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Hybrid Local-global Power-sharing Scheme for
Droop-free Controlled Microgrids
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Abstract—The droop-free control adopted in microgrids has
been designed to cope with global power-sharing goals, i.e.,
sharing disturbance mitigation among all controllable assets to
even their burden. However, limited by neighboring communica-
tion, the time-consuming peer-to-peer coordination of the droop-
free control slows down the nodal convergence to global consen-
sus, reducing the power-sharing efficiency as the number of
nodes increases. To this end, this paper first proposes a local
power-sharing droop-free control scheme to contain disturbanc-
es within nearby nodes, in order to reduce the number of nodes
involved in the coordination and accelerate the convergence
speed. A hybrid local-global power-sharing scheme is then put
forward to leverage the merits of both schemes, which also en-
ables the autonomous switching between local and global power-
sharing modes according to the system states. Systematic guid-
ance for key control parameter designs is derived via the opti-
mal control methods, by optimizing the power-sharing distribu-
tions at the steady-state consensus as well as along the dynamic
trajectory to consensus. System stability of the hybrid scheme is
proved by the eigenvalue analysis and Lyapunov direct method.
Moreover, simulation results validate that the proposed hybrid
local-global power-sharing scheme performs stably against dis-
turbances and achieves the expected control performance in lo-
cal and global power-sharing modes as well as mode transi-
tions. Moreover, compared with the classical global power-shar-
ing scheme, the proposed scheme presents promising benefits in
convergence speed and scalability.

Index Terms—Droop-free control, local power-sharing, opti-
mal control, Lyapunov stability.

NOMENCLATURE

A. Matrices, Vectors, and Sets

ApPi Adjustments of battery storage system (BSS)
against disturbance i

Ap™' Adjustments of net power against disturbance i

Ap©' Adjustments of power compensation against
disturbance i

Ap* Net load of disturbance i

o, 0 Vectors of nodal frequencies and phase angles

A Adjacency matrix of communication network
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B Susceptance matrix of electrical network

D, Normalization matrix of BSS capacities

E Matrix of anti-windup control gains

H Matrix of droop-free control gains

1 Identity matrix

K Matrix of compensation control gains

L, Laplacian matrix of adjacency matrix 4

N E Sets of nodes and electrical lines

p’.php" Vectors of BSS power, demands, and net pow-
er

p’ Vector of normalized BSS power

P Vector of power compensations

P’ Vector of relative power positions

USs Unsaturated and saturated BSSs

w Positive definite matrix

B. Indices, Functions, and Modules

dzn(-) Dead-zone module

i j Indices of nodes

J Objective in steady-state power distribution

T Objective in dynamic performance

L8 Lyapunov energy function in global mode

L Lyapunov energy function in autonomous
mode transition

sat(+) Saturator module

sgn(+) Sign module

) Time derivative

[] Cardinality

Steady state and last steady state

) Distance to steady state

Adjustment between two steady states

P’ Power distribution weight

P Dynamic performance weight

A (i) Communication between node i and j
b(ij) Susceptance between node i and j

e Anti-windup control gain

h Droop-free control gain

k Compensation control gain
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N Number of nodes

b,nominal

P; Nominal power of BSS at node i
D. Variables

A¢ The i" eigenvalue in global design
Frequency at node i

H,, Droop-free control gain at node i

K.» Compensation control gain at node i

pi(t) Normalized BSS power at node i

pi(e) Nodal demand at node i

pl(t) Relative power position of node i to neighbors
pi(t) Power composition at node i

r Ratio of droop-free control gain to compensa-

tion control gain

I. INTRODUCTION

ROGRESSING towards a carbon-free power system, re-

cent government policies [1], [2] have specified the min-
imum renewable energy penetration requirements in the com-
ing years, promoting the integration of distributed energy re-
sources (DERs) such as renewable energy sources and ener-
gy storage systems in the distribution sector. With the in-
creasing penetration of variable and uncertain renewable en-
ergy in the distribution sector, it becomes practically impor-
tant to form DERs into renewable-centric microgrids that
can maintain normal operations in the islanded mode and/or
provide steady power exchanges with the main grid in the
grid-connected mode. To this end, the primary control layer,
which manages power balance, power-sharing, and synchro-
nization [3], needs to be upgraded to accommodate the
emerging need for such renewable-centric microgrids.

Currently, renewable-centric microgrids usually adopt
droop control as the primary control layer [4], [5], which is
derived from the droop characteristics in power systems.
That is, voltage-sourced inverters (VSIs) rely on controllable
DERs on the DC side, battery storage systems (BSSs) in par-
ticular, to immediately balance net load disturbances and
droop the nodal frequency to share the disturbance burden.

Droop control is a communication-free decentralized con-
trol framework [6]. Since power states are not broadcasted
in the droop-based primary control layer, for microgrids with
mismatched line impedance [7], such decentralized coordina-
tion will lead to steady-state errors in active, reactive, and
harmonic power-sharing [8]-[10], and even stability issues
[11]. Besides, droop controllers coordinated via frequency
deviation signals would inevitably cause frequency issues
such as significant noises [12] and system-wide frequency
drops [13].

Droop-free control, as a neighboring communication-based
distributed control, draws increasing attention to resolving
the above issues [14], [15]. Benefiting from directly exchang-
ing the nodal power information with neighbors, droop-free
control can accurately coordinate power-sharing in active, re-
active, harmonic, and imbalanced power [16], [17]. More-
over, using the distributed averaging-based integral control
method in coordination [18], the system frequency (i.e., the
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average of nodal frequencies) during the control process can
be kept around the nominal value to avoid system frequency
drop in primary control.

Existing studies on primary control exclusively focus on
global power-sharing strategies. That is, for a disturbance of
any size and at any location in microgrids, all BSSs collec-
tively respond to reach the global consensus.

Typically, global power-sharing can be realized by setting
identical primary control gains and weights for power sig-
nals [19], ensuring that the disturbances are equally shared
among BSSs in microgrids. However, such a method fails to
leverage heterogeneous capacities and configurations of
BSSs. To address this limitation, nodal power signals are
normalized with respect to their distinct capacities [20], al-
lowing disturbances to be proportionally shared among BSSs
according to their capabilities. Alternatively, nodal power sig-
nals are additionally processed through an incremental cost
function [21], facilitating BSSs pursuing global economic
sharing.

In addition, advanced control methods are introduced to
improve global power-sharing. Adaptive control is employed
in [22] to dynamically modify control gains based on the
price changes, enabling the primary controller to track the
minimum global cost. Model predictive control is used in
primary control to minimize the error function, enabling the
outputs of VSIs to closely follow the power-sharing refer-
ence [23]. A sliding-mode control is proposed in [24] to im-
prove the droop-free robustness against potential clock drifts
in the sparse communication network. Data-driven controller
is constructed in [25] to minimize system-wide sensitivity to
noises, resulting in more robust and stable transients during
power-sharing.

The above power-sharing designs invoke all BSSs to aver-
age the sharing burden and pursue a global consensus, even
for disturbances of moderate magnitudes that can be appro-
priately mitigated by onsite BSSs. It causes a main issue for
droop-free control: it is time-consuming to reach a global
consensus because of the sparse neighboring communication
[26], and the microgrid will long-lasting operate in a tran-
sient process.

To address the issues, a local power-sharing design of
droop-free control is proposed in the paper that can properly
retain disturbances in a small region depending on BSS ca-
pacities and system operation conditions, speeding up the co-
ordination and avoiding overly frequent switch on charging
or discharging status of BSSs.

