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Abstract—With the penetration of renewable energy, the
electrical grid tends to be more flexible and distributed.
Microgrid is a promising solution to deal with the rising
challenges in distributed generation. Droop control is often
adopted to handle power sharing for distributed generation
control in microgrids, however it cannot guarantee required
sharing accuracy and power quality to critical loads without
using communication links. This paper proposes a method
to achieve accurate current sharing without communication.
One distributed generation (DG) is selected as a leader while
the others are considered followers with a complete model of
the leader. With the proposed method, the current can be
shared with a desired ratio while the power quality remains
unaffected.

Index Terms—distributed generation, power
control, power quality restoration, DC microgrid
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Voltage controller proportional gain
Voltage controller integral gain
Current controller proportional gain
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Output filter inductor current
Output filter capacitor voltage
Output current to public load
Inverter output voltage
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Filter capacitor capacitance
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“X” denotes estimated x, “ X > denotes estimation error of
X, subscript “L” denotes leader system, subscript “ Fi”
denotes the " follower system, and superscript “*”
denotes reference value.

I. INTRODUCTION

In modern power systems, the role of renewable
generation becomes more and more important. New
power electronic equipment will dominate the electrical
grid in the next decades and in the meantime the
electrical grids tend to be more distributed, intelligent,
and flexible [1]-[3]. The concept of microgrid (MG) has
been identified as an effective method for integration of
future energy systems [4], [5]. However, all merits of
future grids are based on one significant condition: proper
control strategy must be adopted, otherwise the
circulating currents flowing between the generation units
may lead to instability of the microgrids.

Many renewable energy sources generate DC power,
and with the increasing penetration of DC loads, such as
digital devices, there is a growing interest in DC
microgrids [6], [7]. Development of semiconductor based
power conversion devices offers the possibility of flexible
voltage/current transformation, and thus brings DC power
into applications such as data centers, space exploration,
offshore windfarms, electrical networks on ships,
electrical vehicles, and HVDC transmission systems [8]-
[15].

To make the microgrid operate normally, the current
sharing accuracy and voltage regulation must be ensured
at all time. Droop control is a commonly accepted
method which allows smart grid operation without
communication network. However, due to the line
impedance differences between the generation units, the
current sharing can have a significant error, and because
of the nature of the droop control, the power quality is
slightly degraded. It is noteworthy that the droop control
suffers from the trade-off between the voltage regulation
and current sharing accuracy. In [16] and [17], full
models of the droop control system for AC and DC
microgrid were derived, respectively. A centralized,
higher level controller can be added to restore the power
quality and eliminate the current sharing error as
proposed in [18]. However, the centralized control
structure is not flexible in terms of plug-and-play
functionality, and when a link fails, a system level
instability can occur [19]. A decentralized per-unit
current sharing method was proposed in [20], using a
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low-bandwidth communication to compensate the
drawbacks. In [21], a method to achieve current sharing
by using the averaged voltage and current values was
introduced. Unfortunately, this method only works for a
double-unit system and extension to a multi-unit system
is hard to achieve.

Recently, a more advanced method, considering each
DG as an agent and thus requiring unit-to-unit
communication rather than the traditional centralized
structure, has been proposed in [22]-[26]. All agents try
to minimize the error between their neighbors, and
therefore the main control objective can be achieved by
controlling the agent which is working as a “leader”. It
has been proven to be a more robust and efficient way to
control a small-scale network. In recent literatures, multi-
agent control method has become a main stream for
microgrid control problems. Various algorithms and
modelling methods were introduced to cover all possible
conditions. In [27], a decentralized secondary control was
designed to adapt to different types of communication
network. Besides the communication topology, the
inevitable noise in the transmission is also a critical issue
which can potentially degrade the system performance. In
[28], the effect of communication links noise on the
synchronization process was studied in detail. The
application of advanced nonlinear algorithms such as
sliding-mode control for more robust control performance
was introduced in [29].

In this paper, a method for reducing the current sharing
error is proposed. The key idea is to make one unit a
leader of the group and all followers have a mathematical
model to simulate a virtual version of the leader system.
Thus, the leader current is estimated locally, and the
follower units follow the estimation results. The structure
is similar to a master-slave configuration, but without a
communication link. Therefore, the proposed system is
relatively more reliable and robust. The major challenge
of the proposed system is that all followers need to
estimate the bus voltage of the leader unit to provide the
input for the local model. The estimation can be
inaccurate when the network line impedances are
significant. A sensitivity analysis is performed to
examine how much the current sharing is degraded with
respect to the inaccurate estimation. Local secondary PI
controller is introduced to force the follower systems to
follow the estimated leader current references. A guide to
design the controller gain is provided based on
eigenvalue analysis of a small-signal model of one
follower system. Finally, simulation in
MATLAB/SIMULINK verifies performance of the
proposed method.

