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ABSTRACT In order to overcome the problem of power generation in distributed energy, microgridMG)
emerges as an alternative scheme. Compared with the ac microgrids, the dc microgrids have the advantages
of high system efficiency, good power quality, low cost, and simple control. However, due to the complexity
of the distributed generation system, the conventional droop control shows the drawbacks of low current
sharing accuracy. Therefore, the improved primary control methods to enhance current sharing accuracy
are systematically reviewed, such as particle swarm optimization programming, probabilistic algorithm and
voltage correction factor scheme. However, it is difficult to achieve stable and coordinated operation of
the dc microgrids by relying on the primary control. Hence, the various secondary control approaches,
such as dynamic current sharing scheme, muti-agent system (MAS) control and virtual voltage control
methods have been summarized for voltage regulation. Furthermore, the energy management system (EMS),
modular-based energy router (MBER) and other coordinated control methods are reviewed to achieve
power management. Besides, various control methods to compensate the effect of communication delay
are summarized. Moreover, linear matrix inequality (LMI), Lyapunov-Krasovskii functional stability and
Takagi—Sugeno model prediction scheme can be adopted to eliminate the influence of communication delay.
In addition, due to the constant power loads (CPL) exhibit negative impedance characteristics, which may
result in the output oscillation of filter. Thus, various control approaches have been reviewed to match the
impedance, such as the nonlinear disturbance observer (NDO) feedforward compensation method, linear
programming algorithm, hybrid potential theory and linear system analysis of polyhedral uncertainty. The
merits and drawbacks of those control strategies are compared in this paper. Finally, the future research
trends of hierarchical control and stability in dc microgrids and dc microgrid clusters are also presented.

INDEX TERMS DC microgrid, nonlinear droop control, multi-agent system, consensus control, communi-
cation delay, constant power load, hierarchical control.

I. INTRODUCTION

In recent years, in order to solve the problem of environ-
mental pollution and reduce the demand of fossil fuels for
conventional power generation, distributed generation (DGs)
including renewable energy (RES) and energy storage sys-
tems (ESS) have been widely developed [1], [2]. Moreover,
to coordinate the contradiction between the conventional grid
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and the DG units, while exploiting the advantages of the
distributed power source, the concept of the microgrid (MG)
have emerged at the beginning of this century [3]. MG can
be divided into dc MG and ac MG, compared to ac MG, dc
MG possesses the advantages of high efficiency, more natural
interface with various RES and ESS, and in compatible with
the requirements of consumer electronic products, thus dc
MG has been widely applied [4]. Furthermore, dc MG can
be adopted to renewable energy (photovoltaic arrays, wind
turbines, etc.), aerospace equipment, ship electrical systems,
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FIGURE 1. Architecture of the dc microgrid.

energy storage equipment, electric vehicles, data centers,
telecommunication systems [5]-[9]. In addition, when com-
ponents are coupled around a dc bus, there are no issues with
reactive power flow and frequency adjustment [10]-[12].
Therefore, dc MGs are increasingly attracting considerable
attention.

Fig.1. shows the basic architecture of a dc MG system,
which consists of various micro sources, ESSs, energy con-
version devices and load control equipment. DC MG can
be operated in islanded or grid-connected mode. Therefore,
the dc MG is a complex multi-target control system, which
shows multiple time-scale property, deals with the issues
of load sharing (LS), voltage restoration, power regulation,
etc. The hierarchical control of dc MG can be divided into
three layers: primary control, secondary control and tertiary
control. The primary control is used to handle the load sharing
among the DGs, the secondary control is responsible for the
regulation of the voltage fluctuation, and the tertiary control is
to set the power flow between the dc MG and the upper grid.
The secondary and tertiary levels of control are combined for
upper-level control.

Droop control is a popular current sharing method in pri-
mary control, and its improved method has been widely stud-
ied. In the conventional droop control, the output impedance
of various converters would be unequal due to the uncer-
tainty of line impedances, which results in unbalanced output
power. Furthermore, the line impedance can be identified by
active pulse injection method to ensure the control effect [13].
However, the line droop parameter design method is influ-
enced by the accuracy of mismatched line impedance and
sensing problems. In addition, a nonlinear droop method such
as high-order polynomial can be employed to eliminate the
current sharing deviation among the microgrid units. Instead
of the linear droop formula, the nonlinear droop with slope of
the droop curve can be adjusted to enhance the current sharing
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accuracy effect of dc MG [14], [15]. Nevertheless, a tradeoff
between voltage management and current sharing accuracy
may still exist.

In order to solve the problem in the primary control of
the dc MG, the secondary control can be used to reduce
the voltage deviation and improve the current sharing accu-
racy simultaneously, such as distributed control, coordi-
nated control, etc. Essentially, the secondary control is an
improved solution to droop control. The conventional solu-
tion adopts the centralized control method [16], [17]. How-
ever, the problems of centralized control structure are as
followed: 1) only the accurate adjustment of single bus volt-
age is achieved, 2) poor plug-and-play capability, 3) more
DGs leads to increased demanding for computing and com-
munication bandwidth, 4) the dependence on centralized
controllers (MGCC) may cause low reliability of the sys-
tem [18], [19]. Thus, an improved secondary compensation
control strategy such as the distributed multi-agent system
(MAS) control structure can be adopted to solve the above
problems [20], [21], which has been widely used to establish
optimal model to enhance reliability and energy management,
optimization, and improve the performance of ancillary ser-
vices. Furthermore, to eliminate the problem of large load
variation, the dynamic load sharing control method can be
adopted [22], and low voltage management of the system
can be ensured by digital average current sharing (DACS)
control [23].

By implementing a distributed MAS control method,
global voltage management and current sharing could be
ensured. Compared with diverse distributed control methods,
distributed secondary control can be used to reduce the dc
bus voltage fluctuation [24]. Furthermore, the dynamic con-
sensus algorithm can be utilized to reduce the communication
congestion of the system [25], [26]. Moreover, to match the
line impedance and output voltage among the DER units,
a two-stage MAS method based on the switched topology
communication network control scheme can be applied [27].
In addition, a virtual voltage control strategy can be applied
to achieve coordinated control among multiple sources [28].

Compared with the coordinated management of a single
MG, the coordinated control of the microgrid clusters (MGC)
is more complicated. It is necessary to evaluate the allocate
energy of distributed power sources and the optimization
power in each sub-microgrid, thus, tertiary control should
be applied to ensure the stable and reliable operation of the
dc MG. In addition, in order to achieve economical energy
coordinated control of the MGC [29], [30], adaptive energy
management system (EMS) and modular-based energy router
(MBER) can be applied to adjust power set point and power
direction of the MGC [31], [32]. Furthermore, tie-line inter-
nal control can be used to ensure constant power of the
MGC [33], [34], and the energy storage system (ESS) is
coordinated with each other to maintain the bus voltage [35].

However, it takes the certain time to perceive mutual com-
munication and signal processing among the dc MGs and
each layer of the hierarchical structure in the dc MGC, which
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may lead to delay and influence the overall control effect,
even cause communication failure in severe cases. In order
to reduce the communication congestion among internal con-
verters, a consensus-based distributed control method can be
employed [36]. Furthermore, noise resilience observation can
be used to facilitate the study of the dynamic performance
of the system [37], [38]. In addition, for the stability prob-
lem of dc MGs, in order to determine the delay boundary
and eliminate the influence of communication delay on sys-
tem stability, linear matrix inequality (LMI) and Lyapunov-
Krasovskii functional stability methods can be utilized
[39]-[41]. Furthermore, as an active nonlinear method,
Takagi—Sugeno’s (TS) fuzzy model and model prediction
scheme can be employed to mitigate the network-induced
delays from the sensor-to-controller in case of the large-scale
distributed energy systems [42].