In the proposed local power-sharing design, power-sharing
request is discounted at each propagation step of the neigh-
boring communication, gradually reducing the compensation
responsibility as the number of propagation steps increases.
That is, the power-sharing consensus is formed unevenly,
and BSSs closer to a local disturbance will undertake more
power-sharing burden. In this manner, the droop-free control
process depends on both the location and size of disturbanc-
es: for light disturbances, it would involve a few nearby
nodes only; as disturbances increase, the coordination region
will automatically expand. That is, the local power-sharing
design for droop-free control can effectively contain the im-
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pact of disturbances within a proper region, simplifying the
coordination process and accelerating convergence.

The proposed local power-sharing droop-free control
scheme is further extended to a hybrid local-global power-
sharing scheme to address the operational limits of BSSs via
the anti-windup feedback controller [27]. Specifically, the an-
ti-windup feedback control provides a continuous process to
smooth the state space switch, by holding control variables
on the boundaries and releasing them once the variables tend
to recover [28]. Thus, when heavy disturbances cause certain
BSSs to reach their power limits, the proposed hybrid local-
global power-sharing scheme can autonomously and smooth-
ly switch to the global power-sharing mode, enabling the
power-sharing burden promptly allocated to other BSSs.
Moreover, the system can autonomously and smoothly tran-
sit back to the local power-sharing mode once the boundary
limits become inactive. Hence, the proposed hybrid scheme
preserves the benefits of both local and global power-sharing
strategies.

In addition, the system stability of the proposed hybrid
scheme is deduced via eigenvalue analysis [19] and Lyapu-
nov direct methods [29]. On this basis, systematic guidance
on the design of control gains is derived via the optimal con-
trol methods [30], by optimizing the power-sharing distribu-
tions at the steady-state consensus as well as along the dy-
namic trajectory to consensus. The proposed design is fur-
ther quantitatively compared with the global power-sharing
droop-free control [15] via simulation studies, showing its
advantages in terms of power-sharing burden, convergence
speed, and scalability.

The main contributions of the paper are described as fol-
lows.

1) Local power-sharing consensus for droop-free control
is optimized to effectively contain the impact of disturbances
within a proper region, simplifying the coordination process
and accelerating the convergence.

2) The proposed hybrid scheme, by taking advantage of
both local and global power-sharing consensus, enables mi-
crogrids to autonomously switch between the two modes ac-
cording to the operation status of the microgrid.

3) System stability is proved by eigenvalue analysis and
Lyapunov direct methods. Systematic guidance on the design
of control gains is further derived via optimal control meth-
ods.

The remainder of the paper is organized as follows. Sec-
tion II presents the proposed hybrid local-global power-shar-
ing scheme for droop-free controlled microgrids. Section III
proves the system stability and derives systematic guidance
on the optimal design of control gains. Case studies are pre-
sented in Section IV to validate the proposed hybrid scheme
and compare its performance against the droop-free control.
Section V concludes this paper.

II. HYBRID LOCAL-GLOBAL POWER-SHARING SCHEME

This section presents the expected performance of the pro-
posed hybrid scheme for droop-free controlled microgrids,
followed by the detailed design of the hybrid controller. Spe-
cifically, the local power-sharing droop-free control scheme
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is first presented to speed up convergence by only involving
a limited number of neighboring nodes in the coordination
process. A global power-sharing mode is further discussed to
handle the operational limits of BSSs via the anti-windup
feedback controller. Finally, the hybrid scheme that can oper-
ate at each of the local and global power-sharing modes and
smoothly switch between the two modes is proposed for ac-
commodating various operation conditions.

A. Expected Performance of Proposed Hybrid Scheme

We take the discharging operation of BSSs for the de-
tailed discussion, while the charging operation shares a simi-
lar set of operation limits [31] and can be analyzed analo-
gously. Both the discharging and charging operations of
BSSs are covered in the proposed controller design.

As shown by the red dotted lines in Fig. 1, three discharg-
ing power limits of BSSs are defined, including nominal
power, rated power, and peak power.

BSS

output Peak power

Rated power

Nominal power

Global power-sharing mode

Local power-sharing mode

Node
~&- Onsite response; —=- Distant response
Limit response; —4— Recovery response

Fig. 1. Power distribution in hybrid local-global power-sharing scheme.

1) Nominal power: BSSs are recommended to routinely
operate below the nominal power for high energy efficiency
and less battery degeneration [32].

2) Rated power: BSSs can continuously and safely operate
between nominal power and rated power, but with lower effi-
ciency. Due to the characteristics of battery units [33], [34],
the efficiency loss in this zone will grow exponentially with
respect to the power output level.

3) Peak power: BSSs can only operate between rated pow-
er and peak power for a very short period [35] such as 5-15
s. It promotes BSSs to act as voltage sources for holding
large disturbances for a short period.

Based on the characteristics of the three discharging pow-
er levels, the expected performance of the proposed hybrid
scheme is described as follows.

1) BSS discharging power shall never exceed the peak
power, and shall return below the rated power as quickly as
possible.

2) Within the lower-efficiency discharging power range
(i.e., between the nominal power and rated power), the sys-
tem shall operate in the global power-sharing mode to share
the burden among BSSs for reducing efficiency loss.

3) Within the discharging power range of the nominal
power, the system shall operate in the local power-sharing
mode to contain the impact of disturbances within a proper
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region, simplify the coordination process, and accelerate con-
vergence. Specifically, the local power-sharing mode in-
volves four typical response actions including onsite re-
sponse, distant response, limit response, and recovery re-
sponse, as demonstrated in Fig. 1.

(D Onsite response refers to that a disturbance can be ade-
quately mitigated by nearby nodes. For instance, in response
to a disturbance at node 3, the power-sharing is moved from
the gray dotted line to the green solid line, indicating that
the disturbance is mainly balanced by node 3 and its two
nearest neighboring nodes 2 and 4.

(2 Distant response refers to that a disturbance will intro-
duce minimal effects on remote nodes. For instance, when
the system operates at the green solid line, a new distur-
bance at node 7 alters the nodal power-sharing to the blue
solid line. It shows that the majority of disturbances are tak-
en by the nearby nodes 5-9, while the changes in power-shar-
ing of remote nodes 0-4 are negligible.

(3 Limit response refers to that if the onsite BSS reaches
its nominal power and the BSSs of other nodes remain be-
low their nominal power levels, more nearby nodes will get
involved in the local power-sharing process gradually to the
efficiency goal. For instance, the orange solid line shows
that after another disturbance at node 3, BSSs at nearby
nodes 2-4 reach their nominal power, and further nodes (e.g.,
nodes 1 and 5) will be more engaged in mitigating the distur-
bance.

@) Recovery response refers to that when BSSs reduce
their discharging power levels against negative disturbances,
they shall follow the same local power-sharing principles dis-
cussed above, i.e., closer BSSs will take a larger portion of
negative disturbances, as shown in the purple solid line.

4) The hybrid control shall autonomously switch between
the two modes based on the dynamic system operation status
(i.e., below or above the nominal power).

In summary, the proposed hybrid scheme shall enable mi-
crogrids to properly operate at each of the local and global
power-sharing modes and to smoothly switch between the
two, following the expected performance described above.

