio — & ) + by & 19
&’ v\de 4 4lo v yvvdtv ( )

If the adaption law is chosen as [4]:

=9

tév = _Vv_lev (20)

o

% V4 can be reduced to

SV =e (£ — 01— 0)i + 04io — £, (21)
With the following control law

=161 (io + @f{%vmf &+ kvev}) (22)
where k, > 0is a control gain, it can be obtain that

%VV = —k\,63 <0 (23)

Based on Barballat’s Lemma [26], it can be conclude that e,—0 asymptotically. While
the master unit current controller follows a pre-specified reference current in the grid-
connected mode, the current reference in the islanded mode of operation is determined
by (22) to force the DCMG voltage to track a pre-defined trajectory. The block diagram
of the proposed current and voltage controllers is shown in Fig. 3.

Results and discussion

In order to demonstrate the effectiveness of proposed control structure, the DCMG
study system depicted in Fig. 1 has been simulated in MATLAB® software environ-
ment. The simulations are executed using a PC with Intel® Core™i7 CPU at 2.5 GHz,
8 GB RAM, and 64-bit Windows 10 operating system. The parameters of understudy
system are given in “Appendix” [24]. In this paper, the performance of the proposed con-
trol structure (denoted as “Proposed”) is compared with a PI-based control structure
(denoted as “PIBC”) in which the current of all the DCDG units in the grid-connected
mode and the voltage of the master unit in the islanded mode are controlled based on PI
controllers. It is worth noting that in order to make a fair comparison, both the proposed
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Fig. 3 Block diagram of proposed controllers, a current controller b voltage controller
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and PIBC control structures are designed and adjusted to show the best performance. In
the simulation studies, the performance of the proposed and PIBC control structures is
evaluated in both the grid-connected and islanded mode of operations. The simulation
results and discussions related to DCMG operation modes are presented in the follow-
ing subsections.

Grid-connected mode of operation

In the grid-connected mode, the DCMG voltage is dictated by the main DC grid and
the role of all the DCDG units is to inject pre-specified currents to the DCMG. In this
case study, while the DCDG1 and DCDG?2 initially injected their own reference val-
ues, which, respectively, are i{ef =0.7 A, and i;ef = 0.5 A, both the current references
are exponentially increased to 1 A at ¢t = 0.2 s, with 0.01 s time constant. Subsequently,
the robustness of proposed control structure is evaluated against sudden accidental
increase of main grid voltage at ¢ = 0.4 s, as an external disturbance. To confirm the
robust performance of presented controllers against parametric uncertainties, a 20%
step mismatch is assumed for inductance of both the DCDG units and also capacitance
of DCDQ@2, from t = 0.6 s. The dynamic response of the system to described events is
shown in Fig. 4.

Figure 4a and b shows the output voltages of DCDG units. As indicated, subsequent
to increasing the current references at t = 0.2 s, the output voltages of DCDGs are
increased in such a way that more current is injected into the DCMG according to the
tie lines between the DCDGs and the PCC bus. In addition, since the system voltage in

v
v, (V)

I
|
|

0.4 .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 02 0.3 0.4 0.5 06 0.7
Time (s) Time (s)

Fig. 4 Dynamic response of system due to (1) current reference change att = 0.2's, (2) main grid voltage
increase att = 0.4 s, and parametric uncertainties fromt = 0.6 s, all in grid-connected mode: a, b input
currents, ¢, d output voltages, and e, f output currents of the DCDG1 and DCDG2 units
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the connected mode is dictated by the main grid, with the sudden change in the main
grid voltage at t = 0.4 s, the output voltages of both DCDGs are suddenly increased.

Figure 4c and d indicates the output currents of DCDG units. It can be seen that as
the current of the converters increases at ¢ = 0.2 s, the output currents of the DCDGs
also are exponentially increased. Moreover, due to the presence of parallel capacitors in
the DCDGs, after the sudden change in the voltage of the main DC grid at £ = 0.4 s,
considerable transients are observed in the output currents of the DCDGs. Figure 4a—d
indicates that the output voltages and currents of DCDGs exhibit no observable tran-
sient or variation due to the occurred parametric uncertainties at ¢t = 0.6 s. It is worth
noting that in the grid-connected mode of operation, the output voltages and currents of
DCDGs are treated as external disturbances for the converter current controllers.