Moreover, along with precise voltage and current regula-
tion, the stable operation of the dc MG should be ensured
under all operating conditions. Especially, the power con-
verter is strictly controlled, these points of load (POL) con-
verters and their associated loads are generally assessed to be
constant power loads (CPL) [43]. However, with the negative
impedance characteristics of CPLs, dc MGs are easier to
be unstable due to the reduced system damping [44]-[46].
Thus, the system damping can be elevated by applying vir-
tual impedance [47], model prediction [48], feedback con-
trol [49], [50], etc. Moreover, a linear programming algorithm
can be applied to enhance the system robustness. Besides,
in order to analyze the influence of system parameters on
system stability, the hybrid potential theory can be estab-
lished [51]. In addition, when the system is under large distur-
bance, the algorithm of estimating the attraction domain and
the linear system analysis method of polyhedral uncertainty
can be used to achieve the ideal robustness index and ensure
the stability margin of the system [52], [53].

Recently, a review of dc MG control, dynamic stability
analysis and stabilization techniques are presented in [45].
Through the communication among various units in the MG,
three main coordinated control methods are distinguished:
decentralized, centralized and distributed control. Moreover,
several important impedance specifications and stability prin-
ciples are reviewed. However, the problems of the primary
control in the hierarchical control have not been elaborated.
In [54], to enhance the control ability of the primary control
level, the two-layer and three-layer control structures of the
dc MG are reviewed respectively. The dc bus voltage control
strategy and its improved method are introduced to elevate the
energy efficiency and reliability of the system. Nonetheless,
for the larger and more flexible microgrid system, the prob-
lem of the voltage restoration could not be solved in the
secondary control.

The control, management, stability and active damping
design of dc MG are presented in [55], which include the
coordinated control schemes, islanded protection approaches
and control of the MGC, but the communication delay prob-
lem in the multi-layer control of the MG and the MGC is
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not considered. The modeling, behavior and effects of CPLs
in dc MGs are reported in [56], which combine the advan-
tages and disadvantages of existing standards for small signal
stability and large signal stability of dc power systems. The
instability effects of CPLs and stable analytical methods are
studied. Nevertheless, it did not mentioned how to enhance
the stability margin of system, and there was no prediction of
instability and stability margin of the system.

For the shortcomings of the above literatures, this paper
will combine the previous research and the latest advances,
the main contributions can be summarized as follows. Firstly,
the active pulse injection is used to eliminate the prob-
lem of mismatched line impedance in the primary control.
Furthermore, the particle swarm optimization programming
method, the probabilistic algorithm, the voltage correction
factor approach, etc, are employed to derive the optimal
droop parameters. Moreover, nonlinear droop method such as
higher order polynomials are utilized to enhance the current
sharing effect. Secondly, in order to reduce communication
congestion of dc MG and MGC, such as adaptive energy
management system (EMS) scheme, modular-based energy
router (MBER) approach, tie-line internal control method,
noise resilience observation control, etc, are used to ensure
global voltage management, power set point and power direc-
tion of the MGC.

In addition, linear matrix inequality (LMI) method,
Lyapunov-Krasovskii functional stability analysis approach,
Takagi—Sugeno fuzzy model and model prediction scheme
can be applied to provide a basis for dc MG stability domain
selection. Finally, to deal with the problem of negative
impedance of CPLs, the feedforward compensation method
of nonlinear disturbance observer (NDO), linear program-
ming algorithm, hybrid potential theory, algorithm of attract-
ing domain estimation, polyhedron uncertain linear system
analysis and other methods are adopted to track the CPL
power variation and ensure system stability margin.

The aim of this paper is to provide an overview of power
sharing, voltage restoration and stabilization techniques in
hierarchical controlled dc microgrids. The overall broad cat-
egorization block diagram of dc MG control strategies and
stability issues are shown in Fig. 2. The structure of this paper
is organized as follows: In Section II, the line impedance,
current sharing accuracy and control problems under com-
plex load conditions are analyzed. Section III introduces the
secondary compensation control for the voltage drop caused
by the primary control, the distributed multi-agent control
and coordinated control of the dc MG are summarized and
the communication delay problem based on this hierarchi-
cal structure are discussed. Besides, a corresponding solu-
tion to the negative impedance problem caused by CPLs
are reviewed in Section IV. Finally, concluding remarks and
future research trends of dc MG are presented in Section V.

Il. PRIMARY CONTROL STRATEGY OF DC MICROGRIDS
The droop control strategy can be used to achieve power
sharing by imitating the behavior of virtual synchronous
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generator (VSG), as shown in Fig. 3. And the control methods
of traditional power grids can also be extended to microgrids.
In order to overcome the instability problems of the renew-
able energy generation system, it is generally necessary to
increase the energy storage unit on the DC side to maintain
the stability of the DC sources. Nevertheless, the output
impedance of various converters would be unequal due to
the uncertainty of line impedances [57], [58], which results
in unbalanced output power [59]. Furthermore, to ensure
the control effect, the optimal droop parameter can be deter-
mined by optimizing the line impedance and introducing
the optimization programming [60], thereby improving the
current sharing accuracy [61], [62]. However, the linear droop
parameter design method is influenced by the accuracy of line
impedance and sensing problems. In order to eliminate the
current sharing deviation among the microgrid units in time,
a nonlinear droop method such as high-order polynomial and
piecewise quadratic polynomial descent curve (PQPDC) can
be employed. In view of the aforementioned problems, in this
section, the line impedance issues and current sharing accu-
racy in the droop control are discussed in detail. Nonlinear
droop control for primary control is reviewed.

A. PROBLEMS OF LINE IMPEDANCE IN

THE DROOP CONTROL

The principle of droop control can be represented by the
equivalent schematic of two parallel-DGs. As shown in Fig. 4,
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FIGURE 4. Equivalent schematic of two parallel-DGs in an islanded dc
MG [63].

the relationship between current and voltage of DG and DG
at the point of common coupling (PCC) of the system is given
as follows:

(ro1 + ri
(ro2 + r2)iz

ey
@

The voltages of the two DGs at the common point are equal
due to the parallel topology, since the reference values of
the two DGs are V5, = Vg, - By combing (1) and (2),
the output currents of the two converters can be described as

— *
= VDGl —
VDG2 =

VDG1

k
VpG2 —

1_letn )
I Tolt+11
where r; and r, are the equivalent resistances between the
corresponding converters and the common point, respec-
tively, ro1 and rop are the output impedance of DG; and DG
respectively, and vpg; indicates the voltage of DG;. It can
also be deduced that the ratio of the output current of the
converter is proportional to the sum of the respective output
impedances of the converters and the corresponding line
impedances.
Due to the large variation of the line impedance, the current
sharing accuracy and the dc bus voltage of the droop con-
trol would be decreased. Thus, in order to measure the line
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impedance accurately, a line impedance active identification
method based on a specific system structure of dc MG is
proposed in [13]. Fig. 5 shows the control scheme of the
active identification method for line impedance, it mainly
consists of a pulse generation, line impedance detection, com-
pensation and droop control. The output voltage and current
are v, and i, at fyp when the system is in steady-state condi-
tions. The output voltage v; and current i; are measured at
the o+ At.

By injecting pulse actively and detecting the change of
output voltage and current, the line impedance r between the
parallel converters and the dc bus can be obtained as

= 4)
io — Ig

Compared to conventional droop control method and its
improvements, the effects of mismatched line impedance on
voltage quality and load sharing are eliminated. In addition,
to eliminate the deviation of the power distribution among
the sources caused by the difference of the line impedance,
the droop coefficient can be adjusted to perceive effective
power sharing accuracy, voltage regulation and restoration of
the dc bus voltage [62].

In summary, by identifying the line impedance actively and
adjusting the droop coefficient, the current sharing accuracy
can be enhanced. The deviation in dc bus voltage is restored
and the effects of line impedance on voltage quality and
load sharing are eliminated. However, due to the existence
of cable impedance and internal coupling, the problem of
current sharing accuracy needs to be further discussed in the
large-scale dc MGs.
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B. PROBLEMS OF CURRENT SHARING IN THE DROOP
CONTROL

Proper current sharing is a highly desirable feature in MG’s
operation to prevent circulating currents and overloading of
the converters. Since voltage is a local variable across the
MG, in practical applications where line impedances are not
negligible, conventional droop control is not able to pro-
vide an accurate current sharing among the sources. Hence,
the improved droop control such as the optimization pro-
gramming method [60], probabilistic algorithm [64], equal
voltage correction factor algorithm [61], TS fuzzy model
and sliding mode control algorithm [65], piecewise linear
form adaptation approach [66], I-V decentralized control
scheme based on observer-based control methods [68], etc,
are applied to enhance the current sharing performance of the
droop control.

