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Abstract—This paper proposes dynamic energy level balancing
between distributed storage devices as a strategy to improve
frequency regulation and reliability in droop controlled micro-
grids. This has been achieved with a distributed multi-agent
cooperative control system which modifies the output power of
droop controlled storage devices so that they reach a balanced
energy state. As the storage devices approach a common energy
level they are able to contribute their full power capacity to deal
with generation and demand fluctuations in the microgrid. The
cooperative control system also provides secondary frequency
control, restoring the microgrid to the reference frequency.
Simulations have been completed showing that the cooperative
control system improves frequency regulation compared to tradi-
tional droop control strategies when the storage devices begin at
different energy levels and the microgrid experiences generation
or demand variability. A control input saturation constraint has
been developed which ensures that the cooperative control system
will not overload the storage devices.

Index Terms—Battery energy storage systems (BESS), dis-
tributed cooperative control, microgrid, multi-agent systems.

I. I NTRODUCTION

CURRENTLY, there is a trend away from the traditional
model of centralised power generation towards smaller

renewable generation sources distributed throughout the power
network [1]. Microgrids have been proposed as a solution to
the challenges presented by distributed intermittent renewable
generation sources [2].

Energy storage (ES) devices can be used to balance the
generation from intermittent sources with the demand from
varying loads [3]. Power sharing between the ES devices,
proportional to their power capacities, can be achieved with the
well-known droop control method [4]. Droop control allows
inverter connected ES devices to mimic the operation of con-
ventional generators, which reduce their frequency to increase
their real power output when additional power is required in
the microgrid [5]. The microgrid frequency falls until the real
power demand is matched by the combined real power output
of the ES devices. This allows power sharing between the ES
devices without requiring time critical communication links.

The traditional droop control method relies on the as-
sumption of an inductive power network and thus non-ideal
impedances of the ES devices and transmission lines can
degrade power sharing accuracy. This can be mitigated by
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incorporating virtual output impedances into the ES device
control systems [4].

Droop control has several additional limitationswhen used
to facilitate power sharing between microgrid ES devices.
Since power is proportionally shared between the ES devices
in accordance with their power capacities rather than their
energy levels, it is expected that those with lower initial energy
levels will run out of energy first.Once an ES device is empty,
it can no longer contribute its power capacity to maintaining
the grid frequency during periods of high demand. If the power
demand rises above the power capacity of the remaining ES
devices the microgrid frequency limits will be violated andthe
remaining ES devices will be overloaded. Similarly, if an ES
device becomes full then it can no longer absorb power during
periods of excess supply, wasting the generation potentialof
renewable energy sources.

To prevent ES devices from prematurely running out of
energy, the droop control strategy can be modified so that
the power provided by the ES devices is weighted in inverse
proportion to their energy level [5]. ES devices with less
remaining energy provide less power, and thus the ES devices
approach a balanced energy state as they empty. However, an
undesirable aspect of this strategy is that the droop character-
istics of the ES devices are dependent on their energy levels
rather than their power capacities. As the ES devices run out
of energy they reduce the amount of power used to maintain
the microgrid frequency, so frequency regulation deteriorates.
Further, since power is predominantly shared amongst ES
devices with higher energy levels, some ES devices may be
overloaded even when the total power demand is below the
combined power capacities of the ES devices.

Centralised control systems can be used to optimally control
power network ES devices [6], [7]. However, a centralised
control system introduces a single point of failure.

Distributed control systems address these issues and present
advantages in terms of robustness, extensibility and flexibility
over centralised control systems [8]. A control system is
considered distributed if it is made up of autonomous agents
connected by a communication network, each independently
pursuing their own control objective utilising only local infor-
mation and information from their neighbours [9]. Multi-agent
control systems have been applied to economic dispatching
[10], secondary voltage control [11] anddistributed secondary
frequency control [12] in microgrids.

This paper proposes dynamic energy level balancing be-
tween ES devices as a strategy to improve frequency regulation
and reliability in droop controlled microgrids. This has been
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achieved with a distributed control system based on multi-
agent cooperative control. The cooperative control system
modifies the traditional droop control power sharing method
so that the microgrid ES devices use neighbour to neigh-
bour communication to reach a balanced energy level.The
cooperative control system incorporates distributed secondary
frequency control between the ES devices restoring them to
the microgrid reference frequency while maintaining accurate
load sharing between them in steady state.A control signal
saturation constraint has been developed which ensures the
cooperative control system will not overload the microgridES
devices.

