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Abstract: In a microgrid, load power should be properly shared among multiple distributed gen-
eration (DG) units, not only for fundamental power but also for negative sequence and harmonic
power. In this paper, the operation of a microgrid under imbalance and nonlinear load conditions is
studied, and a consensus algorithm-based distributed control strategy is proposed for the microgrid
power allocation, frequency, and voltage restoration. First of all, the output current of DG unit is
decomposed by second-order generalized integrator (SOGI) modules to obtain the fundamental
power and harmonic power through the power calculation formula. Then, state values of DG units,
such as local power, frequency, and voltage, are transmitted on a sparse communication network.
Under the action of a consensus algorithm, the real power of DG units is allocated following the equal
increment principle; the reactive power, imbalance, and harmonic power are allocated according to
the capacities of DG units; and the frequency of the microgrid and the voltage at the point of common
coupling (PCC) are rated. In the consensus-based strategy, DG units only communicate with their
neighbor units; thus, the “plug and play” function is reserved. Compared with the centralized control
strategy, the proposed strategy with a distributed consensus protocol can simplify the maintenance
and possible expansions of the system, making the microgrid more flexible. Moreover, as the structure
of the detailed network is not required, it is easy to apply in practice. Simulation and experiment
results are presented to verify the proposed method.

Keywords: microgrid; consensus algorithm; harmonic power; power allocation; frequency restoration

1. Introduction

A microgrid is an effective way to increase the penetration of distributed generation
(DG) into the main grid [1]. It is capable of operating either in grid-connected or in islanded
mode, thereby increasing the supply reliability for the end user. A microgrid provides a
promising solution to integrate multiple renewable energy resources and storage systems.
At present, research on microgrids is mainly on the subject of architecture, modeling,
stability analysis, power quality improvement, and power sharing, etc.

In an islanded microgrid, load demand should be properly shared among multiple
DG units. That means each DG unit should output power in proportion to its power rating
if there is no management of the microgrid central controller (MGCC) or consideration of
economic benefits. Normally, the frequency and voltage amplitude droop control method
can be used to improve the distributed mode to achieve microgrid power sharing [2,3].
Due to its wireless control characteristic, the “plug and play” function of DG units is
enabled. While frequency droop control allows for precise actual power sharing due to
frequency uniformity, voltage droop control often results in poor reactive power sharing
due to mismatched feeder impedances and different offsets of local loads [4].

In recent years, various modified droop control methods have been developed to deal
with the reactive power sharing issue. In [5,6], predominant virtual inductors were placed
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at DG unit outputs, which mainly aimed to prevent the power control instability. In [7],
a comprehensive treatment about virtual impedance concept is presented. Emphasis is
placed on mismatched feeders connected to the point of common coupling (PCC) and
the effects of local loads are ignored. In [8], both the DG unit feeder and local load are
considered. Due to the introduced feeder current sensing, dynamic power sharing among
DG units is achieved. However, when the microgrid structure is networked, the above
wireless methods cannot provide a satisfactory reactive power sharing effect.

To solve the reactive power sharing issue in networked microgrids, communication-
based solutions become shortcuts. In [9,10], a synchronizing signal is utilized to trigger an
extra regulation process for reactive power sharing, but the control performance is easy
to influence if the load changes during the regulation period. With the communication
links between MGCC and DG units, reactive power sharing can be easily achieved through
secondary regulation [11-13]. In recent years, a distributed control method based on a multi-
agent consensus protocol has also been developed, which only uses a sparse communication
network (SCN) [14-18]. Different from the MGCC-based centralized control strategy, DG
units in SCN only communicate with their neighbor units.

On the other hand, the microgrid may have serious power quality issues due to
intensive imbalance and nonlinear loads. Similar to the situation of reactive power sharing,
mismatched feeder impedance in a weak microgrid can also cause imbalance and harmonic
power sharing issues. Thus, virtual impedances at fundamental negative sequence and
selected harmonic frequencies are developed to achieve imbalance and harmonic power
sharing [19,20]. However, as the MGCC is required, the reliability of the system may be
reduced. In [21,22], consensus protocol-based control strategies are proposed to reduce the
harmonic distortion of the DG unit voltage. Then, imbalance and harmonic power sharing
issues are discussed in [23], and the corresponding consensus protocol is established based
on imbalance and total harmonic power. But using the total harmonic power can hardly
keep the harmonic power at each order well shared. In the above consensus-based control
strategies, economic issues are not considered. In fact, as the SCN is introduced, power
sharing should not be the only power allocation principle; economic factors and other
performance indexes should also be considered [24-27].

This paper employs a consensus protocol to artificially deal with the various issues
in microgrids. In the proposed strategy, there are three main distributed regulators: the
Q-V regulator for reactive power sharing and voltage restoration; the P-f regulator for
real power allocation and frequency restoration; and the I-H regulator for imbalance and
harmonic power sharing. To realize more accurate harmonic power sharing, the harmonic
power at each order is utilized. To realize economic optimization, the equal increment
principle (EIP) is introduced. To realize smoother mode switching of the microgrid, the
PCC voltage and microgrid frequency are regulated to the rated values. In this paper,
microgrid control issues and the proposed consensus-based control strategy are introduced
in Sections 2 and 3. Some simulation and experiment results are given to validate the
proposed control strategy in Sections 4 and 5.