Figure 4e and f shows the converter currents. These figures indicate that subsequent
to reference command variations, the presented current controllers properly track their
desirable trajectories. In addition, it can be seen from Fig. 4e and f that subsequent to
the grid voltage disturbance at £ = 0.4 s and the parametric uncertainties att = 0.6 s, the
current controllers exhibit a strongly robust performance without any observable tran-
sients. It is worth noting that the high-frequency ripples observed in Fig. 4a—f are due to
switching harmonics.

This case study confirms the robustness of both the proposed and PIBC control struc-
tures in tracking the reference commands and maintaining the stability of the control
system despite the parametric uncertainties and external disturbances.

Islanded mode of operation

As mentioned before, the DCDG1 is designated to fulfil the voltage control of DCMG in
the islanded mode, as a master unit. In both the proposed and PIBC control structures,
the master unit has been equipped with a cascade voltage control such that the reference
signal of the current controller is determined by an outer voltage controller loop.

In this case study, while the voltage reference of master unit and the current refer-
ence of slave unit are initially set to 12 V and 0.5 A, respectively, the current references
of slave unit are exponentially increased to 1 A at t = 0.2 s, with 0.01 s time constant.
Then, in order to investigate the robust performance of the proposed voltage control-
ler with respect to load disturbances and parametric uncertainties, at first, a sinusoi-
dally oscillation with an amplitude of 25% of nominal value and frequency of 20 Hz is
assumed for the common load resistance from ¢ = 0.4 s, and secondly, a 20% step mis-
match is assumed for the inductance of both the DCDG units and the capacitance of
DCDG2, from ¢t = 0.6 s. Figure 5 shows the dynamic response of the system with respect
to described scenario.

Figure 5a and b shows the output currents of the DCDGs. It can be seen from Fig. 5b
that simultaneously with the increase in the converter current of the slave unit at
t = 0.2 s, its output current has also increased exponentially. In addition, due to the fact
that the load of the system has not changed yet, the output current of the master unit is
automatically reduced to maintain the balance between production and consumption in
the islanded DCMG, as indicated in Fig. 5b. Moreover, as the common load oscillates
from ¢t = 0.4 s, while there are no significant oscillations in the output current of the



Rezaei et al. Journal of Electrical Systems and Inf Technol (2020) 7:10 Page 9 of 12

a
1.5
1
<:“ A - v -
0.1 0.2 0.3 . 04 0. 0.6 0
Time (s)
¢ d
1 T T 16
] | | I | N
™ | — o e -r\/\/-\—-
= i 2 - 1
- - e - N [ — I
| — o —7 o —7
1 1 PIBC
—— Proposed
]UI 0.2 0.3 0.4 0. 0.6 0.7 ”()I 0.2 0.3 0.4 0.5 0.6 0.7
Time (s) Time (s)
e f
) s
e PiBc
15 =1 = ==
- 1 A A 0.5
VVVNYV % H
l [oe ] I o]
.”.l 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s) Time (s)
Fig.5 Dynamic response of system due to (1) current reference change att = 0.2 s, (2) load disturbance
fromt = 0.4 s, and parametric uncertainties fromt = 0.6 s, all in islanded mode: a, b input currents, ¢, d
output voltages, and e, f output currents of the DCDG1 and DCDG2 units

slave unit, the output current of the master unit begins to oscillate in response to the
load demand. Moreover, it can be seen that because the network operates in islanded
mode, the switching-based high-frequency ripples observed in Fig. 5a and b are greater
than in Fig. 4a and b.