Il. SYSTEM MODELLING

This section introduces a small-signal model of the
proposed system. The microgrid system consists of one
leader and multiple followers, Fig. 1. The leader system
has a single layer voltage and current control system,
while the followers have a double layer hierarchical
control structure. The primary layers of both the leader
system and the follower systems are identical.
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The key idea of the proposed method is in a localized
secondary control layer without any communication. The
secondary layer in the follower units follows the leader
current, which is estimated using a virtual model of the
leader system. The estimated current can be adjusted so
that the followers converge to any ratio of the leader’s
current.

A. Leader System

Unlike traditional networks with many synchronous
generators, microgrids are low inertia systems. In
traditional networks the dynamics are usually dominated
by the generators, while in the microgrid they are more
dependent on the filters and network.
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Fig. 2. Detail of connection from DG to PCC.

Due to the power electronic devices switching, the
output of the converter contains harmonics which can
affect the system’s performance. To filter the noise and
harmonics, a standard LC filter is used, Fig. 2. When the
local load and line impedance are not negligible, the state
equations of the leader system are,

di, R; . 1 1
L= v 1)
d L, "ttt
d . .
ﬂzilrL_ilgL _;VOL (2)
dt Cf Cf Cf RLocaxIL
dl I:2ine H 1 1
d_gtL: Lot Vo ®)
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The above equations can be linearized with the inputs
being the converter output and PCC voltages. A small-
signal state space model combining the LC filter, local
load and line impedance is,

Al Ai,,
A\?OL = AL A\_IOL + B AV + By AV,
Al Aig,
_ R _
__t _1 0
Ly L
1 1 1
Al L 2 L )
- Cf CfRLocaIL Cf
0 1 _RLineL
L I-LineL I-LineL
T T
1 1
B,,=|— , B,, = -
- |:Lf ° O:| o {0 0 LLineL:|

The leader has only the primary control layer. The
purpose of leader is to provide a reference for the
followers and thus its voltage reference does not vary
with time. Cascaded voltage and current control is
achieved using Pl controllers. The equations of this
primary control layer can be written as,

do

dt = V:L —VoL )
I:L = va (V:L _VOL) + Kiv(”l_ (6)
dy, o« . 1
d_tL: oL ~ oL :IOL_IQL_R VoL (7)

LocalL
« PO 1
Vi = Kpc loL _IgL = Vo |t Kic}/L (8)
LocalL

By linearizing the equations above, a small-signal
model of the cascaded voltage and current controller can
be written in the state-space form as in (9). The inputs are
the reference, measured voltage and currents. Two
auxiliary states are introduced to assist with the dynamics
modelling. The output is the required output voltage for
the converters.

. X
A(A} [A(A} e
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Dch = Kpc va (9)

The resulting closed-loop state-space model is shown
in (10). Because the leader unit is under fixed voltage
control, the first input Av'y, which is the voltage
reference disturbance to the inner cascaded voltage and
current loop, is always zero, and thus the corresponding
term can be ignored.

A(.b'- Ap,

AN AN . )

Al |=A | Al |+ByAY, +BLAY, +BY,

AV, Av,

Aiy Aiy

AL — ( A\/c Bvcl j (10)
BoLlcvc AJL + BoLl Dvcl

B, 0
B.= (B DZ j B, = [Bm j
oL1™=vc2 oL2

B. Follower System

Follower systems have the same structure as the leader,
but the local load and line impedance can be different.
Therefore, for the primary layer, the dynamics can be
obtained easily by swapping the electrical parameters in
(10),

Ay A
AZ/ Fi A7 Fi .
Al |=Ag | Al |+ BenAVyg + BrpAvyg + BV, C(11)
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AigFi AIQFi
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proposed follower system has an additional
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compared with the leader system, the

local

secondary control layer to adjust the inner primary
control reference to achieve the current sharing. An
illustration diagram is shown in Fig. 3. The local
secondary control layer dynamics can be linearized into a
small signal model as:
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Converter

Leader system model

Fig. 3. Block diagram of follower system.
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The required reference for the local secondary control
is generated by the mathematical model of the leader
system from the previous analysis.

S s
AZ/'- A?L
AiIL =A | Al |+ B, ,AV, +B.V,
AVOL AYOL
Ai'gL Al
AQ,
& AZ/L
[Alol_] =C_ Al (13)
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1
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Note that the above model requires the PCC voltage at
the leader unit. The PCC voltage can be easily estimated
as,

VbL

(14)

Ce:[o 001 _RLineFi]
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Combining the reference generation, local secondary
controller, inner loop cascaded voltage and current
controllers, LC filter and line dynamics, the full small-
signal model of the follower system can be written as,

[AXg ] = Argi [AXgi ]+ BreipAVye; + BreuVo

[AXe =A@, A7, Al AV, Ay

AgFi ' A¢Fi ’ A7/Fi 'AirFi ' AVoFi ’AigFi ]T
AL 05*‘1 BLZCE (15)
A = leCL 0 Bsz
BriDuCr  BriCs  Ar +BriDs,
Brriz = [06*1 BFiZ]T

BTFilz[BLl 0 BFil]T

A. Sensitivity Analysis

The follower system requires knowledge of the
network parameters to build the virtual model of leader
system and estimate the PCC voltage. The parameters of
filters and local loads are often available. However,
accurate line resistances are harder to obtain. The
mismatch in the leader and follower line resistances can
result in a current sharing error, as illustrated in Fig. 4.
The results in Fig. 4 were obtained from multiple
simulations with constant load. Initial parameters and
network will be introduced in the next section. From Fig.
4 it is obvious that the sharing error is directly
proportional to the mismatch in the line resistances.