Furthermore, an optimization programming can be uti-
lized to derive the optimum parameters of the droop mech-
anism [60]. As shown in Fig. 6, the overall optimization
structure consists of three stages: load data processing stage,
optimization stage and command stage. The loading data
processing stage is first performed: the load flow analysis
of each particle is performed. Then the optimization stage
is entered, which is composed of three steps: particle swarm
optimization (PSO) algorithm, particle swarm optimization
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load flow analysis (LFA) and fitness function evaluation
(FFE). Finally, the execution stage is entered: through the
load data processing stage and the optimization stage, these
optimal droop parameters are assigned to the correspond-
ing converters. Thus, the current sharing accuracy can be
increased and the voltage drop of the droop control is reduced.

Although the particle swarm optimization algorithm modi-
fies the problem of selecting the optimal parameters, when the
external disturbance is not negligible, such as the variation of
output power in the renewable DG unit. To solve this problem,
a probabilistic algorithm can be applied to determine the
optimal droop parameters of a single DG in a distributed net-
work [64]. Furthermore, a communication-based technique
for an equal voltage correction factor algorithm can also be
employed to provide fault tolerance and scalability character-
istics for the system [61]. However, it is still difficult to design
a programming algorithm that can accelerate the computing
and processing speed in the complex microgrids.

Moreover, a new droop control method is proposed to
enhance the current sharing performance [65], which is based
on the TS fuzzy model and the sliding mode control algo-
rithm, due to the usage of time-stamp technique and network
delay compensator, the presented approach is robust against
the network delays with small computational burden. How-
ever, the nonlinear relationship between the output power
of DGs and the voltage magnitude may not be solved due
to the uncertainty and disturbance of renewable resources
and loads. Furthermore, a new dc MG load sharing control
strategy is adopted to eliminate the uncertainty and distur-
bance problem in dc MG [66]. Moreover, the control strategy
of the equal-current of the /-V decentralized control can be
used to modify the tradeoff between current sharing accuracy
and voltage drop [67]. Compared to V- I control method,
I — V droop control method has better dynamic response.
In addition, the dynamic response and the robustness stability
are enhanced by the observer-based current feedback control
method when the system parameters are modified [68]. How-
ever, the current sharing of islanded MG might be poor under
unbalanced and nonlinear load conditions.

It can be concluded that, to avoid the current sharing error,
the particle swarm optimization programming can be used
to derive the optimal parameters of the droop mechanism.
Furthermore, a probabilistic algorithm can be applied to
select the parameters of the operating range planning of the
IMGs when the microgrid configuration is complex and there
is external disturbance. Moreover, the TS fuzzy model and
the sliding mode control algorithm can be applied to satisfy
fault tolerance and scalability requirements for the system.
However, above the droop control method faces a tradeoff
between voltage regulation and load sharing accuracy.

C. CURRENT SHARING STRATEGIES BASED ON
NONLINEAR DROOP CONTROL

Due to the linear droop parameter design method is
influenced by the accuracy of line impedance and sensing
problems, which may cause the tradeoff between voltage
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FIGURE 7. Adaptive droop control system for dc microgrids [14].

regulation and load sharing accuracy. To deal with the
problem, the nonlinear droop control method is applied
in [14], [15], [69], where the droop coefficient is a function of
the output current of the converter, and its value is enlarged as
the output current increases. Therefore, the effects of sensors
and cables are reduced.

As shown in Fig. 7, an adaptive droop control is pro-
posed in [14], which is regulated and compensated by two
PI controllers. One adaptive PI controller is utilized to per-
form droop control for current sharing deviation elimination.
Another adaptive PI controller is adopted to adjust the dc bus
voltage of the microgrid by modifying the droop curve of
the microgrid. The sliding mode control circuit is applied to
control the output voltage and input current of each converter
synchronously.

The adaptive PI controller is adopted to adjust the droop
coefficient to eliminate the current sharing deviation in each
unit of the dc MG:

n
eei = ioi — MG/ Y ™) (5)

j=1
where iy; is the output current of the ith converter, img iS
the load current, and i7" is the nominal current of the ith
converter, n is the number of converters, and another PI
controller compensates the dc bus voltage of the control
microgrid by moving the droop curve. Unlike conventional
adaptive droop control, sliding mode control is utilized to
control the output voltage and inductor current. Hence the
fast dynamic response and good robustness can be realized.
However, a poor current sharing may exist when MGs operate
on mismatched feeder impedance, nonlinear and unbalanced

load conditions.

Furthermore, the conventional droop control can be
enhanced by adjusting the curve coefficient, which could be
adjusted from no load to full load [69]. Specifically, the sag
curve with elliptical and anti-parabola has a smaller output
impedance in case of light loads, inversely, it has an infinite
output impedance at full load. Since the constructor of curve
fitting method between the start point and the end point is
infinite. For the sake of simplicity, the conventional droop
control in (6) is replaced by the polynomial equation (7):

Vo =V —1g iy 6)
N

Vo= V=Y ry- il ©)
n=1
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Nonlinear droop curve

Conventional droop curve
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FIGURE 8. Conventional droop control and nonlinear droop control curve
design [15].

where v, and i, are the output voltage and current, v* is the
no-load voltage set point, and the droop coefficient in (7) is
the sum of the Nth power functions of the current i, rq is
the droop coefficient, r; is the proportional coefficient of the
droop coefficient of each segment output. By increasing the
current order in the droop equation to increase the impedance
at full load, the study shows that the droop coefficient of
the fifth-order polynomial equation achieves five times the
droop resistance than the linear droop and minimizes the load
sharing unbalance, hence the accuracy of load current sharing
is effectively enhanced. However, the power function may be
difficult to be computed in the droop equation.

Moreover, considering that the droop coefficient of the
power function is relatively weak within the starting range,
a piecewise quadratic polynomial descent curve (PQPDC)
method can be employed to fulfill the current sharing require-
ments for low load conditions [15], as shown in Fig. 8. The red
line is the conventional linear droop curve and the blue line is
the nonlinear droop curve. The nonlinear droop formula can
be rewritten as

V¥ — ayi — byio 0 < iy < iop

®)

Vo = * k) . . . .

V¥ — iy — baio — ¢ igp < o < Ipmax
where iy, is the split point output current of the converter,
iomax 18 the maximum output current of the converter, and the
accuracy of current sharing among inverters is guaranteed by
the configuration of the curve parameters aj, az, by, ba, c.
Therefore, the division point iqp, is selected according to the
range of the low droop coefficient condition, where dividing
the function into two parts is the most efficient, and the
current sharing precision could be ensured.

To conclude, in order to achieve the tradeoff between volt-
age regulation and load sharing, an adaptive nonlinear droop
control method can be adopted. Furthermore, the parame-
ters of modifying the droop polynomial and adjusting the
slope of the droop curve can be applied in case of the large
load variation. Moreover, the piecewise quadratic polynomial
descent curve (PQPDC) method can be used to enhance the
real-time performance of the controller when the high-order
polynomial calculation is complex. However, if scenarios are
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FIGURE 9. Control diagram of the dynamic load current sharing
secondary control method [22].

more complex, such as including dynamic (inductive) lines
and loads are considered, the primary control need to be
further improved. Therefore, the real-time implementation of
nonlinear control strategies needs to be further explored [70].
The advantages and disadvantages of primary control and
voltage compensation methods in dc microgrids are summa-
rized in Table 1.

Ill. UPPER-LEVEL CONTROL STRATEGY

FOR DC MICROGRIDS

In order to overcome the problem of the output voltage with
large variation range in the primary control, the upper-level
control can be used to correct the output voltage on the
basis of the current sharing accuracy [22], [23], [71]. The
secondary control is responsible for the regulation of voltage
fluctuation [25]-[27], and the tertiary control sets the power
flow between the dc MG and the upper grid to maintain
the power balance among each energy source [32]-[34],
energy storage device and load. The following second-level
and tertiary-level control are discussed together as upper-
level control in this section, secondary compensation control,
distributed multi-agent control, tertiary control, and commu-
nication delay issues will be discussed.