Simulations have been completed showing that the proposed
cooperative control system provides improved frequency reg-
ulation over the energy weighted droop control strategy when
ES devices begin at different energy levels and the microgrid
experiences generation or demand variability. Since the co-
operative control system acts as a modification to traditional
droop control, proper power sharing and frequency regulation
will be maintained even in the event of communication fail-
ures, and in networks with droop controlled generators or ES
devices which are not part of the communication network.

This paper is organised as follows. Section II discusses
microgrid droop control. Section III provides the battery and
inverter models used to design the cooperative control system.
Section IV describes the cooperative control system design
procedure and discusses the cooperative control signal satura-
tion constraint. The performance of the proposed cooperative
control system is verified through simulations in Section V.
Section VI concludes the paper.

II. M ICROGRID DROOPCONTROL

Battery energy storage systems (BESS) can be used to
provide controllable microgrid storage. Each BESS consists
of a battery and a four quadrant inverter allowing control of
the real and reactive power it injects or absorbs from the mi-
crogrid [13]. To maintain network stability, the BESS must be
controlled to balance the difference between power generation
and demand in the microgrid. This can be accomplished with
the droop control method, which also provides power sharing
between the BESS.

The BESS inverter can be modelled as a controllable AC
voltage sourceVi∠δ connected to the microgrid through an
output impedanceZ∠θ. Let the microgrid common coupling
bus voltage beVb∠0◦. Assuming the inverter control system
includes suitable virtual impedance so that its overall output
impedance is highly inductive,Z∠θ ≈ jX [4]. If the inverter
voltage angleδ is relatively small, the real and reactive output
powers can be approximated as

P ≈
ViVb

X
δ and Q ≈

Vi(Vi − Vb)

X
. (1)

These approximations motivate the standard droop control
equations for controlling the inverter voltage frequency and
magnitude [4],

ω = ω∗ −mp(P − P ∗), Vi = V ∗ − nq(Q−Q∗). (2)

In these equationsω∗ and V ∗ are the references for the
microgrid voltage frequency and magnitude,mp and nq are
the real and reactive power droop coefficients, andP ∗ and
Q∗ are the real and reactive power references, which are
achieved when the microgrid voltage frequency and magnitude
match the reference values. When the microgrid is islanded the
difference between the total microgrid power demand and the
combined reference powers is shared between the inverters in
inverse proportion with their droop coefficients.

Selection of the droop coefficients presents a trade-off
between voltage regulation and the required inverter output
power. The droop control coefficients should be chosen taking
into account power quality standards specified by the relevant
utility. For example the Australian Energy Market Operator
(AEMO) specifies a maximum long term frequency range of
49.5Hz to 50.5Hz for islanded operation [14] and a voltage
magnitude range of -6% to +10% [15].

To make full use of theBESSpower capacities to maintain
the voltage frequency and magnitude, the droop coefficients
should be set so that [4]

mp =
ωmax − ωmin

2Pmax
, nq =

Vmax − Vmin

2Qmax
. (3)

In these equations[ωmin, ωmax] and [Vmin, Vmax] are the
allowed operating ranges of the voltage frequency and mag-
nitude andPmax andQmax are the real and reactive power
capacities of theBESS. The factors of 2 in the denominator of
these equations arise based on the assumption that the BESS
can both absorb and inject its full real and reactive power
capacities.

Since the traditional droop control does not take the BESS
energy levels into account, BESS with lower initial energy
levels are expected to run out of energy first.To prevent this an
energy weighted droop control strategy can be used. The real
power contribution of each BESS is reduced in proportion to
their energy level so that they will reach their minimum energy
level at the same time [4]. The real droop control equation is
modified so that

ω = ω∗ −
mp

α
(P − P ∗) (4)

α = max

(

E − Emin

Emax − Emin
, 0.01

)

.