2. Microgrid and Issues
2.1. Droop Control in Microgrids

Figure 1 illustrates the structure of a networked microgrid. In such a microgrid, DG
units can be connected to any node of the network. Some loads connected directly to DG
units are called local loads, and the others are public loads. Like a traditional microgrid,
by controlling the static transfer switch (STS) at the PCC, the networked microgrid can
operate in either islanded or grid-connected mode. In grid-connected mode, as the voltage
of microgrid is supported by the main grid, the power allocation issue can be easily solved
by adopting power tracking techniques. However, in islanded mode, power sharing relies
on the cooperation of multiple DG units.
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Figure 1. Illustration of a networked microgrid.

Normally, for islanded operation, DG units can employ the conventional frequency
and voltage magnitude droop control as

w; = woy; — m;P; 1)

E; = Ey; — n;Q; 2)

where wy; and Ey; are the initial values of the DG angle frequency and voltage magnitude,
respectively; P; and Q; are the measured real and reactive power of the DG unit i; and m;
and n; are the real and reactive power droop slopes. Normally, they can be defined as

P Winax — Wiin 3
R ©)
Emax — Enin
ni o (4)
where Wy and wy,;,, are the upper and lower bounds of the microgrid frequency, respec-
tively; Ejuax and E,;, are the upper and lower bounds of the microgrid voltage, respectively;
and P*; and Q*; are the rated real and reactive powers of the DG unit i, respectively. With
the derived angle frequency and voltage magnitude, the instantaneous voltage reference of
the DG unit can be obtained accordingly.

It can be seen from (3) and (4) that larger-capacity DG units will be set with smaller
droop slopes. Thus, when all the DG units operate under the same frequency and voltage
magnitude, larger-capacity DG units could output more real and reactive power according
to (1) and (2). In practical application, due to the consistent frequency among DG units,
the frequency droop control always achieves accurate real power sharing. However, as
the voltage magnitudes of DG units are rarely unified due to the mismatched network
input impedances, the voltage magnitude droop control typically suffers the reactive power
sharing issue. In addition to this, the droop control also has some other issues:

(1) When imbalance and nonlinear loads are connected to the microgrid, imbalance and
harmonic power will be generated, which also need to be properly shared.

(2) Real power sharing is a kind of power allocation strategy without considering eco-
nomic factors of DG units. It mainly considers the operation of inverters.

(3) Droop control has static errors in the frequency and voltage magnitude control. The
influence is small in islanded mode, but large in the mode-switching process.

The droop control still needs to be improved.

2.2. Power Sharing Analysis

To analyze the relationship between DG output power and virtual impedance, a paral-
lel system with two identical droop-controlled DG units is introduced, with its equivalent
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circuit illustrated in Figure 2. As the figure shows, each DG unit is equivalent to a droop-
controlled voltage source in series with its virtual impedance. Assuming that the DG units
only output the fundamental positive sequence voltage, the equivalent circuit can be de-
composed into the three circuits shown in Figure 2: the circuits at the fundamental positive
sequence, at the fundamental negative sequence, and at the selected harmonic frequency.
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Virtual impedance o e
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positive sequence L DVS 1
v _pos N
(>
< <
(a)
Feeder impedance — [ lyegr —

Lf_m';: R f neg
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(b)

Feeder impedance —» lums Tharn: —
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at the nth
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1, rarn

Lw_hum

()

Figure 2. Equivalent circuits of a parallel system at different frequencies and sequences. (a) Equivalent
circuit at the fundamental positive sequence. (b) Equivalent circuit at the fundamental negative
sequence. (c) Equivalent circuit at selected harmonic frequency.

In Figure 2a, the PCC load is lumped as a passive RL load. In order to realize accurate
real and reactive power sharing, DG units should have droop control slopes designed
according to (3) and (4). Meanwhile, the impedances between DG units and the PCC
should be equal.

Leﬁpos = Lf_pos + Lv,pos (5)
Re_pos == Rf_pos + Rv_pos (6)

where L, _pos and Rg_pos are the equivalent inductance and resistance at the fundamental
positive sequence, respectively; Ls yos and Ry s are the physical inductance and resistance
at the fundamental positive sequence, respectively; and Ly _pos and Ry_pos are the virtual
inductance and resistance at the fundamental positive sequence, respectively. By regulating
Ly_pos and Ry_pos, making sure each DG unit has the same L, _pos and R,_pos, DG units will
output the same reactive power.

The equivalent circuit at the fundamental negative sequence is presented in Figure 2b,
where the imbalanced load at PCC is described as a current source ;. In this system, the
equivalent impedance at the fundamental negative sequence is

Leﬁneg = Lf_neg + Lv,neg @)

Reﬁneg = Rf_neg + Rv,neg 8)

where L,_neg and R,_neq are the equivalent inductance and resistance at the fundamental
negative sequence, respectively; Ly 0, and Ry ¢, are the physical inductance and resistance
at the fundamental negative sequence, respectively; and Ly_jeq and Ry_neq are the virtual
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inductance and resistance at the fundamental negative sequence, respectively. If each DG
unit has the same L,_neg and Re_peq, the DG units will output the same imbalance power.
The equivalent circuit at the selected harmonic frequency is presented in Figure 2c. The
equivalent impedance at the nth harmonic frequency is

Le_han = Lf_han + Lv_han (9)

Re_han = Rf_han + Rv_han (10)

where L, j,;, and R, j,, are the equivalent inductance and resistance at the nth harmonic
frequency, respectively; Ly 5, and Ry j, are the physical inductance and resistance at
the nth harmonic frequency, respectively; L, j,, and R, ,, are the virtual inductance and
resistance at the nth harmonic frequency, respectively. Similarly, the L, j,, and R, j,, of
each DG unit should remain equal.