A. SECONDARY CONTROL STRATEGY

The voltage compensation can be participated by the
secondary control to solve the voltage deviation caused by
mismatched line impedance. Concretely, the output power
information of each DG is exchanged through the communi-
cation link to correct the output voltage and ensure the current
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sharing accuracy [20]. Furthermore, the dynamic load equal-
ization secondary control method can be adopted to converge
droop coefficient with a reasonable value [22]. As shown
in Fig. 9, the dynamic current sharing scheme is composed of
an inner loop controller, a droop controller and a secondary
controller. The inner loop controller consists of a voltage
and current loop for controlling the output voltage of each
converter. The reference value of the inner loop dc voltage
controller is generated by the droop controller. The secondary
adjustment consists of local average voltage controller, local
average current controller and average droop coefficient con-
troller.

The entire secondary control loop can be expressed as
follows:

V:i = Vz - (rék + Gpir(rgl< — Fdei) — Gpic(ioi - ;oi)) <o
+ Gpiv(s) - (v, = Vor)  (9)

where Gpiy, Gpir, and Gyp;c are the transfer functions of the
average voltage, the average droop coefficient and the aver-
age management current, respectively, rqc; is the average
value calculated by the ith converter droop coefficient, v} is
the nominal voltage, vo; is the average value of the output
voltage, io; and iy; are the output current and average output
current of the ith converter, respectively.

Therefore, the average current and the droop coefficient,
the equivalent output impedance of each converter is con-
trolled to be identical by compensation controller, and the
average value 7q; of the droop coefficient is adjusted to its
reference value rj. It shows that the dc voltage deviation
and the current sharing accuracy are improved by voltage
shifting and slope removing. However, the LBC delay are not
considered in the aforementioned methods.

Moreover, a shift control called digital average current
sharing (DACS) control can be utilized to maintain low volt-
age management of the system [23], as shown in Fig. 10.
Low-bandwidth communication (LBC) is applied to deter-
mine the average current from all source converters in the
conventional droop equation, and the voltage offset of each
source converter is calculated by Av](?.

Firstly, the controller of each source converter commu-
nicates with the controllers of other source converters and
transmits the magnitude of the current supplied by it, which
is used to determine the average current of all convertors:
where i, is the output current of the mth source converter.

The voltage offset of each source converter is set according
to its calculated average current as follows:

0 __ . -Avg _.nom
Avj =rqji; - (11D

where rg; and i7°™ are the droop coefficient and the nominal

current of the source converter j, respectively, the average
current of all converters is i+ ©. In fact, due to the variation
of the source converter current, the system voltage may be
varied from its nominal value. Thus, once a new current
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FIGURE 10. Scheme of digital average current sharing control [23].

value is transferred among the converters, the new value of
the restoration voltage offset Av}) would be calculated to
compensate the system voltage. Moreover, the method solves
the distribution of nominal voltage and load sharing, with the
advantages of high reliability, low voltage management, and
current sharing accuracy are also achieved. However, current
sharing accuracy is difficult to be maintained if the distance
among the source converters is considered.

Therefore, regarding the secondary control method of the
dc MG, in order to solve the problem of large load variation,
a dynamic load sharing based on secondary control method
can be adopted to ensure accurate load sharing and voltage
management. The current reference value can be modified by
current source to enhance the power quality and voltage man-
agement. In addition, to maintain low voltage management
of the system, digital average current sharing (DACS) control
can be applied. Although the above-described secondary con-
trol method ensures voltage management, it may cause huge
communication pressure when the scale of the microgrid is
expanded, which might influence the overall control effect.

B. IMPROVED SECONDARY CONTROL METHOD

Since the conventional distributed secondary control is
required to communicate with all the unit modules to obtain
the average value (such as voltage, current average) [84],
and this method is only static averaging, poor flexibility,
large communication pressure. In order to solve the above
problems, the communication topology of distributed sec-
ondary control can be enhanced by multi-agent consensus
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TABLE 1. Advantages and disadvantages of primary control and voltage compensation methods in dc microgrids.

Specific problems and methods

Advantages

Disadvantages

Communication
requirement

Load  current
sharing problem

Particle swarm optimization
algorithm

[64], [72], [73]

Low bandwidth average
voltage management
technology [23],

[57], [581, [74], [75]

Improved droop control [76]

* Improve the current sharing

accuracy

Achieve voltage management
and load sharing

* Achieve voltage management

Not suitable for complex loads
Not suitable for discretization
problems

Communication delay exist in the

No communication
required

LBC lines Low banfiwti_dth
* The algorithm is complex COTTNITC R
required

Noise in the power coupling
Not suitable for complex load

No communication

and load sharing problems required
Droop coefficient adaptive * Adaptive coefficients are difficult No communication
B & ; ; * Restore dc bus voltage and . .
Line impedance =~ modification [77] . to achieve required
. . enhance current sharing .
problem Line impedance active accurac * The aleorithm i 1 No communication
identification [13] ¥ ¢ algortm 1 compliex required
Nonlinear droo Nonlinear adaptive droop * Improve the load sharing * Mode switch is easy to cause No communication
P control [14], [69], [78], [79] accuracy transients and oscillations required
Average voltage equalization . . . No communication
control algorithm[22], [80] Achieve voltage management Not suitable for complex loads ——
Bus voltage autonomy control Enhance transient response * Noise in the power coupling © D communication
[11],[81], [82] required
DC bus voltage .
. . . . * Low bandwidth
compensation Dynamic gain droop control < Achieve voltage management . .
. * Not suitable for large scale MGs communication
[83] and load sharing .
required
Proportional load sharing | TnDrove (ransient esponse * Not suitable for complex load * No communication
control [23], [71] P P problems required

algorithm [20], [21], which has been widely used to establish
optimal model to enhance reliability and energy management,
optimization, and improve the performance of ancillary ser-
vices [27], and consensus means that the state information
of all agents in the system can eventually converge to the
same value [25], [26], hence all information can be aver-
aged by distributed methods. In this section, other improved
secondary control methods such as the pinning secondary
control method, the two-level multi-agent system method
based on the switched topology communication network con-
trol scheme, the virtual voltage-based control strategy can
be applied to achieve power sharing and restore the dc bus
voltage to the normal value simultaneously.

1) DISTRIBUTED MULTI-AGENT CONTROL

Fig. 11 shows a multi-agent communication network dia-
gram, each unit is composed of a device layer, a main con-
troller layer and an agent layer. The device layer is located
at the lowest level of the platform for physical electrical
component connections. The main controller is located in the
middle layer and directly controls the power output of the
corresponding device. This layer usually implements droop
control, top-level agents and communication layer provide
secondary and tertiary control, which mainly adopts dis-
tributed control circuit with consensus algorithm, only
requires the neighbor information among the agent units,
and iteratively evaluates the global average value to perform
compensation. Moreover, consensus protocol is the rule of
interaction among multiple agents in the complex systems,
which describes the process of information interaction among
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agents and their neighbors. The realization of consensus in
MAS is one of the most important direction to achieve the
cooperative control. In this part, the MAS-based consensus
control schemes are systematically reviewed [21], [24]-[26].

To maintain the dc bus voltage at the reference value,
a distributed secondary control based on consensus algorithm
is presented in [21], which adopts one of three control
modes for each microgrid: power control, voltage control and
droop control. However, the tie-line limitation problems are
seldom fully considered when large-scale disturbances occur.
In order to achieve power sharing and restore dc bus voltage,
a dynamic consensus algorithm for enabling adjacent unit
communication is applied in [25], [26], the pinning secondary
control method can be applied to achieve power distribu-
tion and voltage restoration [24], which only sends voltage
feedback information of the dc bus to one DG, without the
knowledge of the global voltage information.

2) MULTI-AGENT SYSTEM COOPERATIVE CONTROL

In practical applications, to achieve coordinated control
among multiple power sources for maintaining the stability of
dc bus voltage, a dynamic consensus-based control strategy
based on virtual voltage is presented in [28], which track
the bus voltage and converge the output consensus value.
As shown in Fig. 12, the local controller is composed of a
bottom control layer, a compensation layer and an agent layer
respectively, the local controllers communicate with adjacent
controllers through distributed low-bandwidth communicati-
on and obtains corresponding voltage information.