In these equationsE is the current BESS energy andEmax and
Emin are the battery energy limits. The value ofα is limited at
0.01 to preventmp

α
going to infinity. When the BESS device is

full α = 1 and the full inverter real power capacity is utilised.
Adjusting the droop coefficients based on the energy level

of the BESS prevents the full inverter real power capacity
from being utilised for frequency regulation. In this papera
distributed cooperative control structure utilising neighbour to
neighbour communication is proposed to achieve a balanced
energy level among the BESS while allowing the droop
controlled BESS to make full use of their power capacities.
In Section V it is shown that the proposed cooperative control
system is able to balance the BESS energy levels, provides
improved frequency regulation over the energy weighted droop
control strategy (4) and prevents the BESS from being over-
loaded during periods of high demand.
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Fig. 1. Droop controlled BESS with cooperative control.

III. B ATTERY ENERGY STORAGE SYSTEM

A block diagram of a BESS is shown in Fig. 1. The BESS
incorporates a battery, a voltage source inverter, an LC output
filter, a grid connection impedance, and the inverter control
system.

The BESS provides real power to the microgrid by drawing
energy from a battery. With a suitably designed LC filter
the inverter can be modelled as an ideal three phase AC
voltage source providing the input voltage of the LC filter [16].
A series resistance and inductance are used to model the
impedance of the cable and transformer connecting the BESS
to the microgrid.

The BESS includes a closed loop power controller, volt-
age controller and current controller [16]. Droop control is
implemented by the power controller which sets the BESS
reference output voltage frequency and magnitude. The droop
control power reference is modified by a cooperative controller
to achieve energy level balancing between the BESS and to
regulate the microgrid frequency to the reference frequency.

In this paper, the cooperative controller is designed based
on cooperative state variable feedback control, assuming each
BESS has access to its full state, and the states of its
neighbours in the sparse communication network. Full state
information allows linear quadratic regulator design to beused
to generate a cooperative control law, and provides a simple
stability condition for the global system dynamics, as shown in
Section IV. In the case of incomplete state information it may
still be possible to maintain the proposed control strategy, with
the addition of a suitable cooperative observer, as addressed
in [9].

A. BESS Small Signal Modelling

The BESS dynamics are described by a 15 state small signal
state space model.Small signal models were derived for the
modified power controller (12) and battery energy dynamics
(14). These were combined with small signal models for the

voltage controller (15), current controller (16), LC output filter
and grid connection impedance (17) from [16] to obtain the
overall BESS small signal model. The BESS dynamics are
formulated in a direct-quadrature (d-q) reference frame which
rotates synchronously with the BESS frequency [17].

The cooperative controller generates a scalar control signal
u based on the difference between the local agent state vector
and the state vector received from its neighbours to achieve
dynamic energy level balancing between the BESS and to
provide secondary frequency control.

Let x be the BESS state vector,

x =
[

∆E ∆P ∆Q ∆P ∗ ∆ψ ∆φdq

∆γdq ∆ildq ∆vodq ∆iodq ]T , (5)

whereE is the battery energy level,P andQ are filtered real
and reactive power measurements,P ∗ is the droop control
real power reference,ψ is the secondary frequency controller
integral state,φdq and γdq are the d and q axis voltage and
current controller integral states, andildq, vodq andiodq are the
inverter filter input current, output voltage and output current
d-q components.The overall small signal state space model
for the BESS is given by

ẋ = Ax+Bu. (6)

The state space matricesA andB are shown in equation (7).

B. Power Controller

The power controller is shown in Fig. 1. The real and
reactive instantaneous output powers are calculated from the
output voltage and current [16].

p =
3

2
(vodiod + voqioq), q =

3

2
(vodioq − voqiod) (8)

Low pass filters with cut-off frequencyωc are used to obtain
the fundamental components of the real and reactive power for
the droop control [16]

P =
ωc

s+ ωc

p, Q =
ωc

s+ ωc

q. (9)

To obtain the desired frequency and magnitude for the
inverter output voltage, the droop control equations (2) are
used. The microgrid reference voltage magnitudeV ∗ is used
as the reference for the direct component for the output voltage
magnitude. The quadrature output voltage reference is set to
zero.The reactive power reference is set to zero so that reactive
power will be shared between the BESS in proportion with
their reactive power capacities.

A PI secondary frequency controller calculates the offset
necessary to correct the frequency error resulting from the
droop control. This signal is added to the cooperative control
signal and filtered to produce the droop control real power
reference. In steady state, the cooperative controller will
ensure that the BESS share a common droop control real
power reference, so that accurate power sharing is maintained
between them.

