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Abstract—This paper proposes a unified distributed control
strategy for DC microgrid operating modes, without bus voltage
signalling or mode detection mechanisms that are normally
required for decentralised control strategies. The proposed con-
trol strategy is based on the novel integration of distributed
controllers for energy balancing between DC microgrid energy
storage systems with distributed controllers used to regulate the
average DC microgrid bus voltage, and a new method for con-
trolling the grid connected rectifier that maintains the distributed
control structure. Under the proposed control strategy seamless
mode transitions are achieved between qualitatively different
operating modes, namely, (i) grid connected operation with the
rectifier providing load balancing, (ii) grid connected operation
with the rectifier charging the energy storage systems and (iii)
islanded operation. In all operating modes the average DC micro-
grid bus voltage is regulated to the microgrid voltage reference,
and the energy storage systems are controlled independently of
the operating mode to achieve and maintain a balanced energy
level. Simulations are presented demonstrating the performance
of the proposed control strategy for a 380VDC datacenter with
intermittent photovoltaic generation and communication delays
expected from a WiFi control network implementation.

Index Terms—DC Microgrid, distributed generation, energy
storage, islanding, distributed cooperative control, multi-agent
systems.

I. I NTRODUCTION

I NCREASINGLY, distributed renewable generation sources
are being integrated into power networks to increase energy

security, reduce transmission losses, and lower pollution[1].
However, the intermittent nature of renewable generation
sources presents challenges for traditional AC power networks,
and can reduce power quality and network stability. Linked
with the rise of distributed renewable generation sources,such
as photovoltaic (PV) and variable speed wind generation, isthe
proliferation of energy storage (ES) devices and loads withDC
power conversion stages [2].

DC microgrids present a means of integrating distributed
renewable generation sources and DC loads into power
networks, while requiring fewer AC–DC power conversion
stages [3]. A DC microgrid is made up of a DC distribu-
tion system connecting generation sources, loads and storage
devices that can operate as part of the main power network
through a grid connected rectifier, or autonomously in islanded
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Fig. 1. Example DC microgrid, with loads, ES systems, a PV generation
source and a rectifier providing a grid interface.

mode [4].An example DC microgrid is shown in Fig. 1. It has
been shown that DC microgrids can provide higher reliability
than AC microgrids [5], [6].The lower reliability of AC
microgrids is primarily caused by the need for additional AC–
DC power stages and switching circuitry to incorporate backup
storage devices. High reliability is of particular importance for
datacenters, and has motivated the development of the ETSI
380VDC datacenter distribution standards [7].

A DC microgrid has two primary modes of operation,
islanded mode and grid connected mode [8]. During islanded
mode, power cannot be transferred between the main grid and
the DC microgrid, so the demand must be balanced locally.
It is desirable to operate intermittent renewable generation
sources independently of the microgrid load to provide maxi-
mum power point tracking (MPPT) [9]. ES systems, consisting
of an ES device and DC-DC converter, can be controlled
to absorb or inject power as required to balance the DC
microgrid load.Using multiple distributed ES systems, rather
than a single central ES system, provides reduced losses and
increased reliability [5]. However, a load sharing mechanism
is required so that they maintain a balanced energy level.
If ES systems prematurely run out of energy they will be
unable to use their power capacity to balance fluctuations in
microgrid demand [10]. Also, battery ES systems must be kept
within certain energy level limits to prevent significant lifetime
deterioration [11].

Since the DC voltage varies with the microgrid power
balance, V–I droop control can be used to provide load sharing
between the ES systems, without requiring communication
links [12]. However, V–I droop control requires a steady state
voltage offset. Also, an uneven load distribution will leadto
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voltage drops across the DC lines and degrade load sharing
accuracy [13]. A centralised control system can be used to
correct these issues [14].