It is noteworthy that microgrid control usually includes:
(D primary control which acts promptly against instant dis-
turbances to maintain power balance, synchronization, and
power-sharing [7]; @ secondary control which is triggered
every few seconds to regulate frequency and voltage back to
the nominal values [36]; and 3 tertiary control which is acti-
vated every few minutes to provide economic operation
points for DERs [37]. The state of charge (SOC) manage-
ment is usually associated with the tertiary control layer
[38]. For the fast primary control discussed in this paper that
works in a finer time granularity, SOC management is not in-
cluded in this process.

B. Design of Hybrid Controller

To achieve the expected control performance, a hybrid lo-
cal-global power-sharing scheme is proposed on the founda-
tion of the classical global power-sharing scheme, as shown
in Fig. 2, where SPWM stands for sinusoidal pulse width
modulation. The blue control loop is the classical global
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power-sharing droop-free control for active power [17]-[19].
Specifically, the active power flow can be calculated as in
(1a). The line susceptance matrix of the electrical network B
is given in (1b), where b i) is the susceptance of the electri-

cal line (i,/) € £ and b(l_’j)—O for (i,j) & &.
p’+p'=p"=B0 (1a)
Z buj) D) ~b.x)
JjeMNj#1
-b b -b
(2.1) Nj (2.N)
B= G (%) (1b)
_b(N.l) _b(N,Z) z b(N/)
L jeNj#N
b=0 (lo)
””””””””””””””””””””””””””” Solar |
LC ‘ photo- Wind ‘
i Source. SPWM  H-bridge filter voltalc (V) Load power 3
.[}_ I \‘:} @ I @ ﬁ /\.
Droop -free controller Demand :
1 LN DA
LS ] \_rl +
i Neighboring communication Power flow
i ) e )
| I S
N t
N Pl ’
' RN () P— [ b ¢
‘ NGl B
Compensation controller ; Measurement |
K e s
!

Fig. 2. Block diagram of hybrid local-global power-sharing scheme.

The dynamic operation states are normalized as in (2a),
where D, is formed as in (2b). It scales the discharging/
charging power output of the i" BSS into the range of [-1, 1]
when BSS operates within the nominal power p?""". The
normalized BSS states will be broadcasted to nearby nodes
through the neighboring communication network.

p'=D,p’ (2a)
D (l l) — 1/pb nominal ie /\/ (Zb)

The relative power position p” is calculated by comparing
the neighbors’ normalized power levels as in (3a), where
A(]_/_):A(Ll_):l if BSSs i and ;j directly communicate with

each other, and A(l-,-):O otherwise. Hereby, p” can depict the

relative output state of a BSS compared with its neighbors.
The information is consequently fed back with the classical
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droop-free controller [17] - [20] as in (3b), where H=Ahl.
With this, the droop-free controller can decrease (increase)
the nodal frequencies @ to release (undertake) power burden
to (from) neighboring BSSs, until all the normalized outputs
converge to a consensus and p”=0.

pit) = z A(i,j)(Pf;(f)—Pf(f)) ieNV

jeNji

(32)

w,(t) ==H,pi(t) ieN (3b)

Equations (3a) and (3b) can be organized in a matrix form
as in (4). Since the column sum of Laplacian matrix L, is
equal to 0, the system frequency (i.e., the average value of
nodal frequencies w) stays at 0 during the droop-free dynam-
ic process. It is noteworthy that faster control dynamics such
as the inner voltage and current loops are assumed to be
well-tuned. Moreover, as they are much faster than the pri-
mary control, their dynamics are not included in the droop-
free controller dynamic equations.

o=—hL,p" 4)

By combining (1), (2), and (4), the state-space equation of
the global power-sharing droop-free controlled microgrid can
be formulated as in (5), illustrated as the blue control loop
in Fig. 2. With the proper setting of the control gain 4, the
system will converge to the global power-sharing, i. e.,
(1) :pf(t) for Vi,j € /. The equilibrium point is presented
as in (6), indicating the relative power positions among the
neighboring BSSs are zeros, where 0, is a zero vector of
size N.

p"=-hBL,D (p"p’) Q)

0,=L,p"=LD,[(p"p") (6)

The proposed local power-sharing droop-free control
scheme embeds an additional compensation controller and
an anti-windup controller into the global power-sharing
droop-free control loop, respectively, which are shown as the
yellow and red blocks in Fig. 2, respectively.

The compensation controller records the compensation sig-
nal that can depict the location and magnitude of disturbanc-
es balanced by the BSS. Specifically, once a disturbance oc-
curs, the difference between the BSS power and the compen-
sated reference is calculated as the balanced disturbances.
With this, the corresponding compensation controller begins
to accumulate the power compensation p° based on balanced
disturbances. The information containing location and magni-
tude is fed back to the BSS measurement p” to discount the
BSS power. To this end, the power broadcasted in the neigh-
boring communication network is modified from the normal-
ized power p” to p”—p°, changing the equilibrium point from
(6) to (7). Consequently, the power distribution can be
formed unevenly since the stabilized BSS output p’"(¢) is
based on the local composition p¢(¢).

ON:LA(pI;* _PC*) (7
The local compensation process can effectively operate un-

der unconstrained conditions. However, if p¢ of a local com-
pensation controller exceeds the nominal power, it would
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drive the output of this BSS above the nominal power, while
the outputs of other BSSs could still stay below their nomi-
nal power levels, violating the expected control performance
of limit response.

To this end, the anti-windup controller (red block in
Fig.2) consisting of a saturator and a feedback controller is
further included. Once the accumulated local power compen-
sation reaches the nominal power, the saturator smoothly
fixes the output at the boundary to retain the BSS in the
zone of high operational efficiency. With this, the equilibri-
um point is further modified to (8). In addition, the anti-
windup feedback loop is adopted to counteract the growth of
the compensation process and lock the integral value p< on
the boundary of the saturator. Otherwise, the continually ac-
cumulated value at the integrator could form a surplus buf-
fer, impacting the performance of the recovery response and
local power-sharing.

0N=LA(p’;*—sat(p”*)) 8)
Therefore, the proposed local power-sharing droop-free
control scheme can serve the four response actions described
in Fig. 1. The formulation of the compensation controller
and anti-windup controller can be organized as in (9a),
where the normalized BSS output p’, trimmed compensation
power Sat( ) ), and anti-windup feedback dzn( p”) together
act on the integral process of p°; sat( p“) is formulated as in
(9b), such that sat(p:(¢))=p(t) if —1<ps(¢) <1 for
Vie N; otherwise, sat(pf(t)) =—1 or 1 depending on the
sign of p¢(¢). E=el is the anti-windup control gain, and
dzn( p‘) is modeled as in (9c¢) such that the anti-windup feed-
back is activated when Sat(p,‘f(t)) #p<(t) for Vie M.

p":K(p’;—sat(p")) —E-dzn(p") (9a)
sat(p"):sgn(p")-min(’p” ,1) (9b)
dzn(pc) =pc—sat(p”) (9¢)

Indeed, the proposed hybrid scheme can autonomously
switch between local and global power-sharing modes. Spe-
cifically, when all BSSs reach their nominal power, all com-
pensation powers reach the limits and are identical. That is,
the same compensation is added to each individual BSS,
which is equivalent to the case without local compensation
(i.e., global power-sharing mode). Mathematically, since the
row sum of L, is zeros (i.e., L,1,=0,), if sat(pi(t)) =1
for Vie A, the convergence point is degraded from local
power-sharing mode (8) to global power-sharing mode (6).
Analogously, when any of the saturators leaves the bound-
ary, the effect of local compensation gradually reappears,
and the system switches back to the local power-sharing
mode.