Based on the assumption of main inductive DG equivalent impedance and slow
microgrid load demand dynamics, the relationship between DG output power and virtual
impedance can be summarized as

Zv_pos T = ons \L
Zy neg T = Queg 4 (11)
Zv_hun T = Qhan i,

where Qpos, Qneg, and Qyg,, are the DG reactive, imbalance, and nth harmonic power,
respectively. The detailed definition will be given in the next section. It can be seen that by
increasing the virtual impedance value, the related power component of the DG unit can
be reduced, and vice versa.

2.3. Preliminaries on Consensus Algorithm

Before introducing the proposed strategy, some preliminary knowledge of graph
theory should be briefly presented first. For distributed control of DG units, directed graph
(digraph) can be used to describe the microgrid topology. A digraph is usually expressed as
G = (Vg, Eg, Ag), which consists of a node set Vg={v1, 75 .. .v3}, an edge set Eg CV x Vg,
and the associated adjacency matrix Ag = [4;]. The nodes of the digraph denote each
DG agent in a microgrid, and the edges denote communication links between DG units.
Each edge (v;, vj) € Eg represents that agent i obtains information from agent j. The set of
neighbors of the ith vertex is denoted as N; = { j1(vi, vj) € Eg}. The elements of the adjacency
matrix Ag are defined as a;; = a;; = 1 if j C N;; otherwise, a;; = a;; = 0. For a digraph, if
node j is the neighbor of node i, then node i can obtain information from node j, but not
necessarily vice versa. The in-degree matrix is defined as D = diag{d;} with d; = ¥;c; a;;.
The Laplacian matrix L is defined as L = D— Ag. In the leader adjacency matrix F = [fj]n x1,
if the i node can receive information from the reference value, it is called the pinning node
with f; =1, otherwise f; = 0. When there exists at least a direct path from the root node to
every other node in the digraph, the digraph is said to have a spanning tree.

Taking the sparse information into account, the proposed consensus-based control
strategy is modelled by a digraph based on the above graph theory. The scalar information
state xi is bound to each communication node i. Node i will update its information with
its own information and that of its neighbor. By reaching a consensus, it means each node
asymptotically converges to the same state. According to the related literature [28,29], the
update rule is based on the solution of continuous consensus algorithms for the regulator
synchronization problem and tracking synchronization problem, respectively.

In [28], it is pointed out that if each node 7 in the digraph can receive information from
its neighbors, then all the nodes of the digraph globally, asymptotically reach an average
consensus. Meanwhile, in [29], it is pointed out that if the information of leader node i can
be used in a local controller, all nodes in the digraph can follow the set value of the leader
node even its value changes over time.
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As described above, the update rule can be summarized as

xi(t) = — Zaij [xi(t) = x;(1)] (12)

JEN;

%i(H) ==Y ai[x(t) — x(1)] — g [xi(t) - xref] (13)
JEN;

where the pinning gain g; > 0 if node i is the leader of the digraph which is connected
to the reference. It is non-zero only for a few root nodes (at least one root node) with the
reference value x,,s. If the communication network contains a spanning tree, the rules
above can be achieved. Then, in the regulator synchronization problem, the states of
the nodes synchronize to a common value that is not prescribed, and in the tracking
synchronization problem, the node states synchronize to the reference value x,,s. For the
proposed control, the power allocation issue corresponds to the regulator synchronization
problem, and the voltage and frequency restoration issue corresponds to the tracking
synchronization problem.

3. Consensus-Based Control Strategy

As previously mentioned, the proposed control strategy contains three regulators: the
Q-V regulator, P-f regulator, and I-H regulator.

3.1. I-H Regulator for Imbalance and Harmonic Power Sharing
3.1.1. Imbalance and Harmonic Power Detection

By using the second-order generalized integrator (SOGI) method in [27], the funda-
mental and harmonic currents can be separated. The simplified decomposition diagram is

sketched in Figure 3.
Fundamental fr(a,'n PNSC | '*ua,tn
4 Frequency SOGI| 4,4 S | T 1iap
A Harmonic 3" Harmonic Esqap) Wlﬁjwﬂl =0
Thessy i - . " ST
ex| primary Frequency SOGI| gizp F
decoupling - - R "
network 7" Harmonic rapy PNSC 1! 7em
Frequency SOGH| giz4, o =10
positive/negative-
sequence calculation

Figure 3. Decomposition of the fundamental positive sequence, fundamental negative sequence, and
harmonic currents.