VOLUME 7, 2019
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The multi-agent layer collects the neighboring stable con-
troller (SC) and local SC voltage information to calculate the
virtual output voltage, and the voltage of the DC bus can be
represented:

Xk+1)=8Sk) —Sk—-—1)+W- -X(k) (12)

where X(k) is the value of the kth iteration for each node
voltage, W is the weight matrix of the communication net-
work, S(k) is the response of the control system to X(k), ©
is time extension. Since the same reference input for each
SC can be provided by the virtual voltage, the virtual volt-
age convergence is determined by switching function in the
compensation layer, and the bus voltage level is improved
by providing a compensation intercept for the bottom layer.
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However, it is still difficult to reduce the LBC delay among
the local controllers.

To conclude, compared with various distributed control
methods, in order to reduce dc bus voltage fluctuations, con-
sensus distributed secondary control can be adapted. Further-
more, the pinning secondary control method can be applied
to achieve power sharing simultaneously and restore the dc
bus voltage to the normal value. In addition, to match the
line impedance and output voltage among the DER units,
a two-level multi-agent system method based on the switched
topology communication network control scheme can be
employed. Besides, a virtual voltage-based control strategy
can be utilized to achieve coordinated control among multiple
sources when the capacity of the dc MG is further expanded.
Nevertheless, it is necessary to coordinate and control the
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FIGURE 13. Schematic diagram of dc microgrid cluster communication
structure [34].

global optimal power scheduling within the clusters to ensure
stable and reliable operation of the dc MG.

C. TERTIARY CONTROL FOR MICROGRID CLUSTERS

Fig. 13 shows a schematic diagram of a communication
structure of a microgrid cluster (MGC), and a dotted circle
in the figure represents a power generation system, which
is formed by connecting n DGs in parallel. The power gen-
eration units are interconnected to form a cluster system,
which is abbreviated as the dc MGC [86]. Compared with
the coordinated management of a single microgrid, the coor-
dinated control of the MGC is more complicated. Hence,
it is necessary to evaluate the coordinated allocation and the
power optimization of energy of distributed power sources in
each sub-microgrid [29], [30].

1) COORDINATED CONTROL

In order to isolate the dc fault and ensure the stable operation
of the local dc bus, an islanded bidirectional dc-dc con-
verter (IBDC) is proposed in [29], the grid-connected mode
and islanded mode can be transformed automatically and
seamlessly. In addition, to realize the plug-and-play function
in islanded and grid-connected mode, two-layer hierarchi-
cal control of the MGC is presented in [87]. However, the
communication data drop between the two-layer may not be
considered. Moreover, a new plug-and-play voltage/current
controller is developed to ensure the passivity and asymptotic
stability of the power system and seamless plug-and-play can
be achieved in each microgrid.

Furthermore, to ensure the economic operation and effec-
tive power adjustment of each microgrid, the upper control
based on the hierarchical control architecture is introduced
in [88]. Compared with the existing control method, this
method is convenient to calculate average voltage without
collection of central voltage information. However, the con-
vergence may not be guaranteed. In addition, the multi-
microgrids internal control of the tie-line restriction can be
achieved by decentralized control when the power of the
microgrids is excessive or deficient [33], [34]. However, this
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method may fail to the optimal control of the internal power
flow of dc MG.

On the other hand, to buffer the energy fluctuation of
the DG and control the power balance of the source load,
an improved state of charge (SoC) control method can be
used [35]. Specifically, consensus algorithm is employed to
estimate the local average state of charge to compensate the
state of charge equalization, the SoC error signal must be
modified with the tertiary control:

S0Cor.i(t)=S0C; — S0Cyy — (S0Cref i — S0Cref )~ (13)

where the state of charge value and the state of charge ref-
erence value of each microgrid i are SoC;, SoCer,; respec-
tively. The average of these values are SoC,, and SoCref 1
respectively. When the SoCs of the microgrid are unbalanced,
the microgrid with higher SoC will increase its voltage to
transfer power to those with lower SoC. Hence, the dynamic
response of this method is fast in practical applications, over-
discharge and over-charge of the energy storage system are
avoided through energy management and energy coordinated
control among microgrids can be realized. However, the stor-
age capacity of the microgrids may not be fully considered.

2) POWER SHARING AND MANAGEMENT

In order to adjust the power setting of small MGC and realize
power flow control, an architecture of a resilient small com-
munity including a distributed adaptive energy management
system (EMS) of microgrids is presented in [31]. However,
note that an economic dispatch type of formulation is applied
for the EMS instead of optimal power flow (OPF). In addi-
tion, to fulfill the requirements of different voltage levels of
dc MG and isolate fault in islanded operation, a modular-
based energy router (MBER) method is presented in [32],
which realizes the power flow direction of the energy router.
However, it is noteworthy that, the condition for unity power
factor might be violated.

In [91], a coordinated control strategy of intelligent power
function is proposed, the fuzzy droop control of voltage feed-
back compensation is adopted to distribute the load power.

Furthermore, to eliminate the average voltage deviation
on the MGs and perceive the power flow control, a dis-
tributed hierarchical control framework is adopted to ensure
the reliable operation of the MGC [30]. As shown in Fig. 14,
the distributed hierarchical control framework consists of two
independent modules: a voltage regulator and a power flow
controller, the voltage regulator is designed to regulate the
average voltage of the entire cluster, and the power flow
controller is used to monitor SoC of the battery in the MGs
and adjust the power parameters accordingly. The local com-
mon voltage of each microgrid is determined by the SoC of
the battery. The average voltage of each microgrid i can be
expressed as

0 = 3 a0 ) £ (19)

JEN;
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where v; is the voltage of the ith microgrid, v?vg is an estimate
of the average voltage provided by the node i estimator, the
microgrid received voltage estimate of the adjacent unit vjvg
is used to implement voltage regulation. The cooperative
strategy is applied to compare the local SoC with the SoCs
of the MG neighbors in the power flow controller, and then
compared the estimated voltage with the reference value vy,
which feedback to the PI controller to generate the voltage
correction term §vy; to adjust the voltage drop set value,
then secondary voltage correction term generated by the local
SoCs. 8vy; is applied to adjust the power flow among the
MGs, hence, global voltage regulation is achieved. However,
the storage capacity of the microgrids may not be fully con-
sidered.

In summary, for the coordinated control method of the
dc MGC, in order to perceive the tertiary control of the dc
MGQC, the adaptive energy management system (EMS) and
the modular-based energy router (MBER) can be adopted.
Moreover, tie-line internal control can be utilized to ensure
the constant power of the MGC, and the energy storage
system (ESS) can coordinate with each other to maintain the
bus voltage within a certain range. Furthermore, since the
power management and control of the dc MG considering
the transmission line loss is a common problem encountered
in practical system, it is necessary to implement further in-
depth research on the SoC of the microgrids. In addition,
the communication delay effect in the overall control should
be considered. The advantages and disadvantages of the var-
ious upper-level control strategies of dc MG and MGC are
summarized in Table 2.

D. COMMUNICATION DELAY RESTRICTION FOR
MICROGRIDS AND MICROGRID CLUSTER

Indeed, there may exist multiple time delays in different
exchange channels. Once any coupling happens among those
multiple delays, unrevealed risks might occur and even affect
the stability of the whole cluster [37], [38]. Fig.15 shows the
Schematic diagram of dc microgrid cluster communication
delay propagation, the red dotted line may cause multiple
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delay couplings, which influences the overall control effect.
However, most of the existing distributed control strategies
may not evaluate the impact of delay on system stability
when designing the controllers. Thus, this section analyzes
the delay stability problem, which provide a basis for the
system to reduce the communication congestion and select
the stability domain [41], [42].

1) COMMUNICATION CONGESTION PROBLEM IN THE
UPPER CONTROL

In general, most of the existing technologies rely on the com-
munication values of the terminal voltage and output current
of each source. However, when the size of the microgrid is
expanded, huge data exchange would result in exhaustion of
network resources quickly, which may cause serious commu-
nication burden and unreliable operation.