III. STABILITY ANALYSIS AND OPTIMAL DESIGN OF
CONTROL GAINS

In this section, the stability and optimality of the proposed
hybrid scheme are analyzed. Stability analysis theoretically
proves the system convergence, and optimality study deter-



ZUO et al.: HYBRID LOCAL-GLOBAL POWER-SHARING SCHEME FOR DROOP-FREE CONTROLLED MICROGRIDS

mines the parameter settings of the proposed hybrid scheme
to achieve the desired power-sharing distribution at the
steady-state consensus and the dynamic performance along
the trajectory to the steady-state consensus.

A. Stability Analysis

Previous studies in [39], [40] have theoretically proven
that, with a connected neighboring communication network,
global power-sharing droop-free controlled microgrids (5)
are asymptotically stable, as stated in Lemma 0.

Lemma 0 [39], [40]: with a connected communication net-
work, the global power-sharing droop-free controlled mi-
crogrid (5) is asymptotically stable. That is, for the system
matrix —hBL D, with 42> 0, it has a simple zero eigenvalue,
and the real parts of all other N—1 effective eigenvalues are
negative.

Based on this, stability proofs of the proposed local power-
sharing droop-free control scheme and the hybrid local-global
power-sharing scheme are further conducted. For the designed
control systems (5) and (9), the state-space equation is derived
as in (10), which is the focused system dynamics in the prima-
ry control layer. To effectively assess the impact of nonlineari-
ty in (10) introduced by the saturator, the stability analysis is
first conducted by exploring the system stability under three
exclusive states: strict global power-sharing state, strict local
power-sharing state, and autonomous mode-transition state.

—hBLA(Dpp"—Dpp"—sat(p"))

m - (10
p k(Dpp”—Dppd—sat(p‘”))—eodzn(p”)

Definition 1: (D strict global power-sharing state refers to
that all the saturators reach the limits; ) strict local power-
sharing state refers to that all the saturators are not activat-
ed; and @ autonomous mode-transition state refers to that
part of saturators reach the limits.

Lemma 1: if e>>k, the proposed hybrid scheme is asymp-
totically stable in the strict global power-sharing state.

Proof: in the strict global power-sharing state, if e>k, p°
will be suppressed on the boundary since the anti-windup
feedback dominates the integrator, and the system state-
space equation (10) can be equivalently expressed as in (11).
Because L,1,=0,, (11) can be further reduced to (12),
which has the same system matrix ~ABL,D, as the global
power-sharing droop-free control (5). Thus, according to
Lemma 0, the proposed hybrid scheme is asymptotically sta-
ble in the strict global power-sharing state.

H ) [_hBLA(Dppn_D"pd_ 1 (11)
P 0,
p"=—hBL,D (p"-p’) (12)

Lemma 2: if k>0, the proposed hybrid scheme is asymp-
totically stable in the strict local power-sharing state.

Proof: as all saturators are not activated under the strict lo-
cal power-sharing state, we have sat( p‘) =p° and dzn( p‘) =
0, in (10). Thus, the system state-space equation (10) can be
equivalently expressed as in (13).
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m ~hBL,(D,p"~D,p"'~p)
P k(Dpp”—Dppd—p”)

As both p° and p" depend on D,p"-D, p’—p°, the change
of p¢ and p" are linearly dependent as in (14), where p"=p" —
p" denotes the change of dynamic variable p" with respect
to the steady-state p™". Because of the linear dependence, the
system state-space equation (13) can be equivalently ex-
pressed as in (15) by substituting variables p¢ with p". p¢ can
be neglected since disturbances such as load changes as well
as solar PV and wind power outputs are regarded as exoge-
nous signals of the control system, i.e., p’=p?” and p‘=0,
after a disturbance.

(13)

p"=—(Wk)BL ,p° (14)

(15)

Denoting the eigenvalues of global power-sharing droop-
free control (5) as A%, (15) indicates that eigenvalues of the
strict local power-sharing state are equal to Af—k. As the re-
al parts of A¢ are non-negative according to Lemma 0, the re-
al parts of A¥—k for k>0 are negative. Thus, the system is
asymptotically stable in the strict local power-sharing state.

Lemma 3: the proposed hybrid scheme is asymptotically
stable in the autonomous mode-transition state if k> 0.

Proof: during the mode-transition state, BSSs can be divid-
ed into two exclusive sets Z/ and &. |Z/| denotes the number
of BSSs in set Z/ For the sake of discussion, we index the
first | Z/| BSSs in set A/ belonging to Z/ and the rest consti-
tuting . Besides, the state-space equations (12) and (15) im-
ply that if the saturator at node i is activated, K (i,i) is equal
to 0; otherwise, K (7,i) is equal to k. Consequently, the state-
space equation of the mode-transition state can be expressed
as in (16), where 1,,, is an identity matrix of dimension |Z/|.

p"=—| hBL ,D kl‘”‘ " 5
P =- A p+ 0 0 )4

The converse theorem [29] states that a formation of the
Lyapunov energy function must exist for any asymptotically
stable system. Taking the strict global power-sharing state
(12) as an example, because it is asymptotically stable ac-
cording to Lemma 1, a non-negative Lyapunov energy func-
tion L¢ must exist as in (17a), and its trajectory L¢ must be
negative as in (17b).

T
L= (p") Wp"20

p'=—(hBL,D,+KI ) p"

(16)

(17a)

i#==2h($") WBL,D,p"<0 (17b)

The Lyapunov energy function for autonomous mode-tran-
sition L* can be similarly constructed to obtain the property
of non-negativity, and its trajectory L’ can be derived as in
(18). The trajectory includes two terms. The first term is the
same as (17b), which is negative, and the positive definite
matrix W guarantees the non-positive of the second term with
any positive k. Hence, L is always negative, and the system is
asymptotically stable in the autonomous mode-transition state.



1526

. AT -
L'=-2h(p") WBL,D,p"-

| 1, 0 1 0
2k ~n || :|W|: k24 i’~n
(p ) { 0 0 0 0 P

Proposition 1: the designed system is stable if 0</ and
O<k<xe.

Proof: Lemmas 1-3 prove the asymptotic stability for all
the three potential states when 0</4 and 0<k<<e. Thus, it
can be directly concluded that the proposed hybrid scheme
is stable when 0</ and 0<k<e.

(18)

B. Optimality of Local Power-sharing Distribution

Besides guaranteeing the system stability, the proposed hy-
brid scheme shall also pursue optimal performance goals.
This subsection first studies the parameter settings for opti-
mizing the local power-sharing distribution.

Equation (14) depicts the dependence between p¢ and p”
during the dynamic process. It also indicates that the differ-
ence between the two steady states before and after distur-
bance shall satisfy (19):

Ap"=—rBL ,Ap* (19)
where Ap°=p“ —p is the change of compensation power;
Ap"=p" —p™ is the change of nodal power; and r=h/k.

As for (13), the system reaches the equilibrium point at
D,p"-D, p’—p°=0,. Thus, the steady states before and after

disturbance shall satisfy (20a) and (20b), respectively. The dif-
ference between the two steady states shall further meet (20c).