Firstly, the three-phase currents are transferred into the « and § two phases. Then,
through the filtering function of the SOGI block, the specific harmonic currents are ex-
tracted. Finally, the detected currents are sent to the positive/negative sequence calculation
(PNSC) block to further separate the positive and negative sequence components. The
transformations in the PNSC are as follows:

1{1 -
=5 [q 1‘7] Vap (14)
_ 171 ¢4
Vg = 5 [_q 1] Vup (15)

where
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W

ifi)
Oug = 310 % V3 | Vabe
q:e_j(n/z)

and g is a 90°-lagging, phase-shifting operator applied to the time domain to obtain an
in-quadrature version of the input waveforms. With the detected current components, the
fundamental positive/negative and harmonic powers can be calculated as

P =V, I + vﬁq5 (16)
Q= Vply, — Valjj (17)
Queg = 15E*1/ (I1)* + (1; )2 (18)
Ques = 1L5E*\/ (I5,)* + (1;)2 (19)
Quay = L5E*y/ (I1)? + (1;/5)2 (20)

where I*14 and I*1 are the fundamental positive sequence current components; I~ 1 and
I™1p are the fundamental negative sequence current components; I 5, and I 5p are the
fifth harmonic current components; and I*7, and [*7g are the seventh harmonic current
components. As high order harmonic currents are relatively small, they are ignored in the
proposed strategy.

3.1.2. Virtual Impedance Control

In this paper, the imbalance and harmonic powers are both regulated through virtual
impedances. Referring to the relationship between the power and line impedance, the
virtual impedance controller can be designed as

Rv_neg,i = R:_ngg,i + kneg,iév_neg,i (21)
Ry pas,i = Ry, pasi + Knas,i0o_has,i (22)
Ro_nazi = Ry pazi + Knaz,i00_hav,i (23)

where R*; 0 ; is the virtual resistance at the fundamental negative sequence in the DG
unit i; R, j,5; and R*, 1,7 ; are the virtual resistances at the fifth and seventh harmonic fre-
quencies in theDG unit i; 6 _yeg i, 0v_nas,i and dy_p,7,; are the corresponding virtual resistance
correction terms; and kneg,i, knas,i and k.7 ; are the corresponding proportional gains.

The distributed consensus protocol is designed to generate virtual impedance correc-
tion terms 6y yeg,i, Oy_nas,i, and &y _pa7,i through PI controllers to drive the imbalance and
harmonic powers to be well shared. In this paper, power sharing based on a distributed
controller is realized by constructing multi-agent systems. The power sharing problem can
be considered as a regulator synchronization problem; niQ, e i, 1iQpgs i, and 1iQy,7,; can be
considered as the state variables from the perspective of control theory. And, the control
inputs are as follows:

Uneg,i = ”iQneg,i (24)
Unasi = MiQpas,i (25)
Upaz,i = niQhaZi (26)

where Ue0 i, Ug5,i, and uy,7,; are the auxiliary control inputs for the imbalance and fifth and

seventh harmonic powers, respectively; Qe i/ Qha5,,-, and Qh,ﬁj are the variations of the
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imbalance and fifth and seventh harmonic powers, respectively. To achieve the consensus
of the system, the power information from the local DG unit and the neighbor DG units are
utilized to construct the auxiliary control inputs:

Upeg,i = _Cnegeneg,i 27)
= _Cneg Zjel\]l- aij (niQneg,i - anneg,j)
Upgs,i = _ChQSEhHS,i (28)
= —Chas Ljen; 4ij (”iQhuS,i - anha5,j>
Ungz,i = —Chazhaz,i 29)

= —Chaz Ljen; 4ij (”iQhaZi - ”thaZj)

where Cyeg, Cy5, and Cy,7 are the coupling gains; ;e ; is the sum of the imbalance power
sharing errors from the local DG unit i and its neighbor DG units; and ey,;5,; and ey, ; are
the sum of the fifth and seventh harmonic power sharing errors, respectively. It can be
proved that when the system steady state is achieved, 7,Qeq,i = 1jQueg j» 1iQhas,i = 1jQnas js
and n,Qpa7, = 1njQpay,;- That means the reactive, imbalance, and harmonic power of the
load will be properly shared by the DG units. The proposed adaptive virtual impedance
regulation is sketched in Figure 4.

H; Q,,yk._j Upeg.i ﬁr_ur,-,'.z'
- _C;mg Z af/ (n;Qneg.f o n_/Q/mg‘j) > PI
ieN;
1 Qhasj . Hparsi O heasi
| has z dy (niQhujj o niQfmS_i) > Pl —>
JjeN,
5 Qi i Otz
> 7Chu7 ai] (nlghu.’.z 7anhHTj) »| PT
JjeN,
Neighbor DG unit
information

Figure 4. Proposed virtual resistance regulation in the DG unit.

Then, the virtual impedance correction terms &y yeq,is 0y_nas,i, and &y_pa7,; are added
to regulate Ry yegi, Ry pas,i» and Ry 7. In the proposed strategy, virtual reactance at each
frequency is constant while the virtual resistance is variable as designed in (21)—(23).