Real power sharing between the BESS is provided by their
frequency droop characteristic. The BESS droop control real
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A =













01×1 BE2Dc1Dv1Cpv BE2Dc1Cv BE2Cc BE1 +BE2(Dc1Dv2 +Dc2)
04×1 Ap 04×2 04×2 Bp

02×1 Bv1Cpv 02×2 02×2 Bv2

02×1 Bc1Dv1Cpv Bc1Cv 02×2 Bc2 +Bc1Dv2

06×1 BLCL1Dc1Dv1Cpv +BLCL2Cpω BLCL1Dc1Cv BLCL1Cc ALCL +BLCL1(Dc1Dv2 +Dc2)













(7)

B =
[

0 0 0 ωref 0 0 0 0 0 0 0 0 0 0 0
]T

power references are adjusted on a slower time-scale to return
the microgrid to the reference frequency and to provide energy
level balancing between them. A low pass reference filter is
applied to the cooperative control signal and secondary fre-
quency control signal to provide this decoupling.The transfer
function between the cooperative control signal and the output
power can be obtained from the BESS small signal state
space model (7). The reference filter cut-off frequencyωref

and secondary frequency PI controller gainsKpω andKiω act
as control parameters in this transfer function. In [18] it was
shown that applying linear control system design techniques
to this transfer function allows a desirable transient response
to be obtained, while maintaining system stability.

The state equations for the droop control real power refer-
ence filter and secondary frequency control are given by

P ∗ =
ωref

s+ ωref
(u+Kpω(ω

∗ − ω) +Kiωψ) (10)

ψ =
1

s
(ω∗ − ω). (11)

The power controller small signal model is given by

˙







∆P
∆Q
∆P ∗

∆ψ









= Ap









∆P
∆Q
∆P ∗

∆ψ









+Buu+Bp





∆ildq
∆vodq
∆iodq



 (12)

[

ω

v∗odq

]

=

[

Cpω

Cpv

]









∆P
∆Q
∆P ∗

∆ψ









Ap =









−ωc 0 0 0
0 −ωc 0 0

ωrefmpKpω 0 −ωref(1 +mpKpω) ωrefKiω

mp 0 −mp 0









Bu =









0
0
ωref

0









, Bp =
3ωc

2









0 0 Iod Ioq Vod Voq
0 0 Ioq −Iod −Voq Vod
0 0 0 0 0 0
0 0 0 0 0 0









Cpω =
[

−mp 0 mp 0
]

, Cpv =

[

0 −nq 0 0
0 0 0 0

]

.

C. Battery

The first order battery model from [13] is used to model the
dynamics of the BESS energy level. The battery energy level
state equation is given by

Ė = −
3

2
(vidild + viqilq). (13)

The battery small signal state space model is given by

˙[

∆E
]

= BE1





∆ildq
∆vodq
∆iodq



+BE2

[

∆vidq
]

(14)

BE1 = −
3

2

[

Vid Viq 0 0 0 0
]

BE2 = −
3

2

[

Ild Ilq
]

.

D. Voltage Controller

The small signal model for decoupled d–q axis PI voltage
controllers with feed forward current gain is provided by [16].

˙[

∆φd
∆φq

]

= Bv1

[

∆v∗odq
]

+Bv2





∆ildq
∆vodq
∆iodq



 (15)

[

∆ i∗ld
∆ i∗lq

]

= Cv

[

∆φd
∆φq

]

+Dv1

[

∆v∗odq
]

+Dv2





∆ildq
∆vodq
∆iodq





Bv1 =

[

1 0
0 1

]

Bv2 =

[

0 0 −1 0 0 0
0 0 0 −1 0 0

]

Cv =

[

Kiv 0
0 Kiv

]

Dv1 =

[

Kpv 0
0 Kpv

]

Dv2 =

[

0 0 −Kpv −ω∗Cf F 0
0 0 ω∗Cf −Kpv 0 F

]

E. Current Controller

The small signal model for decoupled d–q axis PI current
controllers is provided by [16].