In order to reduce the communication congestion. In [96]
, an online algorithm based on the quality index is employed
to derive the optimal droop coefficient. Compared with the
centralized controller, as only output current information is
exchanged among sources, it does not require the knowledge
of the system parameters. In addition, an event-based consen-
sus distributed control method is proposed in [36], the pro-
portional power flow among sub-microgrids can be achieved.
Furthermore, a distributed consensus control method for
achieving power sharing among dc MGC is presented in [97].
However, it is still difficult to design a good consensus pro-
tocol that can realize the optimal power flow [98].

It is noteworthy that, the existing cooperative control of dc
MG relies on the communication network, which makes them
vulnerable to cyber attacks. To mitigate the adverse effects
of such attack communication chain and controller hijack,
the global trust-based resilience cooperative control can be
applied [37], [38], as shown in Fig. 16, it consists of a physical
layer, a control layer and a cyberspace layer. When an external
attack is coming, the trust values of the faulty unit and the
adjacent unit is indifference, then the distributed cooperative
control is adjusted to reduce the adverse effects of attacks on
communication links and controller hijack.
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TABLE 2. Advantages and disadvantages of the various upper-level control strategies in dc microgrids and microgrid clusters.

Upper-level q q q N
control method Major technologies Advantages Disadvantage Application
Flexible coordination * Electrical isolation * Total generation cost of MGs is not ¢ Operation mode is
control [29] * High reliability considered switched
Energy continuous * DC bus voltage fluctuations * Without considering frequently * Operation mode is
power control [89], . . . .
are reduced charging and discharging switched

Secondary control  [90]
of dc microgrids

tracker control [32] exchange

Tie-line internal chain * DC bus voltage fluctuations * Not satisfied with plug and play

control [33], [34] are reduced
EMS power

control[31] * Power flow control is

achieved
Adaptive control [35], * Power flow control is
[91] achieved
Tertiary control of  Finite time consensus g ]
dc microgrids Igorithm method ° Crmvetet eleniiion
2l alg
[88], [92] * Good robustness
Power flow control * Good robustness
[30], [93] * Plug and play

Plug and play control

[87], [94], [95] * Good robustness

Modular energy * Multi-directional energy

* Voltage deviation is reduced

* Complex line impedance conditions . .
. . * Low voltage microgrids
is not considered

* MG for without
communication

* Transmission power limitation :
requirement

* Lack of operation and control of

intornal MGs * Small low voltage MGC

* Voltage deviation exist in the system  * Small MGC

* Need to determine the convergence * Load variation
factor to determine convergence conditions

* Internal voltage
deviation exists

* Complex MGC is not considered * Small MGC

* Complex MGC is not considered

Secondary control layer
Communication channel ﬁ .
/ Primary control layer

Power line

Secondary control layer

Primary control layer

FIGURE 15. Schematic diagram of dc microgrid cluster communication
delay propagation [39].

As shown in Fig. 16, during the external attack of the
converter 1, whose trust value assigned to the converters 2,
4 drop and the weight associated with the neighbor infor-
mation decreases, thereby the propagation of the attack is
limited. The trust value of the kth conventer is assigned by
the jth conventer:

i = max(Ci(t), bl (1) (15)

where C;(t) is the local trust value of converter j, bj»k(t)
is the proximity trust value of converter j, if the trust
value of any converter is less than the minimum trust value
T]’k < T7j, the information received from converter k will be
from converter j removed from the control structure, the larger
the adjacent information difference, the lower the value of Tllk
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Thus, in order to guarantee the attack restoration capabil-
ity, damaged converter can be recognized in case of more
than half of the adjacent converters, the adverse effects of
attacks on communication links and controller hijacking are
mitigated.

2) COMMUNICATION DELAY COMPENSATION FOR DC
MICROGRID STABILITY IMPROVEMENT

As discussed in part D1, the distributed control method
involves the communication delay problem in the commu-
nication network. It is noteworthy that, the delay caused by
communication lines is mainly divided into fixed commu-
nication delay and random communication delay. The fixed
delay usually depends on the hardware and software perfor-
mance of the equipment, the bandwidth of the communication
network and transmission distance, while random delay usu-
ally relies on the protocol of the MAS layer, connection type
and network load. Therefore, it is a crucial issue to maintain
the stability of the dc MG under fixed delay and random delay
conditions.

In order to eliminate the influence of fixed communica-
tion delay on system stability, a distributed quadratic control
algorithm is proposed in [39], and the fixed delay correlation
stability criterion using linear matrix inequality are discussed.
However, this scheme is rather complex, which cannot handle
the random delay determined by the protocol in the MAS
layer. Moreover, to eliminate the influence of random com-
munication delay on system stability, a new method based
on the distributed control strategy is presented in [40], which
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FIGURE 16. Trust-based resilience distributed cooperative control method [37].

transforms the transcendental characteristics equation of the
microgrid model into the Nyquist stability problem, and the
upper bound of the delay is analyzed.

Furthermore, to overcome the effects of multiple delay
coupling, a distributed control framework based on dc MG
is proposed in [99], and the delay stability of the dc MGC is
improved by setting strict constraints on a channel or using
a non-uniform network. In addition, Takagi—Sugeno’s fuzzy
model and model predictive scheme is studied to mitigate the
communication network delays from the sensor-to-controller
and controller-to-actuator links [42], it can be applied to
large-scale distributed energy systems with small computa-
tion load. However, for the system with a large time con-
stant, the calculation and execution of control algorithm
will be huge and dynamic response of the system would be
sluggish. In [41], for the secondary control of distributed
cooperation of dc MG, the Lyapunov-Krasovskii functional
stability analysis method is also used to ensure the system
stability [41].

It can be concluded that, a consensus distributed control
method can be adopted to reduce the communication con-
gestion among internal converters. In addition, in order to
determine the delay boundary and eliminate the influence
of communication delay on stability, linear matrix inequality
(LMI) and Lyapunov-Krasovskii functional stability methods
can be used, where Linear matrix inequality (LMI) can be
applied to study the stability of time-varying delays. Takagi—
Sugeno’s fuzzy model and model prediction scheme can
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be used to provide selection of dc MG stability domain in
the large-scale distributed energy systems. Moreover, with
the development of communication, the boundaries of each
control layer show a weakening trend. Due to the limita-
tion of existing communication rate and reliability, real-time
control of various time scales in dc MG is worthy further
study.

The advantages and disadvantages of various dc MG hier-
archical control methods considering communication delay
are summarized in Table 3.

IV. LOAD STABILITY ANALYSIS IN THE

DC MICROGRIDS

In order to achieve safe and reliable MG performance, its
dynamic stability needs to be ensured in all operating con-
ditions. Especially when the load side power converter is
strictly controlled, these point of load point (POL) con-
verters and their associated loads are generally considered
to be constant power loads. However, the dc MG would
become unstable due to the negative impedance character-
istics introduced by CPLs [44]-[46]. Thus, to solve the
problem of system instability caused by large-scale access
of constant power load in dc MG, various strategies for
enhancing the system stability is reviewed in this section:
applying a virtual impedance to cancel out the negative
impedance [47], employing model prediction to counteract
the negative impedance [48], utilizing feedback control to
cancel out the negative impedance [49], [52].
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TABLE 3. Advantages and disadvantages of layered control in dc microgrids under communication delay.

Communication

delay problems Major technologies Advantages Disadvantages Application
Low bandwidth distributed * Precise load power distribution * Load variation is not * Low voltage microerids
control [61], [84] + Stable dc bus voltage considered g 2
. fudyu vl s¢ t point ° ey . * Good algorithm are * Physical and cyber
Current sharing consensus algorithm [27], * Improve the load current sharing difficult to desien attacks
problem [28],[97] accuracy &
Internal microgrids link 7 [zaies ihe Gomimumierion * Not suitable for * Microgrids with large

power allocation [36]
converters

congestion between internal

complex microgrids communication demand

Voltage noise resilience * Precise load power distribution * Data drop is not * Current controller

observation control[37], [38]  * Stable dc bus voltage

.