3.2. P-F Regulator for Real Power Allocation and Frequency Restoration

The traditional frequency droop control method can realize accurate real power shar-
ing; however, the economic factors are ignored. When communication is introduced, the
economic operation of the system should be taken into account. Referring to the EIP in the
traditional power system, the frequency droop control Equation (1) can be rewritten as:

w; = wo; — kn;i(P;) (30)

where #;(P;) is the cost increment value (CIV) function, which is the derivative of the
generation cost function GC;(P;) with respect to Pi for DG unit i, and k is a positive scalar
coefficient. In the steady state, the frequency of each DG unit must be equal [22]. Therefore,
the k#y;(P;) of each DG unit is also equal, which meets the EIP of the economic dispatch
(ED). The corresponding EIP regulator synchronization equation is as follow:

upi = —Cpep,i
= —Cp Y aij [k (Py) — kg (Py)] Gh

JEN;



Electronics 2024, 13, 1966

9 of 22

where C,, is the positive control gain for the EIP. On the other hand, to realize the restoration
of the microgrid frequency, a tracking synchronization equation is added.

— ,—ijezl\:fi [”i} (wi = wj) + i (“’i — Wref )} o

where C,, is the positive control gain for the frequency tracking. When C, and C,, are equal,
Equations (31) and (32) can be combined as

Uwo,i = Uwp,i T Uw,i = —Cuwew,i — Cpep,i
=—Cu), [ﬂij(wol' - wop) + & (Wi - wfff)] %
JEN;

The corresponding frequency regulation is sketched in Figure 5.

@ g; C Ui Ouni
1 R I:ay‘ ((Ul)i_m()j)-'-gi(wi_a’)re.j‘)i| > Pl —
JeN;

Neighbor DG unit
information

Figure 5. Proposed frequency regulation in the DG unit.

In the Figure 4, 4., is the frequency correction term, which will be added to wy; in
(30) as:
wi' = woi — kni(Pi) + S0, (34)
With the frequency regulator and tracking equations, the system is maintained at the
rated frequency, and each DG unit keeps the equal cost increment. Compared with real
power sharing principle, the system with the EIP has a much lower generation cost.

3.3. Q-V Regqulator for Reactive Power Sharing and Voltage Restoration

The reason for inaccurate reactive power sharing is the different voltage drops of the
line impedances of the DG units. Thus, a voltage correction term J,; is added to (2), which
is generated through a PI controller. The corresponding controller input is as follow:

Ugi = —Coeqi

= —Cq Ljen, @ij (miQi — Q) )
where C, is the coupling gain and e, ; is the sum of the reactive power sharing errors from
the local DG unit i and its neighbor DG units. With this regulator synchronization equation,
at steady state, 7;Q; = 1;Q;. On the other hand, to better realize the seamless switching of
the microgrid, the proposed control strategy will keep the PCC voltage at the rated value.
So the tracking synchronization equation is added.

(36)

Upce,i = _Cpcce cci
= _Cpcc ZjeNi f

a;; (Eoi — Eoj) + 8 (Ei - Erefﬂ

where CPCC is a positive control gain and En,f is selected through a PI controller, so that the
PCC voltage Ejpc can recover to its reference rated value E*j.. with zero error. The proposed
PCC voltage and reactive power regulation is sketched in Figure 6.
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mQ; Hyi Oy
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Ervf JEN;
Neighbor DG unit
information
PCC communication unit
B O e [P e T ey T I 0
" l En +(§‘p(’(‘ ) PI = Fp(c o ip(c l
[]
L _J
1 N e e e e e e e e e— — — — — —

Figure 6. Proposed voltage regulation in the DG unit.

In the figure, J,.; and J,; are the voltage correction terms, which are added to E*; in
(2) as:
E; = Eoi — 1;Q; + g, + Opec,i (37)

The value of E, is calculated in the PCC monitor unit, which is treated as a communi-
cation node in the microgrid and also participates in voltage regulation. The E, is selected
through a PI controller such that Epcc recovers to its reference rated value E*pcc with zero
error. Its calculation process is as follows:

Erer = Ej + kpAEpec + ki / AE pccdt (38)

AEpcc = Ejee — Epec (39)

where kp and k; are the gains of the PI controller in the PCC monitor. When the voltage
regulation (35)~(37) converges to the steady state, 1,..; and the output of the PI controller
in (38) converge to steady-state values; then, the E; of each DG unit converges to have the
same 7;Q;, and the PCC voltage reaches the reference value E*pcc.

3.4. Overall Control Diagram

Figure 7 illustrates a schematic of the proposed control strategy. The DG unit controller
consists of several separate modules. Some are basic modules: the droop controller and pro-
portional resonance (PR) controller; some are consensus-based modules: the I-H regulator,
P-F regulator, and Q-V regulator; and the others are auxiliary modules: the power calcula-
tion module, the virtual impedance module, and the virtual voltage calculation module.