˙[

∆γd
∆γq

]

= Bc1

[

∆i∗ldq
]

+Bc2





∆ildq
∆vodq
∆iodq



 (16)

[

∆ v∗id
∆ v∗iq

]

= Cc

[

∆γd
∆γq

]

+Dc1

[

∆i∗ldq
]

+Dc2





∆ildq
∆vodq
∆iodq




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Bc1 =

[

1 0
0 1

]

Bc2 =

[

−1 0 0 0 0 0
0 −1 0 0 0 0

]

Cc =

[

Kic 0
0 Kic

]

Dc1 =

[

Kpc 0
0 Kpc

]

Dc2 =

[

−Kpc −ω∗Lf 0 0 0 0
ω∗Lf −Kpc 0 0 0 0

]

F. LC Filter and Grid Connection

The small signal model for the LC filter and grid connection
is provided by [16].

˙



∆ildq
∆vodq
∆iodq



 = ALCL





∆ildq
∆vodq
∆iodq



+BLCL1

[

∆vidq
]

+BLCL2

[

∆ω
]

(17)

ALCL =



















−
rf
Lf

ω∗ − 1
Lf

0 0 0

−ω∗ −
rf
Lf

0 − 1
Lf

0 0
1
Cf

0 0 ω∗ − 1
Cf

0

0 1
Cf

−ω∗ 0 0 − 1
Cf

0 0 1
Lc

0 − rc
Lc

ω∗

0 0 0 1
Lc

−ω∗ − rc
Lc



















BLCL1 =

















1
Lf

0

0 1
Lf

0 0
0 0
0 0
0 0

















BLCL2 =

















Ilq
−Ild
Voq
−Vod
Ioq
−Iod

















IV. COOPERATIVECONTROL

BESS which are part of the cooperative control system
are connected by a sparse communication network providing
neighbour to neighbour communication.

The communication network can be described by a directed
graph G = {V, E}, whereV = {1, ..., N} is the set ofN
nodes, each associated with a BESS, andE is the set of edges
of the graph. An edge(i, j) ∈ E if there is a link allowing
information to flow from nodei to nodej. Let the neighbours
of nodei beNi, wherej ∈ Ni if (j, i) ∈ E . Assume the graph
is strongly connected, so there is a set of edges providing a
path between every pair of nodes. Let the graph adjacency
matrix be

A = [aij ] ∈ R
N×N , (18)

aij =

{

1, (j, i) ∈ E

0, otherwise.

For nodei, the in-degree,di =
∑N

j=1 aij , and the out-

degree,doi =
∑N

j=1 aji. The graph is balanced if the in-degree
of each node is equal to its out-degree.The graph degree
matrix is given byD = diag(di) and the graph Laplacian
matrix is given byL = D −A.

Assume there areN BESS connected by the communication
graph with identical linear time-invariant (LTI) dynamics,

ẋi = Axi +Bui. (19)

The cooperative control objective is for the BESS to reach a
common energy level. This can be achieved with a local voting
protocol where the control input depends on the difference
between the local BESS state and the state of its neighbours.
With the local voting protocol, the consensus reached by
agents in a balanced communication graph is the average of
their initial states [9]. Let the control input for nodei be given
by

ui = cK
∑

j∈Ni

aij(xj − xi) (20)

where c > 0 is a scalar coupling gain andK is the state
variable feedback control matrix. The closed loop dynamics
of the BESS are described by

ẋi = Axi + cBK
∑

j∈Ni

aij(xj − xi). (21)

Let the global state vector for the graph bex =
[xT1 ... xTN ]T . Then the overall global closed loop system
dynamics are described by

ẋ = [(IN ⊗A)− cL⊗BK]x. (22)

The stability properties of the global system dynamics depend
both on the local BESS dynamics and the graph structure.The
following cooperative control stability condition is provided
by [9].

Let the eigenvalues of the graph LaplacianL be denoted
λi, i = 1, ..., N . The global closed loop system dynamics (22)
have stability properties equivalent to the stability properties
of the systems

żi = (A− λicBK)zi, i = 1, ..., N. (23)

Linear quadratic regulator design can be used to generate a
state variable feedback control matrixK which minimises a
quadratic cost function for each agent. The coupling gainc can
then be chosen to guarantee system stability for any strongly
connected communication graph[9].

The graph LaplacianL has a non-repeating zero eigenvalue
λi = 0. Let dmax be the maximum in-degree of the graph. By
the Ger̆sgorin circle criterion all eigenvalues ofL are located
within a circle of radiusdmax, centred atdmax on the real axis
of the complex plane. Therefore, the non-zero eigenvalues of
L satisfyRe(λi) > 0, i = 2, ..., N [9].