D,p" =D, p" —p” =0, (20a)
Dppl,* _Dppd* _pc* — ON (20b)
DPAP" _DpApd_ Apc — ON (20C)

where Ap?=p”~—p® is the imposed exogenous disturbances
such as the changes of loads as well as solar PV and wind
power outputs. )

Because D, p"—D,p’=p” holds in the dynamic system as
shown in Fig. 2, (20b) and (20c) can be further rewritten as
in (21a) and (21b), respectively.

ph* =pc*
Ap[;:Apc

(21a)
(21b)

Remark: according to (19) and (20c), when facing an ex-
ogenous disturbance Ap“, parameter r will solely determine
the changes of compensation power and nodal power, form-
ing the local power-sharing distribution. Thus, optimal pow-
er-sharing can be established by seeking the optimal r to
properly distribute the disturbance to individual nodes.

Proposition 2: the optimal local power-sharing distribution
against system-wide disturbances can be formulated as an op-
timization problem (22)-(23c), where the local power-sharing
equalities in (23a)-(23c) are derived based on (19)-(21).
Thus, minimizing the first term in (22) can pursue an even
distribution of the power balance burden, minimizing the sec-
ond term can chase the least power-shifting amount, and the
weight p’ leverages the impacts of the power balance and
power shifting burdens. Solving (22)-(23c) will derive the
value of r that optimizes the power-sharing distribution.
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min j: 2(Apg‘i)TApB’i+p[(Apn’[)TApn‘i

(22)

ieN
Ap"'=—rBL ,Ap~" ie N (23a)
DPAIJn.i_DpAI,d-i_Apc’i:ON lE/\/ (23b)
Apei=Aph ie N (23c¢)

C. Optimal Control for Dynamic Performance

This subsection further delves into the optimal control
gains for ensuring the system’s dynamic performance along
the trajectory towards the consensus, guiding the system
smoothly methods to the equilibrium with minimum power
and frequency deviations.

The relative power positions between the neighboring
BSSs p” can be expressed as in (24a). According to the prop-
erty of linear dependence (14) and r=Ah/k, (24a) can be
equivalently converted to (24b).

P=L,(D,p"-p°)

p’=—L,(rDBL (+1I) p*

(24a)

(24b)

Proposition 3: the optimal control for achieving the best
dynamic performance can be modeled as in (25), where @ =
—hp® is the nodal frequency deviation as described in (4).
The first term in (25) calculates the gross power deviation
during the convergence, and the second term quantifies the
gross frequency deviation during the convergence. Weight p"
trades off the impacts of the two deviations. Furthermore,
the optimal solution of (25) can be calculated as in (26).

min 7= [ 575+ "6 e 25)
0
I
k= \//? p (26a)
I
h =
- (26b)

p
The proof of Proposition 3 is given in Appendix A.

D. Implementation

Based on the above discussions on the parameters and
control gains to meet the requirements of system stability,
power-sharing distribution, and dynamic trajectory, the guid-
ance to the practical implementation of the proposed hybrid
scheme can be conducted via the following steps.

Step I: build the line susceptance matrix B and the adja-
cency matrix of neighboring communication 4 according to
the microgrid topology.

Step 2: set the weights in the optimization. p’ can be se-
lected in a wide range of [0.6, 1.4] based on extensive sensi-
tivity analyses, where a large p’ limits the spread of distur-
bance and prefers the local power balance. p” is recommend-
ed to be 10 to properly retain frequency fluctuations within
+50 mHz of the nominal value [13].

Step 3: solve parameter r via Proposition 2.

Step 4: solve control gains k and /4 via Proposition 3.

Step 5: set control gain e as 10k, which is regarded as large
enough to meet the requirement in Proposition 1.
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IV. CASE STUDIES

This section, by modifying the IEEE 34-node system [41],
[42] to an islanded microgrid as shown in Fig. 3, illustrates
the effectiveness of the proposed hybrid scheme in fulfilling
the expected control performance and validates the conclu-
sions derived from Propositions 1-3. The proposed hybrid
scheme is further compared with the classical global power-
sharing scheme [15] to present its merits in convergence
speed and scalability. All the studies are implemented in
Simulink. To focus on the discussed primary control layer,
slower control layers such as secondary control [43] and ter-
tiary control [44] are omitted in the simulation process, and
faster control layers [45] such as inner voltage and current
loops of VSIs are well-tuned.

e Node

® Node with BSS
—— Power network
-------- Communication link -9

26
| 30 31332
25 .............. ¢

15 16 17 18

Fig. 3. Modified IEEE 34-node system.

For the modified IEEE 34-node system, the nominal nodal
voltage is 4.16 kV. The nodes equipped with BSSs are coor-
dinated via the neighboring communication links. The essen-
tial parameters of the system are given in Table I.

TABLE I
ESSENTIAL PARAMETERS OF SYSTEM

Parameter type Parameter name Value
System nominal frequency 60 Hz
System nominal voltage 4.16 kV
Rated power of BSS 500 kW
p:ri/isr:z?ers Nominal power of BSS 200 kW
Filter time constant of control output 0.02s
Communication latency Below 10 ms
Communication frequency Above 20 Hz
Optimization Power distribution weight p’ 0.65
parameters Dynamic performance weight p” 10
Control gain ratio 0.0325
Control Compensation control gain k 9.7426
parameters Anti-windup control gain e 100
Droop-free control gain £ 0.3162

In Table I, the control gains are calculated according to
Propositions 1-3. Additionally, to clearly show the effects of
the proposed hybrid scheme for active power-sharing, the
classic droop-free control [15] is adopted for reactive power-
sharing in the simulation.
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A. Global and Local Power-sharing Modes and Their Tran-
sitions

For the sake of illustration, we assume that at the initial
status of the simulation, the supply and demand of the mi-
crogrid are balanced, and the power outputs of BSSs are all
0. A series of disturbances occurring at different nodes are
simulated via a combination of constant impedence, constant
current, and constant power elements [46], in which the
changes of solar PV and wind power outputs are simulated
through net load changes of constant power components.
Specifically, starting from 10 s, a sequence of 400 kW net
load increase occurs at node 18 every 20 s; then the net load
turns to decline at 150 s and 170 s. The response of the
BSSs against net load disturbances at node 18 is shown in
Fig. 4. It can be observed that the system can properly share
the power burden in both local and global power-sharing
modes and autonomously transit between the two modes at
the appropriate system operation state.

500 —BSS3; —BSS 17
——BSS 6: — BSS 20
400} BSS 10; — BSS 25
g BSS 11: — BSS 28
Z 300} —BSS 13; — BSS 32
:;i, 200} R = —
o 100} ; ( - —
-
m 0 - -
aqo0b— o
0 20 40 60 80 100 120 140 160 180 200

Time (s)

Fig. 4. Response of BSSs against net load disturbances at node 18.

When the net load increases at 10 s, the closest BSS 17
instantaneously undertakes most disturbance and promptly
shares with the other BSSs until balancing roughly 50% of
the disturbance, while BSSs 13 and 20 that directly commu-
nicate with BSS 17 share 20.9% and 23.5% of the distur-
bance, respectively. The slight difference in power-sharing of
BSSs 13 and 20 is affected by the network topology and im-
pedance of power lines, as reflected by the optimized control
gains. Besides, all other BSSs indirectly communicating with
BSS 17 collectively take the remaining 5.6% disturbance. It
clearly shows that the power distribution meets the expected
control performance of local power-sharing.