Qm'g,l I Haf) I +l(lzﬂ)
Ohasi {j(a/r)r 7@:}
Quari Power | Current 1‘ Loy af
1o dy neei | Calculation | Calculation | ‘,ﬂ
Jnegy L neg _/ -
1 Qs | O hasi Lotabe)
1O, . Correctio Oy bt R, A ( E,; LCL Filter
Fig.4 Calculation |p | Calculation | § e g
p Hnegi
ki) Ry husi | B
() o
“i (o, Correction] dus Ry pazi

g - kifi(P)

niQ; Fig.5

E;
Y Y
Eryy E; Correction| O¢i %+ Opeci
Fig.6

Neighbor power
information

PR Control

Figure 7. Control diagram of the proposed strategy.
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The virtual voltage Evi calculation after virtual impedance regulation is as follows:

Ev?a,i = Rv?neg,ill_,xri + Xv?neg,ilfﬁ,i

+ Rv_huS,ilgali + Xv_haS,iI575/j (40)
+ Rv?hu7,i17+a,i - vaha7,il;23,i

Eo_pi = (Ro_neg,ilipi = Xo_neg iy,
+\ Ro_nas,ilsp i — Xo_has,il5,,; (41)
+ Rv_ha7,i1;7;,i + Xv_hﬂ,il;;,i
To ensure voltage tracking, a double-loop voltage control with harmonic voltage

compensators is adopted. The outer loop is an LCL filter capacitor voltage control loop
GV(s) and the inner loop is an inverter output current control loop GI(s) as follows:

2k LhWpS
Gy(s) = kpy + = (42)
h:%ym s2 + 2wps + (hw*)2
Gi(s) = kpr (43)

where ky, is the gain of the resonant controllers in the outer voltage control loop; wj, is the
bandwidth of the resonant controllers; and kpy and kpy are the proportional gains of the
voltage and current controllers, respectively.

The I-H regulator is developed to enable the DG units to proportionally share the
imbalance and harmonic loads. The Q-V regulator can enhance the accuracy of reactive
power sharing and the voltage quality at the PCC. The P-F regulator can ensure the equal
increment operation of DG units and maintain the microgrid frequency rated values. The
controller at DG unit i receives information from its neighbors (1;Qyegj, 1jQnas j» 1jQhav,js
kyj(P;), wj, njQj, Ej, and Ey), and processes the neighbor units” and local data (1;Qeq.i,
1iQhas,ir 1iQhaz,ir kyi(Pi), wi, n;Q;, and E;) to generate the correction terms (0y_yeq,is 0v_has,is
Ov_na7,ir Op,is Ow,ir O4,i» and Spcc,i) Of the virtual impedance, frequency, and voltage through
corresponding PI controllers. It can be seen that the controller at each inverter is totally
distributed and that each controller only uses the information of its local and neighbor
units, which can be more flexible and reliable.

4. Simulation Results

To test the performance of the proposed control strategy, a microgrid with four DG
units was simulated in MATLAB/Simulink environment. The structure of the test microgrid
is illustrated in Figure 8.

[ine3
+ — e Load
DG3 | - L
F+0, S~ 25y

line7

e Al

Load
3

Figure 8. A schematic diagram of the test microgrid.
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Table 1 provides the system and the DG primary control parameters. The reactive
power capacities of the DG units are set to be the same. Thus, in an ideal situation, the
reactive power of the DG units should be equal. The cost parameters for the DG units are
given in Table 2. By taking the derivative of P, the cost increment function can be obtained.

Table 1. Electrical parameters of the microgrid.

Circuit Parameters Values
. Resistance Rf= [1143111]*0.1Q
Line 1-7 . .
Resistance Xp= [1143111]*0.028j 2
LC Filter Ly=15mH, C; =100 pF
DG 14 Frequency fs=10kHz
Capacity S =25kVA
Real power P; =25 kW
Load 1-3 Reactive power Q. =20 kVar
_ -6 _ —4
Droop DF(?Op Slopes Dp=8x107°Dg=1x10
Initial Voltage Ey =320V, Fy =50.125 Hz
PR Voltage Controller kp =0.1, kyj, =20, ksy, = k7, =15
Current Controller kp=0.1
Q regulator kp=4x 1074, kp=1.6 x 103
V regulator kp=0,k;=05
Consensus P-f regulator kp=0,k=8x107%
I-H regulator kp=0,k=25x107°
Load Condition Remarks
Test 1 Three-phase balanced Load Remove Load2 att=4s
Test 2 Imbalanced Load Remove phase C loads in Test 1
s Diode Rectifier R;j=80,Cyj=5uF

Table 2. Cost Parameters of the DG units.

Cost Function

DG1 0.094P? + 1.22P + 51
DG 2 0.078P% + 3.41P + 31
DG 3 0.105P2 + 2.53P + 78
DG 4 0.082P2 + 4.02P + 42

The SCN of the microgrid is also shown in Figure 8. In the test system, DG 1 receives
information from DG 4, DG 2 receives information from DG 1, DG 3 receives information
from DG 2, and DG 4 receives information from DG 3. Figure 8 also indicates that DG 1-4
are all root nodes, and DG 1 is the only root node with the reference value and the pinning
gain of g1 = 1.

4.1. Economic Operation Test

In this simulation test, the microgrid connects three-phase balanced loads and operate
with the traditional droop control method and the proposed method, respectively.