Let Q ∈ R
N×N and R ∈ R be the positive definite

Riccati design matrices. Consider a local control protocol
K = R−1BTP , where P is the solution to the control
algebraic Riccati equation

0 = ATP + PA+Q− PBR−1BTP (24)

Then the system Lyapunov equation for the systems in (23) is
given by

(A− cλiBK)∗P + P (A− cλiBK) = (25)

−Q− (2cRe(λi)− 1)KTRK.
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It follows from Lyapunov theory thatA− cλiBK is Hurwitz
if c ≥ 1

2Re(λi)
. Therefore, selectingc ≥ 1

2mini Re(λi)
, i =

2, ..., N ensures the asymptotic stability of the systems

żi = (A+ λicBK)zi, i = 2, ..., N (26)

for the non-zero Laplacian eigenvalues,and the stability of the
global closed loop system dynamics[9].

The state variable feedback gain matrix minimises the local
agent cost function

Ji =
1

2

∞
∫

0

(xTi Qxi + uTi Rui)dt. (27)

The design Riccati matricesQ andR can be selected to adjust
the relative cost of state error and control effort. This allows
the cooperative control system to be tuned to trade-off between
the speed of energy convergence and the inverter output power
used to achieve it. To ensure stability the coupling gain can
be selected as

c = max

(

1

2mini Re(λi)
, 1

)

, i = 2, ..., N (28)

whereλi, i = 2, ..., N are the non-zero eigenvalues of the
communication graph Laplacian matrixL.

From (28) it can be seen that the minimum value ofc

to ensure stability is set by the non-zero graph Laplacian
eigenvalue with the smallest real component.If the commu-
nication network between the BESS includes redundant links,
the BESS may still be connected following communication
link failure. The stability of the global system dynamics for
sub-networks resulting from communication link failure can be
assessed by checking whether the coupling gain requirement
is still satisfied for the new Laplacian eigenvalues.Bounds on
the graph Laplacian eigenvalues for different communication
networks are provided in [19]. In the event of communication
failure resulting in unconnected BESS, the secondary fre-
quency control loops need to be disabled so that the microgrid
steady state frequency deviation can be used to provide load
sharing.

To prevent overloading and possibly damaging the BESS
inverters, the control system needs to ensure the maximum
output power capacity of the inverters is not exceeded. Without
suitable constraints the combination of the power requiredto
balance the microgrid demand with the additional power used
to achieve dynamic energy level balancing could overload the
BESS. The power controller includes a dynamic saturation
constraint on the cooperative control signal to prevent this, as
shown in Fig. 1.

Let Pmax be the maximum real power capacity of the BESS
inverter andP be the real output power of the inverter. To
ensure the inverter is not overloaded the following condition
should be satisfied by the power controller.

|P | ≤ Pmax (29)

The steady state droop control output power is given by [12],

P =
ω∗ − ω

mp

+ P ∗. (30)
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Fig. 2. Microgrid based on the IEEE 13 Bus Feeder. A communication graph
with bidirectional links connects the BESS.

To ensure (29) the following constraint should be satisfied
by P ∗.

−Pmax −
ω∗ − ω

mp

≤ P ∗ ≤ Pmax −
ω∗ − ω

mp

(31)

This can be achieved by applying the following dynamic
saturation constraints to the input of the droop control real
power reference filter (10),

u+Kpω(ω
∗ − ω) +Kiωψ ≤ Pmax −

ω∗ − ω

mp

, (32)

u+Kpω(ω
∗ − ω) +Kiωψ ≥ −Pmax −

ω∗ − ω

mp

.

V. CASE STUDIES

Simulations were carried out to demonstrate the perfor-
mance of the proposed dynamic energy level balancing coop-
erative control system. First, a simulation is shown demon-
strating the operation of the cooperative controller in an
islanded microgrid with constant loads. Then, simulations
are shown demonstrating the improvement the cooperative
controller provides in terms of frequency regulation over the
energy weighted droop control strategy (4) when there are
variations in the net microgrid power demand.