With the continuous net load increase, the control system
spreads power-sharing to farther BSSs. At 100 s, all BSSs
except the farthest BSS 3 have arrived at their nominal pow-
er levels, and the system remains operated in local power-
sharing mode. When another 400 kW disturbance occurs at
node 18, all BSSs reach their nominal power levels and the
system switches to the global power-sharing mode. It clearly
shows that: (D the system is smoothly switched from the lo-
cal to global power-sharing mode between 100-120 s with-
out abnormal perturbation; and (2) the mode change is auton-
omously activated according to the system operation condi-
tion.

When the net load decreases at 150 s, the system remains
operation in global power-sharing mode, and all BSSs re-
duce their power outputs evenly. Another net load decline at
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170 s drives the system to autonomously switch back to the
local power-sharing mode, where BSS 17 preferentially
takes about half of the net load decrease onsite, meeting the
local power-sharing requirement that closer BSS shares more
disturbances.

The detailed control signals during the dynamic process in-
cluding saturated compensation power, compensation power,
communicated request, and nodal frequencies are plotted in
Fig. 5. The power-related signals are presented in per-unit
values which are converted through the normalization pro-
cess using the nominal power as the base.
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—BSS 3; —BSS 6; BSS 10; BSS 11; —BSS 13
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Fig. 5. Detailed control signals during dynamic process. (a) Saturated com-

pensation power Sat( - ) (b) Compensation power p°. (¢) Communicated re-

quest p’;—sat( P ) (d) Nodal frequencies.

Figure 5(a) shows that the compensation power can al-
ways be timely and smoothly trimmed below the nominal
power through the saturator. If any of the compensations is
not saturated, the microgrid operates in the local power-shar-
ing mode, and the maximum shared power is limited below
the nominal power in 0-100 s, as shown in Fig. 4. If all com-
pensation power reaches the limits, the identical compensa-
tion is added to individual BSSs, and the microgrid transits
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to the global power-sharing mode in 120-150 s, as shown in
Fig. 4.

The untrimmed compensation power signal is further ex-
tracted in Fig. 5(b). Compared with Fig. 5(a), it shows that
the anti-windup controller is able to rapidly suppress the buf-
fer in calculating the compensation power and harmonize the
values of trimmed and untrimmed compensation power. Oth-
erwise, the buffer will lead the recovery response to be inac-
tive when encountering the negative disturbance.

The communicated request p” —sat( p") is shown in Fig.
5(c). In the local power-sharing mode, all requests converge
to 0, indicating that pb*:sat( p”*) =p~ as shown in (21),
which means the power-sharing strictly follows the guidance
of local compensation power. In comparison, the elements in
vector p”—sat(p”) move towards 0.2 p.u. during 120-150 s,
where sat( p“) reaches 1 according to Fig. 5(a). Hereby, all
normalized BSS outputs p’ converge to 1.2 p.u. during that
period, showing that power-sharing strictly follows the guid-
ance of global compensation power. Thus, both local and
global modes can precisely achieve the consensus in the pro-
posed hybrid scheme.

In addition, the nodal frequency dynamics are shown in
Fig. 5(d). In response to the series of sharp net load chang-
es, the frequency can be smoothly regulated. During the pro-
cess, the frequencies of several inverter-interfaced BSSs are
adjusted above 60 Hz, while the others are reduced below
60 Hz. Based on further numerical calculations, the system
frequency can be maintained at 60 Hz. Thus, the results dem-
onstrate that the proposed hybrid scheme can achieve the
droop-free control target.

To clearly show the effects of the proposed hybrid scheme
for active power-sharing, the classic droop-free control mod-
el [15] is adopted for reactive power-sharing in this simula-
tion, 1i. e., reactive power fluctuations are proportionally
shared according to the capacities of controllable resources
to globally average the reactive power burden. The simula-
tion results are recorded in Fig. 6, in which each 400 kW ac-
tive power disturbance at node 18 carries 80 kvar reactive
power change.

As shown in Fig. 6(a), the reactive power fluctuation can
be accurately shared among all controllable resources that
each BSS proportionally undertakes 8.0 kvar reactive power
change. During the dynamics shown in Fig. 6(b), several
nodal voltages are regulated below 4.16 kV, while the others
are raised to ensure the average value of all nodal voltages
is kept at the nominal value of 4.16 kV, realizing the reac-
tive power-sharing in a voltage droop-free control process.

B. System Performance Against Random Disturbances

Power-sharing mainly copes with disturbances in the pri-
mary control. In the simulation, 1000 random disturbances
with magnitudes between —40 kW and 40 kW occurring at
arbitrary nodes are generated, as shown in Fig. 7.

In Fig. 7, the maximum accumulated magnitude of nodal
disturbances is around 420 kW, and the total disturbance
mileage [47] amounts to 20 MW for the entire simulation
time window. The response of BSSs in the proposed hybrid
scheme is shown in Fig. 8.
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Fig. 6. Responses of reactive power distribution and nodal voltages. (a)
Reactive power distribution. (b) Nodal voltages.
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Fig. 8. Response of BSSs in proposed hybrid scheme.

Indeed, distributed controlled BSSs can collaboratively
seek the optimal sharing results against multiple disturbances
at different locations via the sparse neighboring communica-
tion network, and the system is capable of properly operat-
ing within the nominal power levels and compensating indi-
vidual disturbances in a local power-sharing way.

To further analyze the distribution of local power-sharing,
Fig. 9 plots the relationship between the proportion of distur-
bances shared by individual BSSs versus the maximum prop-
agation steps, where the maximum propagation steps refer to
the largest number of neighboring communication propaga-
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tions needed from between two BSSs. In Fig. 9, the top blue
line presents that BSS 3 retains 85.4% disturbance onsite,
while sharing the rest 24.6% with all other BSSs. Since BSS
3 is the most remote BSS in the microgrid with only one
neighbor (i.e., BSS 6) connected through a long electrical
line (i.e., 13.2 miles between nodes 3 and 6), the response
curve of BSS 3 is the topmost. In comparison, BSS 25 with
three close neighbors (the electrical lines from BSS 25 to
BSSs 20, 28, and 32, are 2.0, 1.0, and 1.05 miles, respective-
ly) can allocate disturbance more evenly in a proper local re-
gion, i.e., 27.8% for itself and 23.2% in average for the
three neighbors. These results show that the local power-
sharing control can properly utilize the neighboring resourc-
es and effectively retain the impact of disturbance within a
small region.

100
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= 60 BSS 11; —BSS 28
g —BSS 13; — BSS 32
£ 40N
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Propagation step

Fig. 9. Distribution of power-sharing for individual BSSs.

The optimal power-sharing distribution is reached with the
control gain ratio »=0.0325 according to Proposition 2. On
this basis, additional simulations are conducted by tuning r
around the optimal value. Responding to the disturbances in
Fig. 7, the simulated total power-sharing burdens 7' are re-
corded in Table II, including the power balance burden and
the power shifting burden as defined in (22). All results are
in per-unit values using the optimal value with " =0.0325 as
the base for clear comparison. It is noteworthy that r=co (i.e.,
k=~0) is the global power-sharing case, because the compen-
sation controllers are not activated.

TABLE II
POWER-SHARING BURDENS

Balance burden Shifting burden Total burden

Parameter

(p-u.) (p-u.) (p-u.)

0.125" 0.943 0.147 1.090
0.25/" 0.790 0.238 1.028
0.5+ 0.660 0.342 1.002
0.75¢" 0.596 0.403 0.999
r 0.555 0.445 1.000
2" 0.472 0.537 1.009
4" 0.406 0.614 1.020
8 0.352 0.676 1.027
© 0.157 0.919 1.076

Table II shows that as r increases, more disturbances are
undertaken by remote BSSs and the system moves towards
global power-sharing, presenting a lower balance burden and
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higher shifting burden.