(1) Case 1: Traditional droop control method:

The performance of the system with the traditional droop control method is shown in
Figure 9. Figure 9a,b show the real and reactive powers of DG units in Case 1, respectively.
Att=4s,Load 2 is removed from the network. As can be seen from the figure, the output
powers of DG 14 decrease at the same time. As analyzed before, due to the same frequency
among the DG units, the load real power is well shared. In an ideal situation, the DG
output reactive power should be proportional to the DG capacity: that is, Qq, Q,, Q3, and
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Qg should be equal in the simulation. However, due to the mismatched feeder lines, the
load reactive power has many sharing errors.
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Figure 9. System performance of the microgrid in Case 1. (a) Real power of DG units. (b) Reactive
power of DG units. (c) Voltage magnitude of the PCC. (d) System frequency. (e) Incremental cost of
DG units.
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Figure 9c shows the magnitude of the voltage at the PCC. And Figure 9d shows the
frequency of the test microgrid. According to the deviating regulation characteristics of
droop control, the system frequency is not 50 Hz; meanwhile, the PCC voltage is not 380 V.
The voltage is determined by the reactive load in the system.

Figure 9e shows the incremental cost of each DG unit of the system using the droop
control. At this point, these DG incremental costs are different. The total power generation
cost before and after load change is 509 and 389, respectively. The results will be compared
with the cost of the system using the proposed strategy in the next section.

(2) Case 2: Consensus-based control strategy:

In Case 2, DG 1-4 adopt the proposed control strategy. As in Case 1, Load 2 is removed
from the network at t = 4 s. Figure 10 shows the corresponding system performance.
Figure 10a,b show the real and reactive power of DG units in Case 2, respectively. As the
figure shows, the output real power of DG 1-4 is no longer equal, but according to the EIP,
this can make the total power generation cost of the system the lowest. It can be seen from
Figure 10b that the output reactive power of DG 14 is equal, which means the accurate
reactive power sharing has been realized.

Figure 9¢c,d show the frequency and voltage of the test microgrid. As the figure shows,
due to the tracking control of the consensus algorithm, the system frequency and the PCC
voltage are always at the rated values.

Figure 9e shows the incremental cost of each DG unit, the total power generation cost
before and after load change is 344 and 246, respectively. As the increment costs of DG units
are all the same, and the total generation cost has been significantly reduced compared
with that in Case 1. Thus, the economic operation has been realized.

4.2. Current Sharing Test

In this simulation test, the current sharing performance of the proposed strategy is
be verified. Since the reactive power sharing function has been tested above, only the
imbalanced and harmonic power sharing functions are tested next.

(1) Case 3: Imbalanced Power Sharing;:

In this test, the DG units adopt the proposed control strategy, and for ease of compari-
son, the DG units are set to have the same cost function. At the beginning, the I-H regulator
is disabled. The performance of the strategy in imbalanced load condition is shown in
Figure 11. Figure 11a,b show the fundamental real and reactive power of the DG units. Due
to the work of the P-f and Q-V regulators, the real powers of DG units are always equal,
as well as the reactive power. But the DG output imbalanced powers are quite different
initially, as shown in Figure 11c.
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Figure 10. Cont.



Electronics 2024, 13, 1966

15 of 22

Sl | [ |

Reactive Power
(kVar)
h

5
5 :
0 4 2 12 16 20
Time (s) DGl— DG2 —DG3 — DG —
(b)
400
L
% 390
SSagol [
o
S 370
360 4 8 12 16 20
Time (s)
(c)
501
[#]
o
g
2o 1=
B N ! ———
& 50 —— e
E o
2
&
49.95 4 g 12 16 20
Time (s) DGl— DG2 ——DG3 ——DGd ——
(d)
g
2 6
= —
E e ———
w
g 2
0 _
0 4 g 12 16 20
Time (s) DGl— DG2 —DG3 — DG —

(e)

Figure 10. System performance of the microgrid in Case 2. (a) Real power of DG units. (b) Reactive
power of DG units. (c) Voltage magnitude of the PCC. (d) System frequency. (e) Incremental cost of
DG units.

The I-H regulator is enabled at t = 4 s. As can be seen from Figure 11c, the imbalance
powers begin to converge. The change in imbalance powers directly reflects the change in
currents. The DG currents before and after the I-H regulator works are shown in Figure 11d.
Due to the phase loss, the three-phase currents of the DG units are imbalanced. In an
ideal situation, the corresponding phase current of each DG unit should be equal, and the
currents in phase C should be 0. However, there are significant circulation currents in the
system, which is far from the ideal case. After the I-H regulator works, the phase C currents
are reduced to zero, and the DG currents in each phase are equal. The circulation current
is eliminated.
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Figure 11. System performance of the microgrid in Case 3. (a) Real power of DG units. (b) Re-

active power of DG units. (c) Imbalance power of DG units. (d) Currents before and after I-H
regulator enabled.
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(2) Case 4: Harmonic power sharing

In this simulation case, the loads in Case 3 are replaced by three-phase rectifier bridges.
Similarly, the I-H regulator is enabled at t = 4 s. Figure 12a,b show the fundamental real
and reactive power of the DG units. All the DG units can output the same real and reactive
powers when adopting the proposed strategy. Otherwise, the reactive power sharing error
will make the current sharing performance even poorer. Since the I-H regulator is disabled
at the beginning, the load fifth and seventh harmonic powers have not been well shared, as
shown in Figure 11c,d, respectively.