The simulations were performed using an islanded micro-
grid based on the IEEE 13 Node Test Feeder [20], supported
by twelve droop controlled BESS connected by a communi-
cation network, shown in Fig. 2. The microgrid is comprised
of a 115kV high voltage (HV) substation, 11 4.16kV medium
voltage (MV) buses and a 415V low voltage (LV) bus. The
simulations have been carried out assuming that the microgrid
has disconnected from the high voltage substation and thus
must operate in islanded mode. The AEMO power quality
requirements are used as performance criteria for the control
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TABLE I
SIMULATION PARAMETERS

Battery

Etotal 200 kWh

Emax 160 kWh

Emin 40 kWh

Power Controller

Pmax 100 kW

mp 3.14×10−5

nq 1.36×10−4

ω
∗ 314.16 rad/s

V∗

√
2× 240V

ωc 31.42 rad/s

ωref 3.142 rad/s

Kpω 5×105

Kiω 1×106

Voltage Controller

Kpv 4.1497

Kiv 3.90×103

F 0.75

Current Controller

Kpc 0.7390

Kic 3.17×104

Output Filter & Grid Connection

Lf 0.0135 mH

Cf 0.0029 F

rf 0.05Ω

Lc 0.35 mH

rc 0.03Ω

systems, imposing a frequency range of 49.5Hz to 50.5Hz [14]
and a voltage magnitude range of -6% to +10% [15].

Each bus in the microgrid is connected to a feeder with a
range of residential and industrial loads and distributed gener-
ation sources. These can be modelled as a single aggregated
constant power load at each bus [21]. A BESS consisting
of a 100kW inverter and a 200kWh lithium ion battery is
connected to each of the 11 MV microgrid buses by an LV/MV
transformer and to the single LV bus. The microgrid line
impedances have been averaged across the three phases. The
BESS parameters are provided in Table I.

A bidirectional communication network connecting each
BESS to other nearby BESS has been used. The cooperative
control system is not required for primary control of the
microgrid and thus could be provided by existing telecom-
munication links, rather than requiring a specially designed
industrial control network.

A. Case A: Cooperative control with dynamic input saturation
constraint

To demonstrate the operation of the dynamic energy level
balancing cooperative control system, a simulation was con-
ducted with a 20kW 10kVAr constant load at each bus.
To prevent significant lifetime deterioration of the 200kWh
capacity lithium ion batteries they should be kept between
80% and 20% charge [13], giving an allowed energy range of
160kWh to 40kWh. For the simulation, the BESS begin with
energy levels between 160kWh and 50kWh.

The Riccati design matricesQ andR set the relative cost
of state error and control effort in the quadratic cost function
(27) which is minimised by the state variable feedback control
matrix K. Bryson’s rule provides a guide for selecting the
Riccati design matrices that gives the error of each state and
the magnitude of each control signal a similar weight, despite
them having different units [22].The Riccati design matrix
associated with the state error,Q, was set to

Q =
1

E2
total

CT
ECE = 1.929× 10−18CT

ECE (33)
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(c) Case A. BESS frequencies. 

 

 

0 20 40 60 80 100 120
0.9

0.95

1

1.05

1.1

In
v
e
rt

e
r 

R
M

S
 O

u
tp

u
t 

V
o
lt
a
g
e
 (

V p
u
)

Time (min)

(d) Case A. BESS per unit RMS inverter output voltages.
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(e) Case A. BESS per unit RMS bus voltages.

Fig. 3. Case A. Cooperative control with dynamic input saturation constraint.

CE =
[

1 01×14

]

.

The selection ofCE means that of the 15 BESS states, only
disagreement between the local BESS energy and the energy
of its neighbours contributes to the cost function which is
minimised by the state variable feedback controller.

The Riccati design matrix associated with the control effort
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R was selected to compromise between the speed of energy
balance and the inverter output powers.

R = 6.4× 10−15 (34)

Following (28) the coupling gain was set toc = 1.
Fig. 3(a) shows that the BESS energy levels converge over

two hours of operation. The dynamic cooperative control
signal saturation constraint ensures the 100kW inverter power
capacity is not exceeded, as shown in Fig. 3(b).Fig. 3(c)
shows that the BESS frequencies vary between 49.93Hz and
50.04Hz before the secondary frequency control returns the
microgrid to the reference frequency after 2.8s. As shown in
Fig. 3(d), during energy balancing the inverter output voltages
vary between 0.97pu and 1.04pu, well within the -6% to
+10% microgrid voltage limits. The microgrid bus voltages
vary between 0.998pu and 1.002pu, as shown in Fig. 3(e).