Overall, although setting the parameter as 0.75r" is a bet-
ter choice in this simulated system, the solution solved by
Proposition 2 with merely a 0.13% higher objective value is
admissible. It validates that the value » solved via Proposi-
tion 2 performs properly in trading off the impacts of power
balance and power shifting burdens.

Moreover, according to Proposition 3, #=0.316 can pro-
vide the optimal trajectory moving towards the convergence
point. In the simulation, different values of /4 are tested as
shown in Table III. According to the tendency shown in Ta-
ble III, a lower value of / presents a smaller control adjust-
ment on nodal frequencies, which slows down the conver-
gence process and accumulates the larger power deviation.
On the other hand, increasing the droop-free control gain 4
can amplify the frequency adjustment, and in return acceler-
ate the system convergence and decrease the accumulated
power deviation therein. Simulation results verify that A=
0.316 is the finest parameter considering both frequency and
power deviations during the convergence process.

TABLE III
DEVIATION DURING CONVERGING DYNAMICS

Frequency deviation Power deviation  Total deviation

Parameter (pu) (p.w) (pu.)
0.251" 0.103 1.655 1.759
0.54" 0.221 0.882 1.103
h 0.500 0.500 1.000

2h" 1.246 0.312 1.558
4h" 3.374 0.211 3.585

Finally, a stress test is further conducted to present the ad-
vantages of the proposed hybrid scheme over the local
scheme. In the test, the total disturbance mileage is set to be
200 MW, 10 times the disturbances in Fig. 7. The responses
of BSSs against 200 MW mileage disturbances in the local
and hybrid schemes are plotted in Fig. 10(a) and 10(b), re-
spectively.

Although the local scheme stably operates the system
against disturbances, BSSs frequently operate above the rat-
ed power (i.e., the two red dotted lines describe the rated
charging and discharging power levels) as shown in Fig.
10(a). At this zone, the energy loss grows exponentially
along with the increase in the output level, leading to high
operation costs. Besides, BSSs reach the rated power (500
kW) multiple times, making the system vulnerable to new
disturbances.

In comparison, in the hybrid scheme, BSSs can properly
operate within the range of nominal power, achieving better
operation efficiency. Although certain overshoots are un-
avoidable in dealing with large disturbances, the system can
timely coordinate BSSs and quickly return to the effective
zone. Besides, during certain periods with heavy disturbanc-
es, the system reasonably operates in the global power-shar-
ing mode to even the burdens of BSSs. For example, the
zoom-in sub-figure during the period of 7150-7350 s shows
that the system smoothly switches to the global power-shar-
ing mode to even the burdens of BSSs. After the disturbanc-
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es decrease, the system automatically switches back to the
local power-sharing mode, presenting the transition stability
properties proved in Proposition 1.

1000
Z sl WW WWW
o \M¢ |
bt J J‘/fz’%}hﬁ v@;
& W L\J
=
(=}
wn
wn
m
-1000 . . . . )
0 4000 8000 12000 16000 20000
Time (s)
(a)
800
~ 600 73501
Z 400
B 200 ket
=
=]
2 0
2 !
-200
-400 . . . . S
0 4000 8000 12000 16000 20000
Time (s)
(b)
—BSS 3;—BSS 6; — BSS 10; — BSS 11; —BSS 13

——BSS 17, — BSS 20; — BSS 25; — BSS 28; BSS 32

Fig.10. Responses of BSSs against 200 MW mileage disturbances. (a) Lo-
cal scheme. (b) Hybrid scheme.

In summary, the simulation results validate the conclu-
sions derived from Propositions 1-3 regarding the system sta-
bility as well as the optimality of power-sharing distribution
at the steady-state consensus and dynamic performance
along the trajectory to the steady-state consensus.

C. Scalability Improvement over Classical Global Power-
sharing Scheme

In addition to properly distributing disturbances locally,
another essential merit of the local power-sharing mode is to
accelerate the convergence speed of the neighboring commu-
nication-based droop-free control. The classical global power-
sharing scheme to reach the system-wide consensus is time-
consuming. In comparison, the local power-sharing by retain-
ing the response in a small region and reducing the number
of involved BSSs in the coordination process can accelerate
the convergence speed.

The original system in Fig. 3 is scaled up to Fig. 11 with
extra BSSs to illustrate the convergence speed of the pro-
posed local power-sharing scheme. BSSs at the orange nodes
connected through orange dashed lines form the benchmark
system. The maximum steps of propagation in the bench-
mark system are 5, e.g., a disturbance occurring at node 32
is first balanced by BSS 32, and gradually propagated to
BSS 10 through 5 neighboring communication steps. On this
basis, the augmented cases, by adding BSSs 6, 3, 2, 1, and
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the associated communication links, scale up the maximum
steps of propagation from 5 to 6-9.
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Scaled BSSs in modified IEEE 34-node system.
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Fig. 11.

The scaled system with the global and local power-shar-
ing schemes is simulated against a 200 kW disturbance at ar-
bitrary locations. When nodal states fall within the +2 kW er-
ror band of the power-sharing consensus, the system is re-
garded as settled, and the average settling time is compared
in Table IV.

TABLE IV
COMPARISON OF AVERAGE SETTLING TIMES

The maximum Number Average settling time (s)  Global-to-
steps of propagation of BSSs  Global sharing Local sharing local ratio

5 8 27.83 0.16 173.9
6 9 30.73 0.16 192.1
7 10 35.93 0.17 211.4
8 11 46.40 0.16 290.0
9 12 56.69 0.15 3717.9

According to the results of the global power-sharing
scheme, the settling time steadily increases as the system
scales up, since more intermediate propagations are needed
to evenly allocate disturbances among all BSSs. In contrast,
the settling time of local power-sharing design is retained in
the range of 0.15-0.17 s, and the system scale presents negli-
gible impacts on the convergence speed.

Table IV clearly shows that the convergence speed of the
local power-sharing scheme is about 173.9 to 377.9 times
faster than the global power-sharing scheme. To further
delve into this phenomenon, global and local power-sharing
responses against a disturbance on node 32 are plotted in
Figs. 12 and 13, respectively.

Figure 12 shows that the outputs of all BSSs have the
same value while following different trajectories. Specifical-
ly, BSS 32 undertakes the largest proportion of disturbance
initially, while the outputs of its two nearby BSSs 25 and 28
rapidly approach that of BSS 32. On the contrary, the out-
puts of BSSs 3, 6, 10, 11, and 13 increase rather slowly
since they are relatively remote to BSS 32. After around
35.93 s, the system reaches a global power-sharing consen-
sus, which is time-consuming by coordinating through the
sparse neighboring communication network.
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Fig. 13. Local power-sharing scheme.

In comparison, Fig. 13 shows that although the local pow-
er-sharing scheme presents a similar initial response as the
global power-sharing scheme right after the disturbance oc-
curs, it seizes the equilibrium power-sharing status in merely
0.17 s. Thus, the local power-sharing scheme is quantified as
more efficient than continuously shifting power to other
BSSs according to Proposition 2.

Moreover, the responses of nodal frequencies in different
schemes during the dynamic process are recorded in Fig. 14.

60.021 — Local scheme
= 60.01 + —— Global scheme
)
> 60.00
5
S, 59.99 ¢
o
2
= 5998}

59.97 L L . . . L . ,

0 5 10 15 20 25 30 35 40

Time (s)

Fig. 14. Responses of nodal frequencies in different schemes.