Figure 5c and d indicates the output voltages of the DCDGs. As shown, after changing
the converter current of the slave unit at £ = 0.2, the output voltage of the converters
in the proposed structure has followed its reference value, after an acceptable tran-
sient state. However, the output voltages of the DCDG units in the PIBC structure have
reached its reference value after a longer transient state. It may be thought that increas-
ing the voltage control gains in the PIBC structure can reduce the voltage settling time,
but our efforts have shown that increasing the mentioned gains causes the instability
of the nonlinear autonomous system in the islanded mode. Figure 5c and d shows that
simultaneous with common load oscillations from ¢ = 0.4, although the output voltage
of the converters oscillates due to the oscillations of the output current of the master
unit, they continue to follow their reference values. As can be seen, the amplitude of the
voltage oscillations in the PIBC structure is greater than the proposed structure. The
reason for this is that the PI controllers do not perform well in tracking the oscillating
references.

Figure 5e and f shows the converter current of both the master and slave units. As
shown in Fig. 5f, the slave unit robustly tracks its reference current trajectory, even after
the common load disturbances and parametric uncertainties. In addition, Fig. 5e shows
that the current variations of master unit automatically are in accordance with the slave
unit current variation and load disturbances in such a way that, the master unit can track
its voltage reference signal.
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This case study demonstrates the robustness and the stability of the proposed struc-
ture in regulating the voltage of the DCMG against fast increment of the slave unit
generation, common load disturbances, and parametric uncertainties, in islanded

mode of operation.

Conclusions

In this paper, adopting master—slave control strategy, an adaptive control scheme is
proposed based on Lyapunov theory for multi-bus multi-DG DC microgrids. In the
proposed control structure, an adaptive current controller is designed for all DCDG
units to regulate the current of each of units at their pre-specified value, in the grid-
connected mode of operation. In addition, an adaptive voltage controller is designed
for master DCDG@G unit in cascade with its current controller to fulfil the voltage con-
trol of the DC microgrid in islanded mode, by robustly forcing the output voltage of
the master unit to track a pre-defined reference value. The proposed control scheme
has been designed based on local measurements and independent with respect to
parameters, dynamic, and topology of the DC microgrid loads. The lumped uncer-
tainties imposed on system dynamics has been estimated which enhance the system
robustness with respect to unwanted modelling and measurement errors and para-
metric uncertainties. The performance of the proposed control structure is com-
pared with a fairly tuned PI-based control scheme in which the current of all the
DCDG units in the grid-connected mode and the voltage of the master unit in the
islanded mode are controlled based on PI controllers. The validity and effectiveness
of the proposed control structure have been confirmed through simulation studies in
MATLAB® software environment. The presented results demonstrate that the pro-
posed control scheme is robust and stable against parametric uncertainties and vari-
ous types of external disturbances.

List of symbols

Abbreviations

AC: Alternative current; ACMG: AC microgrid; BBC: Buck-boost converter; DC: Direct current;
DCDG: DC distributed generation; DCMG: DC microgrid; DG: Distributed generation; DER:
Distributed energy resource; MG: Microgrid; PCC: Point of common coupling.

DCDG variables

i- Average inductor current; v: Average capacitor voltage; s: Duty cycle of switch; i, Output
current; ¢;, ¢ DCDG's output capacitors; 6, — 64 Parameters of BBC in the nominal conditions;
&,&: Lumped uncertainties imposed on system dynamics.

DCMG variables

Ru1, Riz: Local load resistors; Ry, Rp: Connecting cable resistors; r: Non-local load resistor.

Control system variables

v, V. Lyapunov functions; e, e,: Tracking errors; &,&,: Estimated values of &, &, &, &,: Uncertainty
estimation errors; y, y: Estimation gains; k, k: Control gains.

Subscripts

i Related to current controller; v: Related to voltage controller.
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Superscripts

~: Estimated value of uncertainties; ~: Uncertainty estimation error; ref: Reference value.
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Appendix

The parameters of understudy system are given as:

DCDGs and DCMG: Vg =12V, 1410 =18 V, R = 0.1 ©, L12 = 16 pH, C1 2 = 470 uF,
Rp =20 Q,Rp12 =40 2, Ry =01, Rg =0.1 Q.

Control structures: ki = 1000, k, = 100 w, yi1,2 = 0.01, », = 0.01 p, kpi1» = 1000,
kij1 2 = 50, kpy = 1, kiy = 10.
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