In grid connected mode it may be desirable for the grid
connected rectifier to balance the microgrid load. In this
case the DC microgrid acts as an uncontrolled load in the
main grid [8]. In this mode the ES systems should only
provide transient power injection to improve DC bus voltage
regulation, so that they do not run out of energy.Alternatively,
it may be desirable to operate the DC microgrid as a controlled
AC load with a regulated output power. This allows grid
power quality requirements to be enforced. Controlled AC load
operation can also be used for ES system charging [15]. Grid
connected operation and islanded operation require qualita-
tively different behaviour from the microgrid terminal devices,
and thus coordination between the ES systems and the grid
connected rectifier is required.

Decentralised control strategies have been presented that
use DC bus voltage signalling to provide coordinated control,
without requiring communication links [16], [17].Under a bus
voltage signalling control strategy DC voltage offsets areused
to share the information necessary for the DC microgrid ter-
minal devices to cooperatively control the microgrid operating
mode. Since DC bus voltage signalling necessitates steady
state voltage offsets, the microgrid will operate at different
voltage levels depending on the operating mode. In this case
additional power conditioning equipment or more expensive
transmission infrastructure will be required to connect equip-
ment with a limited voltage operating range, such as ICT
equipment [18]. Also, since the DC bus voltage is used to
determine the operating mode, voltage disturbances may cause
incorrect operation.

A central control system connected to all of the DC micro-
grid terminal devices can be used to ensure smooth transitions
between operating modes [19]. However, a centralised con-
trol system introduces a single point of failure and reduces
scalability [20].

The limitations inherent in the centralised and decentralised
control approaches motivate the application of distributed
control. Distributed control strategies allow coordination be-
tween autonomous agents, using only neighbour to neighbour
communication over a sparse communication network. This
provides advantages in terms of robustness, extensibilityand
flexibility over centralised control strategies [21]. In [22] a dis-
tributed control strategy for voltage regulation and load sharing
between distributed generators in islanded DC microgrids is
presented. However, operating requirements specific to ES sys-
tems are not addressed. In [23] low bandwidth communication
between distributed generators is used for voltage regulation in
islanded DC microgrids, and in [24] a similar communication
strategy is used for energy balancing between ES systems.
However, these control strategies are not fully distributed, in
the sense that each ES system requires information from all
other systems in the microgrid, and therefore a fully connected
communication network is required. In [25] a distributed
control strategy for energy balancing between ES devices in
islanded DC microgrids is presented, but without consideration
to average bus voltage regulation. Also, grid connected DC

microgrid operating modes are not considered in any of these
papers.

Distributed control strategies have been proposed for accu-
rate power sharing [26] and voltage regulation [27] in droop
controlled AC microgrids. In [10] a distributed control strategy
for cooperative frequency regulation and energy balancing
between AC microgrid ES systems is presented.The control
of f–P droop controlled AC microgrids is in some ways anal-
ogous to the control of V–I droop controlled DC microgrids
[13]. However, in a DC microgrid the average bus voltage
deviation must be corrected while maintaining the relative
bus voltage differences to maintain accurate power sharing.
In an AC microgrid all buses share the same frequency, so
the methods used to correct for frequency deviations in droop
controlled AC microgrids cannot be directly used to correct
voltage deviations in DC microgrids. Also, the distributed
AC microgrid control strategies from [10], [26], [27] do not
consider grid connected operation.

This paper proposes a unified distributed control strategy
for the operating modes of DC microgrids with variable
loads/sources, ES systems and a grid connected rectifier, such
as the example shown in Fig. 1.The salient features of the
proposed control strategy are as follows.

• Distributed controllers for energy balancing between DC
microgrid ES systems are integrated with distributed
controllers for regulating the average DC microgrid bus
voltage.

• Steady state analysis is provided demonstrating that due
to the introduction of the energy balancing controllers,
standard distributed PI voltage controllers are no longer
able to regulate the average DC microgrid bus voltage.
This has been solved by replacing the distributed voltage
controllers with double integrator controllers.

• A dynamic saturation constraint for the ES systems
ensures they are not overloaded. The saturation constraint
prioritises voltage regulation over energy balancing when
these control objectives are opposed.