B. Case B: Cooperative control and traditional methods,
frequency regulation comparison

This simulation demonstrates the improvement in frequency
regulation which the cooperative control system can provide in
islanded microgrids where generation and demand variability
are expected. Consider the situation where the microgrid is
islanded from the high voltage substation for two hours. Seven
BESS begin fully charged at 160kWh and five begin with
90kWh. Initially, the load at each bus is 20kW and 10kVAr. A
load spike, consisting of an additional 60kW load at each bus,
occurs 90 minutes after islanding and lasts for 15 minutes. If
the traditional droop control (2) is used the batteries which
begin at 90kWh will run out of energy and the frequency
limits will be violated. The energy weighted droop control
strategy (4) prevents the BESS from running out of energy,
but still fails to regulate the microgrid frequency.

Case B.1. presents the energy weighted droop control
simulation and Case B.2. presents the cooperative control
simulation.

1) Case B.1. Energy Weighted Droop Control: The energy
weighted droop control strategy ensures that none of the BESS
reach the minimum energy level of 40kWh over the two hours
of islanded operation, as shown in Fig. 4(a). As the energy
levels of the BESS decrease, their real power droop coefficient
is increased according to (4). Less power is provided by the
BESS with less energy, as shown in Fig. 4(b). This means
that the total inverter output power capacity is not utilised
to maintain the microgrid frequency within the 49.5Hz to
50.5Hz limits. Fig. 4(c) shows that the frequency droop in the
microgrid increases over the low demand period, and when the
demand spike occurs the low frequency limit of the microgrid
is violated. Since the load power is predominantly provided
by the BESS with higher energy levels these inverters are
overloaded during the load spike.

2) Case B.2. Cooperative Control: The cooperative control
system was applied using the same Riccati design matri-
ces (33), (34) and coupling gain that were used for Case A.
Fig. 5(a) shows that the BESS reach a common energy level
after 60 minutes, so none of them reach the minimum energy
level over the two hours. The maximum real output powers

of the BESS are limited at the inverter capacity of 100kW
by the dynamic saturation constraint, as shown in Fig. 5(b).
The cooperative control system provides secondary frequency
control maintaining the microgrid at the 50Hz reference fre-
quency with a maximum frequency deviation of 0.11Hz, as
shown Fig. 5(c). At the beginning and end of the load spike,
transient frequency deviations of 0.001Hz are observed.The
dynamic energy level balancing cooperative control systemhas
successfully regulated the microgrid frequency and avoided
overloading the BESS inverters.Comparing Fig. 4(d) and
Fig. 5(d) it can be seen that under the cooperative control
strategy, while the BESS are using their output powers to
reach a balanced energy level, the inverter output voltages
deviate by up to 0.043pu from the voltages observed during
the energy weighted droop control case study. However, less
voltage deviation between the BESS is observed once they
have reached a balanced energy level since the load is shared
equally between them. Fig. 5(d) and Fig. 5(e) show that
the inverter output voltages and microgrid bus voltages are
regulated within the microgrid voltage limits.

VI. CONCLUSION

In this paper it has been shown that the proposed strategy
of dynamic energy level balancing between storage devices
in droop controlled islanded microgrids provides improved
frequency regulation over traditional droop control strategies
when the storage devices begin at different energy levels and
the microgrid experiences generation or demand variability.
Dynamic energy level balancing has been achieved with a
distributed multi-agent cooperative control system, offering
advantages in terms of robustness, extensibility and flexibility
over centralised control strategies.The cooperative control sys-
tem provides distributed secondary frequency control, restor-
ing the microgrid to the reference frequency.The cooperative
control system design procedure guarantees system stability
and allows the speed of energy convergence to be traded-
off against the power used for energy level balancing. A
control input saturation constraint has been developed which
ensures that the cooperative control system will not overload
the microgrid storage devices.

Promising directions for future work include the application
of the proposed distributed energy level balancing control
strategy to DC microgrids, along with extensions to the control
strategy based on additional storage device objectives beyond
energy balancing, such as lifetime maximisation.
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