Multi-mode consensus Plug and play

Voltage deviation
problem
Improved secondary control

control [21], [24], [25], [26] * Without voltage deviation
* Without voltage deviation

considered information is attacked
* Tie-line limitation is * Small disturbance
not considered occasion
Global information

method [22], [100] * Enhance the current sharing cannot be easily * Low voltage microgrids
’ accuracy obtained
Solving (16), (17), (18), (19), the following equation can
+ icpL be derived:

~ Veq gRCPL <>

FIGURE 17. Simplified equivalent circuit for the CPLs of a dc microgrid
system [101].

A. VIRTUAL IMPEDANCE CONSTRUCTION FOR CPLs

Due to the negative impedance of the CPLs, power oscilla-
tions are common problems in dc MGs when the LC filter
inputs constant power loads (CPLs). Fig. 17 shows a simpli-
fied dc MG equivalent circuit to describe this phenomenon.
where the dc bus voltage nominal value is v}, .., source droop
coefficient is rq, CPL line inductance is L., line resistor
is r, equivalent load resistance is Rgc, CPL side equivalent
capacitance is Ceq, capacitor voltage is veq, output current
is iy, CPL power is Pcpr, CPL equivalent resistance is Rcpr,
CPL current is icpr. The global equivalent impedance can be
expressed as

R L
Z(s) = M (16)
azsc +ais + ap
where,
ap =1+ (ra + Re)(1/Rac + 1/RcpL)
a) = Ceq(rd + Re) + Le(1/Rdc + 1/RcpL) (17)
az = CeqLe
2
v
Repr = ——— (18)
PcpL

In order to ensure the asymptotical stability of the system,
the equivalent impedance Z(s) has no pole in the left half
plane, according to the Hurwitz stability criterion:

ai>0, i=1,2,3 (19)
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1 1
[ + JE—
ra + Re Rdc) (20)
PcpL < Ceq(ra + Re)vey/Le + veq/Rac

PcpL. < ng (

It can be deduced from (20), in the control diagram of the
interface converter, the stability margin of the system can
be increased by applying the virtual impedance to cancel
out circuit inductance L.. Therefore, in order to improve
the damping of the dc MG with CPL, a virtual impedance
stabilization control method can be used to introduce a virtual
impedance into the output filter [102], the unstable pole
caused by CPLs moves to the stable region to ensure the
system stability. Furthermore, considering the voltage drop
under large load variation conditions, a new active damping
technique for CPL low damping input LC filter stabilization
scheme is designed in [47]. In addition, a new type of active
damping method is proposed in [103], which is reloaded by
superconducting capacitors of the dc MG, hence the dc bus
voltage oscillation can be eliminated and the system stability
can be enhanced.

In the conventional active damping method, the system
stability is achieved by injecting an additional current into
the CPLs to adjust the input impedance, but the injected cur-
rent causes fluctuations in the rotational speed of the motor
loads. In order not to degrade the performance of the CPL,
the output impedance is indirectly reduced by establishing a
virtual resistor on the source side converter in [104], which
guarantees system stability according to Middlebrook’s sta-
bility criterion. However, this approach exists limitation on
the closed-loop bandwidth of the source-side converter, and
the requirement for the resonant frequency of the LC input
filter adds additional constraints to the design of the LC filter.
In addition, the smart resistor can be operated as a linear resis-
tor CPL [105], which reduces the bulk of the capacitor and
also assists decouple the power supply and load control. Thus,
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FIGURE 18. Simple block diagram of the extended Kalman filtering (EKF)
method [48].

the load is dynamically stabilized locally and the overshoot
current is made impossible.

Therefore, the impedance branch can be employed to
reduce the voltage drop on the output side of the source
converter under large load variation conditions, and the vir-
tual impedance can be cancelled out the negative impedance.
However, if it is difficult to construct a virtual impedance on
the source-side converter. The active damping method can be
used to apply the superconducting capacitor or smart resistor
to reshape the load, hence the dc bus voltage oscillation can
be eliminated and the stability of the system can be improved.

B. MODEL PREDICTION CONTROL FOR CPLs

In order to eliminate the instability effect of CPLs,
the injected current of the energy storage system (ESS) can
be modified by an online adaptive controller method to match
the estimated power of the CPLs. The model prediction con-
troller (MPC) is a popular control scheme, which considers
the control objectives to obtain the control signal as an opti-
mal multi-objective control problem [106].

At present, to estimate the power variation of the CPLs,
adaptive control is widely adopted to drive the controller
through the injection current of the energy storage system,
and the current sensor is required to measure the power of
the CPL. However, it is expensive and not optimal. In order
to estimate the uncertain power variation in the dc MG,
an extended Kalman filter (EKF) method can be applied [48],
as shown in Fig. 18, the uncertain CPL power of time varying
is estimated by measuring the input and output filter capacitor
voltage and dc bus voltage, then the estimated power is used
to control the energy storage unit based on the Takagi—Sugeno
fuzzy model predictive controller (MPC), which represents
a complex nonlinear system by a set of fuzzy rules, where
the consequent parts are linear state-space equations. Then,
the complex nonlinear system can be described as a non-
linearly weighted sum of these linear state equations. Com-
pared with the existing methods, the transient performance is
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improved and the injected current is reduced. Thus, the dc
MG with higher CPL power can also be stabilized, which
guarantees the uncertain power flow. However, the model
predictive controller poses noise susceptibility issue, hence
an appropriate filter is needed.

Moreover, to derive the existence of system equilibrium,
the quadratic equation solvability problem of the dc MG equi-
librium state can be transformed into an existence problem of
the fixed point for an increasing fractional mapping [107].
Furthermore, the system eigenvalues can be calculated to
study the influence of controller gain on the stability of
the microgrid when the system is subject to small distur-
bances [108]. However, this method requires a detailed state
space model of the whole system.

To conclude, considering the structural model prediction
to cancel out the negative impedance, the system eigen-
values could be calculated to analyze the stability when
the detailed state space model of the whole system can be
obtained. Furthermore, the extended Kalman filter (EKF)
method is adopted to estimate the time-varying power. More-
over, the energy storage system can be employed to match
the power of the CPLs for estimating the uncertain CPL time
varying power transient performance.

C. LINEAR AND NONLINEAR FEEDBACK

TECHIQUES FOR CPLs

In general, adaptive feedback technology is one of the
most effective methods to deal with system stability prob-
lems [109]. In contrast to the model prediction control tech-
nique, feedback linearization can compensate any amount of
CPL and stabilizes the system in large-signal model. How-
ever, the major drawbacks of this approach are its noise
sensitivity due to the presence of differentiator and slower
transient response compared to techniques which handle CPL
nonlinearity directly.

Furthermore, a compound nonlinearity approach based
on the nonlinear disturbance observer (NDO) feedforward
compensation method for stabilizing the CPLs is presented
in [50]. As shown in Fig. 19, the nonlinear problem intro-
duced by CPL is first processed with precise feedback
linearization technique. Furthermore, the NDO technique
is adopted to estimate the load power variation with fast
dynamic response for feedforward compensation. Moreover,
the step-and-reverse algorithm with large signal stability is
utilized to obtain the duty cycle. Thus, the global stability of
CPL under large fluctuations can be guaranteed. However,
the feedback controller might significantly deteriorate the
load performance.

In addition, the buck converter can be cascaded with the LC
input filter to increase the system stability and prevent har-
monic injection. However, it adds complexity to the system.
To simplify the control algorithm, a linear feedback control
can be used to overcome the negative impedance characteris-
tics and stabilize the system [49]. Furthermore, a new robust
controller can be applied to minimize the oscillation caused
by CPL [110]. The Chebyshev theory is adopted for a linear
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TABLE 4. Advantages and disadvantages of various methods to cancel out the CPLs negative impedance characteristics.