SENSITIVITY ANALYSIS AND CONTROLLER DESIGN

N7 7 T 7T

——
—o- Leader

8

Current Mismatch Percentage (%

4 6 8 10
Line Resistance Mismatch Percentage (%)

Fig. 4. Current sharing error percentage (error divided by leader current)
with respect to line resistances mismatch.

B. Controller Design

Analysis of eigenvalues movement has been proven to
be an efficient way to design the controller gains.
Complete model of one follower system can be obtained
by previously introduced modelling method. A large
body of literature has already covered the selection of the
inner loop PI gains and therefore they are not analyzed in
this paper. Eigenvalues movements with respect to the
increasing gains of the secondary layer PI controller are
analyzed next to provide a brief guideline for designing
the secondary control layer. The follower unit DG1 is
analyzed. The eigenvalue analysis is done in
MATLAB/SIMULINK. The parameters are listed in
Table I.
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Fig. 5. Eigenvalue distribution: (a) Eigenvalues plot with initial
parameters, (b) Eigenvalues movement with respect to K, increasing
from 1 to 1.3. (c) Eigenvalues movement with respect to Kj increasing
from 100 to 1000.
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TABLE |: PARAMETERS

Parameter ~ Value  Parameter  Value
Ko 0.5 RiineL 03Q
Kiy 2 LiineL 1.3 mH
Kpc 5 RLineFl 05Q
Kic 100 LLiner2 1.1mH
Kps 1 RLiner2 0.7Q
Kis 100 Liiner2 1.5mH
Ke1 1 RiocalL 3Q
Ke2 1 Riocalr1 6Q
R¢ 0.01Q RiocaiF2 9Q
Lf 1.8 mH RPuinc 5Q
Cs 45 yF A 80V

The eigenvalues plot with initial parameters is shown
in Fig. 5 (a). As shown in the figure, all eigenvalues are
in the left side domain, which suggest the system is stable.
Fig. 5 (b) show the eigenvalues movement with respect to
increasing Kgs ([1, 1.3]). According to the eigenvalues
movement, increasing the K significantly affects the
system stability. The main trend is that the system
becomes more and more oscillatory and finally unstable
because multiple clusters of eigenvalues quickly move
towards the imaginary axis. The stability limit for Ky is
around 1.15. From Fig. 5 (c), multiple clusters of
eigenvalues move quickly towards negative infinity with
increasing K;s ([100, 1000]), which suggest the stability is
enhanced; however, there are still two clusters of
eigenvalues moving towards positive domain, and thus a
certain limitation for K;s exists. The stability limit for K
is around 910. The follower system is clearly more
sensitive to Ky, change. Thus, in general, it is better to
keep a relatively small K, and then adjust K within the
acceptable range to obtain a desired damping.

IV. SIMULATION RESULTS

Network model in Fig. 6 was built in
MATLAB/SIMULINK. All parameters can be found in
Table I. Initially, the load is 5 Q and after 10s it is
changed to 10 Q. Two tests are performed: first, all units
are chosen to share the load equally, second, the sharing
ratio is changed to 4:2:1 (Leader unit DGO: Follower
DG1: Follower DG2). The results are compared with the
traditional droop control, with the droop coefficients set
to 0.001 and 1.
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DGO

Ry

RLlneFl LL'neFl

L'_L PC
T
DGl Cs I R ﬂRPublic
LocalF1
L, i
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DG2

Fig. 6. Simulation network
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As shown in Fig. 7, the traditional droop control
method has poor sharing accuracy with different line
resistances and local loads. The sharing accuracy can be
improved by choosing a larger droop coefficient, Fig. 8.
However, such action results in worse voltage regulation.
With the proposed method, all units can synchronize their
current with high accuracy, Fig. 9. In Fig. 10, the voltage
regulation results at the point of common coupling (the

point where the public loads are connected) are compared.

Results in Fig. 11 illustrate that the total current can be
shared at the desired ratio (4:2:1) with high accuracy and
the current sharing is maintained when the load changes.

V. CONCLUSION

This paper proposed a method which allows the DGs
to share the currents at a desired ratio without using
communication links. Compared to the traditional droop
control, it suffers less from the line impedances effect,
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and has better voltage regulation at the PCC. The
proposed method requires complete knowledge of the
electrical network, and inaccurate parameter estimation
can lead to a sharing error. The analysis of the sensitivity
of the proposed system to inaccurate line parameters was
presented. Eigenvalue analysis of the small-signal model
of one follower system was performed to define
acceptable controller gains. Finally, simulation in
MATLAB/SIMULINK verified the performance of the
proposed system.

Although the proposed method works well for single
public load network, it cannot be directly applied to
multiple public loads network. Future work should focus
on extending the method to complex networks while the
merits are maintained.
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