After t = 4 s, the I-H regulator begins to work. The DG output fifth and seventh
powers begin to converge, respectively. The corresponding DG currents before and after
the I-H regulator works are shown in Figure 12e Before t = 4 s, the harmonic currents are
different in phases and magnitudes, leading to the poor performance of system current
sharing. However, they are almost the same after the regulation of virtual impedance being
completed, as Figure 12e shows.

Through the two simulation tests, the economic operation and current sharing func-
tions of the proposed strategy have both been verified.
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Figure 12. Cont.
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Figure 12. System performance of the microgrid in Case 4. (a) Real power of DG units. (b) Reactive
power of DG units. (c) Fifth harmonic power of DG units. (d) Seventh harmonic power of DG units.
(e) Currents before and after I-H regulator enabled.

5. Experimental Results

Experiments are performed to validate the effectiveness of the proposed consensus-
based control strategy. A microgrid with three inverters is established in a laboratory,
as shown in Figure 13. This experiment is mainly to verify the reactive, imbalance, and
harmonic power sharing functions of the strategy. The corresponding inverter parameters
are listed in Table 3.

= Load

Inverter #1 #2 #3

Figure 13. Structure of the experimental microgrid.
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Table 3. The corresponding inverter parameters.
Circuit Parameters Values
Feeder 1 Rpn =010 Q
Feeder Line Feeder 2 Rp =0.050
Feeder 3 Rp=0150
I " LC Filter Ly=0.7 mH, C; =50 uF
nverter Frequency fs =10 kHz
Control Parameters Values
Droop Slopes m=5x10"%n=>5x 107>
Inv 1-3 Initial Voltage Ey=315V,Fy=50.15Hz
v = Voltage Controller kpy =7.6,kpy =76
Current Controller kpr=0.2, k=15

Uy

1>,
14

(1) Case 1: Reactive Power Sharing:

In this experimental case, a three-phase linear balanced load is connected to the test
system. The currents in phase A of the inverters using the traditional droop control method
are shown in Figure 14a. Due to the different feeder impedances, the inverters output
different currents at the beginning. As Feeder 3 has the highest resistance, the voltage of
inverter 3 is higher than the other two. According to the Q-V droop control relationship,
inverter 3 outputs the least reactive power. Thus, I35 advances I14 and I, and has the
min magnitude. After the proposed strategy operates, the currents of the three inverters
are equal, as shown in Figure 14b, proving that the real and reactive powers have been
well shared.

- 200V/div - 200V/div
U,

10A/div Liq 10A/div

134 134
VAVAVAVAVARVAVAVAVAVA

10ms/div

10ms/div

(a) (b)

Figure 14. Currents of the inverters. (a) With the traditional method in experimental Case 1. (b) With
the proposed method in experimental Case 1.

(2) Case 2: Imbalanced Power Sharing:

By floating phase C of the load in Case 1, an unbalanced load is obtained. Figure 15a
illustrates the currents of the three inverters using the traditional droop control method.
As the load is unbalanced, there are significant negative sequence currents in the system.
After the proposed strategy starts, the output currents of inverters become equal, as shown
in Figure 15b, and current in phase C is almost zero. The negative sequence current
is eliminated.

(38) Case 3: Harmonic Power Sharing:

Finally, the proposed consensus-based control strategy is tested in a nonlinear load
condition. The performance of the system with the traditional droop control method is
shown in Figure 16a. As the load harmonic power has not been well shared, the currents of
the inverters are quite different. Then, the proposed strategy is enabled in each inverter,
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making their output current almost the same, as shown in Figure 16b. The harmonic power
output of the inverter tends to be the same.

¥ 200V/div v 200V/div

U, U,

I, ) Trq 10A/diy,
124
10ms/div 10ms/div
* 200V/div ¥ 200V/div
U A U A

10ms/div 10ms/div

200V/div 200V/div

10A/div

10ms/div 10ms/div

(a) (b)

Figure 15. Currents of the inverters. (a) With the traditional method in experimental Case 2. (b) With
the proposed method in experimental Case 2.

¥ 200V/div 200V/div

U, U,

I3A IIA 10A/div

10ms/div

10ms/div

(a) (b)

Figure 16. Currents of the inverters. (a) With the traditional method in experimental Case 3. (b) With
the proposed method in experimental Case 3.

6. Conclusions

In this paper, a consensus-based control strategy is proposed for the microgrid to sim-
ulate power allocation issues, in which the fundamental real power is allocated according
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to the equal micro-increment rate, and the fundamental reactive power, imbalance, and
harmonic power are allocated according to the DG capacity. And, in the harmonic power
sharing process, a frequency division power control method based on virtual resistance
is proposed. The proposed frequency division control can share the harmonic power of
each frequency more effectively compared with traditional harmonic sharing control. From
results obtained by Matlab simulations and experiments, it can be seen that the preset
targets are all achieved. With the proposed strategy, the performance of the droop control
method is improved, and compared with the MGCC-based secondary control strategy, the
SCN-based distributed control strategy has little effect on the “plug and play” functions.
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The following abbreviations are used in this manuscript:

DG Distributed Generation

SOGI Second-order Generalized Integrator

PCC Point Of Common Coupling

MGCC Management Of Microgrid Central Controller

SCN Sparse Communication Network

EIP Equal Increment Principle

STS Static Transfer Switch

PNSC  Positive/Negative Sequence Calculation
PR Proportional Resonance
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