Major technologies Advantages

Disadvantages

Application Determination method

* Enhance system damping
Applying virtual impedance * Good robustness

* Closed-loop

* Nyquist stability criterion

method [47], [101]-[105] * Eliminate dc bus voltage llz)and W.ldth v Feuly R siEm Lyapunov stability criterion
s 1mitation
oscillation
Model prediction * Good transient * The algorithm . . : g
control[48], [107], [108] performance is complex LLETeE ORI G il (et poiul eeny
Employing feedback control * Fast dynamic response * Limited scope * The power of CPLs is * Chebyshev theory
scheme [49], [50], [110] * Accurate tracking of stability unknown * Routh-Hurwitz stability criterion
* When bus voltage is
Global stability [51]-[53], . . . faulty * Lyapunov stability criterion
[111],[112] It el OfinESs Conservative * Predict system * Semidefinite programming
instability domain
L algorithm and the linear system analysis of polyhedral uncer-
Y YN Dt : . . . .
i, tainty can be established to achieve the ideal robustness index
E Y + and ensure system stability margin [52], [53].
(t) HE} C=="c R § CD The stability analysis of the system based on a discrete-
icpL time model of the system is established in [111]. The stability
margin of the system can be determined by adjusting the
................................................................................................................ parameters Of the filter. Moreover, the stability margll’l Of
PWM the system based on the hybrid potential theory is predicted

i{[ Total energy | Coordinate Generator
i\ storedxj, x, Transformation ?

X »  Intermediate control law
—>

LA A A y
. d
Uncertain gl A T Back-
item 2 Stepping

A A . X,
| Feedforward :
i Nonlinear Disturbance Observer
f Compensation Method

FIGURE 19. Architecture of the feedforward compensation method based
on nonlinear disturbance observer [50].

programming algorithm in robust control. Thus, the stability
and robustness of the MG can be ensured.

It can be concluded that the feedback control can be uti-
lized to counteract the negative impedance in case of the
large power variation of the CPL. The feedforward compen-
sation method of the nonlinear disturbance observer (NDO)
is adopted for fast dynamic response, and the power varia-
tion of the CPL is accurately tracked. Moreover, linear pro-
gramming algorithm can be used to compensate the dc bus
voltage oscillation and the robustness of the system can be
guaranteed.

D. OTHER POSSIBLE METHODS

In the distributed power architecture dc microgrid systems,
the implementation of the above feedback techniques might
be more complicated. Therefore, the simplified computa-
tion of the overall stability is particularly crucial, possi-
ble methods are summarized, such as the relevant stability
criteria [51], the estimation of the region of attraction
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in [51], which guarantees the stability of the system under
large disturbances and allows the system to quickly return
to steady- state. Furthermore, in order to eliminate the semi-
determined problem (SDP) of robustness index, an approach
to calculate an estimate the domain of attraction is presented
in [52], which uses energy storage technology to mitigate
transient faults. Meanwhile, an ideal robustness index and
extends the region of attraction (ROA) of the operational
point can be achieved.

However, most of the existing work are based on some
nominal values of CPLs to study the stability around a given
equilibrium point, the frequently varies in load conditions are
not fully considered. In order to solve this problem, the equi-
librium problem of the dc MG in the operational feasible
set based on the stability robustness framework is designed
in [53]. Furthermore, a fault-tolerant stable system is pre-
sented to eliminate the problem of loss of load agent [112],
which guarantees the fault tolerance of multi-agent stability
systems and ensures the stability of the microgrid, and the
influence of the negative input impedance characteristics of
the CPL can be reduced as well.

In conclusion, for overall stability improvement, hybrid
potential theory can be established to mitigate the impact
of disturbance. Furthermore, the algorithm for calculating
the region of attraction and the linear system analysis of
the polyhedral uncertainty can be used to achieve the ideal
robustness index and ensure the stability margin of the sys-
tem. Moreover, in order to further improve the overall system
stability, it is recommended to study the impact of various
CPLs on system performance and provide a mechanism to
estimate the power of CPLs. Conservative problems in these
cases and global stability control issues necessitates further
research.
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The advantages and disadvantages of various methods to
cancel out the negative impedance characteristics of CPLs are
shown in Table 4.

V. CONCLUSION AND PROSPECTS

This paper presents an overview of the power sharing, volt-
age restoration methods in hierarchical controlled dc micro-
grids. Owing to the negative impedance characteristics by
CPLs, which may result in the output oscillation of filter.
A comprehensive analysis and comparison of the stabilization
techniques methods to improve system stability have been
presented in the dc microgrid.

Firstly, since the line impedance has great randomness,
the optimal droop parameters can be assessed by particle
swarm optimization algorithm, probabilistic algorithm and
equal voltage correction factor algorithm can be employed to
improve the current sharing accuracy. Furthermore, in order
to eliminate the tradeoff between voltage regulation and load
sharing, the optimal power allocation can be achieved by
adjusting the parameters of the droop polynomial, the slope
of the droop curve and the piecewise quadratic polynomial
descent curve (PQPDC). Moreover, to deal with the problem
of the system voltage caused by the droop control deviation,
the secondary control can be applied to participate in the
voltage compensation, and the output voltage can be cor-
rected on the basis of ensuring the current sharing accuracy.
Thus, by adopting dynamic load current sharing method, con-
sensus distributed secondary control approach, muti-agent
system (MAS) control and virtual voltage control strategy,
etc, the voltage could be regulated and power sharing can be
achieved.

For the coordinated control of the microgrid clusters,
in order to perceive the tertiary control of the dc MGC,
an adaptive energy management system (EMS), a modular-
based energy router (MBER), tie-line internal control, nose
resilience observation control and other methods can be
used to ensure global voltage management and power flow
direction of the microgrid clusters. In addition, to deter-
mine the delay boundary and eliminate the influence of
communication delay, linear matrix inequality (LMI) and
Lyapunov-Krasovskii functional stability methods can be
used. Moreover, Takagi—Sugeno’s fuzzy model and model
prediction scheme can be used to provide a basis for dc MG
stability domain selection in case of applying in large-scale
distributed energy systems.

Meanwhile, to eliminate the negative impedance charac-
teristics introduced by CPLs, the feedforward compensa-
tion method of nonlinear disturbance observer (NDO) can
be adopted, which can track the power variation of CPLs
quickly. Moreover, the linear programming algorithm can be
applied to compensate the oscillation of the dc bus voltage to
enhance the robustness of the system. Furthermore, in order
to analyze the influence of system parameters on system sta-
bility, the hybrid potential theory can be used to mitigate the
impact of disturbance. In addition, when the system is under
large disturbance, the algorithm of estimating the attraction
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domain and the linear system analysis method of polyhedral
uncertainty can be used to achieve the ideal robustness index
and ensure the stability margin of the system.

As can be concluded from the previous discussion, each
summarized control technology has its own characteristics,
advantages and disadvantages. In recent years, the research
on hierarchical control and load stability are gradually deep-
ened. Finally, the detailed future trends and recommendations
are as follows:

1) Considering more complex scenarios, such as dynamic
lines and loads. Simultaneously, the real-time imple-
mentation of the nonlinear load control strategy
requires a lot of research work. In order to make
distributed control more effective for secondary and
superior control, a lot of research work is required.
Moreover, mathematical analysis of distributed control
strategies remains a complex and challenging issue.
Furthermore, the distributed control strategy requires
to continue to develop. From the perspective of the
control protocol, the diffusion is a candidate algorithm
which is superior to the consensus algorithm in the con-
vergence speed and average stability of the distributed
network.

2) Due to the limitations of existing communication rates
and reliability, it is difficult to achieve real-time control
at various time scales in dc MGs. With the development
of communication technology, the boundaries of each
control layer are weakened. Specifically, distributed
optimization assesses transmission line loss and volt-
age, current operation limit of dc MG power manage-
ment and control, economic dispatch and power gener-
ation cost. Furthermore, the power consensus algorithm
generates a new set of power flow equations, and its
solvability remains to be studied. The power consensus
algorithm preserves the geometric weighted average of
the voltage, which is a compelling application for a
nonlinear consensus algorithm.

3) One of the research focuses on CPL stability is to
use linear and nonlinear control techniques to miti-
gate the adverse dynamic effects introduced by CPLs.
Moreover, more efficient nonlinear filters such as
cubic Kalman filters is one of the trends in the future
research. In addition, it is also suggested to study the
impact of various CPLs on system performance and
provide a mechanism for estimating the power of CPLs.
Furthermore, conservative problems in these cases and
global stability control issues needs further study.
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