When a disturbance occurs and is being shared within the
network, the onsite BSS 32 in the two schemes presents the
same largest rate of change of frequency (RoCoF) [48],
since the identical set of droop-free control gains and distur-
bances are applied in both cases. The frequency nadir of the
local power-sharing scheme is 59.983 Hz, which is 3.6 mHz
higher than the global power-sharing scheme. In addition, lo-
cal power-sharing scheme presents significant advantages in
frequency settling time. These measurements clearly show
that the local power-sharing scheme presents slightly better
stability performance in frequency when BSSs operate with-
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in the nominal power levels.

To sum up, the proposed hybrid scheme achieves fast con-
vergence speed, less sensitivity to system sizes, increased
cost-efficiency, and similar frequency stability, leading to en-
hanced droop-free control with superior scalability.

D. Convergence Performance over Communication Delays

The performance of neighboring communication based
droop-free control is usually sensitive to communication de-
lay. In the simulation, delay blocks are added between the
communication processes of droop-free controllers. On this
basis, communication delays ranging from 0.1 ms to 10000
ms are tested for comparison, as listed in Table V.

TABLE V
COMPARISON OF SETTLING TIME WITH DIFFERENT COMMUNICATION
DELAYS
Communication Settling time Communication Settling time
delay (ms) (s) delay (ms) (s)

Instantaneous 0.215 50.0 0.460
0.1 0.215 100.0 1.220

0.5 0.215 500.0 9.530

1.0 0.215 1000.0 27.190

5.0 0.215 5000.0 235.370

10.0 0.215 10000.0 510.060

According to Table V, several observations can be ob-
tained: (D the settling time can be retained at 0.215 s for the
systems with a communication delay of less than 10 ms,
where the systems can reach similar performance as the case
without communication delay; ) as the communication de-
lay increases, the settling time will be elongated. From 50
ms to 10000 ms, scaling up the delay by 10 times will in-
crease the settling time by more than 20 times; and 3 the
system can still converge even with a communication delay
as large as 10000 ms (i.e., 10 s).

In addition, the response of nodal frequencies with typical
communication delays of 10 ms, 100 ms, and 1000 ms is
plotted in Fig. 15.
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Fig. 15. Response of nodal frequencies with typical communication delays.

As the delay increases, the dynamic performance is signifi-
cantly compromised in several aspects. Numerically, the fre-
quency nadir is compromised to 59.983 Hz, 59.962 Hz, and
59.958 Hz, respectively; the highest frequency reaches
60.009 Hz, 60.025 Hz, and 60.145 Hz, respectively; and the
largest RoCoF is recorded as 0.180 Hz/s, 0.359 Hz/s, and
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0.3776 Hz/s, respectively. Besides, the yellow curves present
significant oscillation at around 1000 ms, matching the com-
munication delay level. It shows the dynamic performance
of droop-free control will degenerate with high communica-
tion latency. Based on the above observations, system perfor-
mance could be guaranteed with a communication delay of
less than 10 ms. Besides, the system stability is robust
against moderate communication delay (i.e., 10 s), at the
cost of longer settling time.

V. CONCLUSION

Focusing on droop-free controlled microgrids, different
from the global power-sharing design which distributes dis-
turbance among all BSSs to average the nodal burden, this
paper proposes a local power-sharing droop-free control
scheme to properly retain disturbances in a small region. On
this basis, a hybrid local-global power-sharing scheme is put
forward to preserve the merits of both designs. Moreover,
systematic guidance for control gain setup is derived based
on stability analysis and optimal control to guide practical
implementation.

Based on the theoretical analysis and numerical simula-
tions, microgrids with the proposed hybrid scheme perform
stably against disturbances, while following the least-devia-
tion trajectory toward the desired power-sharing consensus.
Moreover, the proposed hybrid scheme outperforms the clas-
sical global power-sharing in convergence speed and scalabil-
ity, with steady settling times for microgrids of varied sizes.

Future works will implement the proposed hybrid scheme
onto the hardware-in-the-loop (HIL) testbed to further verify
and promote the practical application in renewable-centric
microgrids.

APPENDIX A

Problem (25) can be equivalently converted to (Al) based
on (24b) and & =-hp".
min 7'= [ (14+p"2&)(5°) (-DBL,+1)" -
)
L,L,(rDBL+1)p‘dt (A1)

We further reorganize (Al) and (15b) to (A2), (A3),
where matrices A4, B, ©Q, and R can be derived as shown
in (A4)-(A7).

min 7" = fjo(ﬁ"’)T(Q+k2R)13"dt (A2)
P =Ap - kBp* (A3)

A=0 (A4)

B=rD,BL +I (A5)
Q=B"L,L,B (A6)
R=p"r’Q (A7)

With the objective function (A2) and the state-space equa-
tion (A3), a cost-to-go function V., can be established as

shown in (AS8), which describes the optimal trajectory from
time ¢ to the steady state. & is the control variable for the tra-



ZUO et al.: HYBRID LOCAL-GLOBAL POWER-SHARING SCHEME FOR DROOP-FREE CONTROLLED MICROGRIDS

jectory.
V,sa,t:mkin(ff(ﬁ”(T))T(Q+k27€)ﬁc(r)dr (A8)

Two decomposition methods are applied to (AS8). First,
Vi, equals to the optimal trajectory from time 7 to #+dz plus

the optimal trajectory from time z+d¢ to the steady state, as
shown in (A9). Equation (A9) can be further simplified to
(A10) with a small enough dt. Second, Taylor expansion is
applied on (A8) to derive (All).

v,.,= min ( [ (@erR) o)+ V) (A9)

v, = min((5) (@+RR) prdi+V, ) (A10)

V V., +V. dt
Pt p.t

pé.t+dt (Al 1)
Using (All) to substitute Vi in (31) and further can-

celing dr derive the modified Hamilton-Jacobi-Bellman
(HJB) equation (A12). Assuming a time-invariant matrix 72

exists that Vﬁ(..t:( ﬁc)TPﬁ”, (A12) can be converted to
(A13).

Jt+dt

0~ min(V, + (5) (@+K*R) ) (A12)

0= min( -2k () P+ () (@+#R) 5] (A13)

If matrix 7 exists, the optimal solution of &k could render
the minimum value for M=—2k(ﬁc)TPBI3”+ (ﬁ‘)T(Q+
kZR) p¢ in (A13). To address the minimum value, & is first
solved via the extreme value theorem. That is, the first-order
derivative of M must equal to 0 as shown in (A14), and the
second-order derivative of M is non-negative as shown in
(A15). Consequently, k is deduced as in (A16), depicting the
relationship between 2 and k.

oM . g
S =2() (PB-kR) =0 (Al4)
PM T .
o =2(p°) Rp=0 (A15)
PB=kR (A16)

Finally, to further verify whether the optimal solution of &
can drive M to the minimum value 0, we substitute 7 in
(A15) via (A16) to derive (A17). Obviously, @=k*R can
meet (A17) for any p°. Since R=p"r*Q as defined in (A7),

the optimal solution k can be solved as 1 (\/ " r). The nega-
tive solution — 1 (\/ " r) is discarded because it is out of

the stability range as proved in Proposition 1. Furthermore,

the optimal solution 4= 1 (\/ pH) can be acquired as r="h/k.

0~ () (0-*R) p* (A17)
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