• A novel strategy has been proposed for controlling the
grid connected rectifier that provides seamless transitions
between DC microgrid operating modes while maintain-
ing a distributed control structure. This is made possible
by the distributed control strategy presented in this paper
for cooperative bus voltage regulation and energy balanc-
ing between DC microgrid ES systems.

The proposed unified distributed control strategy has the
following advantages. Using only neighbour to neighbour
communication over a sparse communication network, the DC
microgrid ES systems cooperate to reach a balanced per-unit
energy level, and to regulate the average DC microgrid bus
voltage to a desired reference. Once a balanced per-unit energy
level is achieved the ES systems maintain it through accurate
load sharing. The ES systems operate independently of the
microgrid operating mode, without bus voltage signalling or
mode detection mechanisms which are normally required by
decentralised control strategies. Based on information received
from a neighbouring ES system, the grid connected rectifier
can set the DC microgrid operating mode by selecting its local
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real power reference. Seamless mode transitions are achieved
between qualitatively different operating modes, namely (i)
grid connected operation with the rectifier providing load
balancing, (ii) grid connected operation with the rectifier
providing ES system charging and (iii) islanded operation.
Table I shows a comparison between the features offered by
the proposed control strategy and existing decentralised and
distributed DC microgrid control strategies. Simulation results
demonstrate the performance of the proposed control strategy
for a 380VDC datacenter with intermittent PV generationand
communication delays. Results show that the DC microgrid
voltage is regulated during all modes and mode transitions
while the ES systems achieve and maintain a balanced per-
unit energy level.

This paper is organised as follows. Section II describes
the proposed unified distributed control strategy. SectionIII
presents a global linear system model and steady state analysis
for the microgrid voltage regulation dynamics. Section IV
presents simulations demonstrating the performance of the
proposed control strategy. Section V concludes the paper.

II. U NIFIED DISTRIBUTED CONTROL

The proposed unified distributed control strategy provides
coordination between the grid connected rectifier and dis-
tributed battery ES systems of a DC microgrid. The ES sys-
tems have two control objectives. First, the ES systems should
regulate the average DC bus voltage to the microgrid reference.
Second, the ES systems should converge to a common per-unit
energy level and maintain it through accurate load sharing.The
per-unit energy level of each ES system is given by its stored
energy divided by its maximum capacity. Balancing the per-
unit energy levels allows ES systems of different sizes to be
used.

The microgrid power balance must be maintained during
all operating modes to achieve bus voltage regulation. During
islanded mode the ES systems must provide the full microgrid
load to maintain voltage regulation. When the DC microgrid is
connected to the main grid, the rectifier output power sets the
mode of operation of the DC microgrid. Two grid connected
operating modes are considered in this study, load balancing
and ES charging.In load balancing mode the rectifier output
power matches the microgrid load. In this mode the DC
microgrid operates as an uncontrolled load in the main grid.
The ES systems inject or absorb power so that they converge
to a common per-unit energy level. Once a common per-
unit energy level is reached, the ES systems provide only
transient power injection to regulate the microgrid bus voltages
following generation or demand fluctuations.In ES charging
mode the rectifier injects power up to its maximum power
capacity to charge the ES systems to a desired per-unit energy
level. In this mode the DC microgrid operates as a controlled
load in the main grid.

The proposed unified distributed control strategy is based
on a sparse communication network allowing the ES systems
to share information with their neighbours. Each ES system
maintains a local estimate of the average ES system per-
unit energy level, average microgrid bus voltage and average

ES system output current. These estimates are updated based
on local measurements and a distributed average consensus
protocol. Having access to the average ES system per-unit
energy level and average microgrid bus voltage allows the ES
systems to control their output current so that they reach a
common per-unit energy level, while maintaining microgrid
voltage regulation.

The grid connected rectifier receives estimates of the aver-
age ES system per-unit energy level and average ES system
output current from a neighbouring ES system. To operate the
microgrid in load balancing mode, the rectifier controls itsreal
output power to regulate the average ES system output current
to zero. The rectifier uses the average ES system per-unit
energy level to operate the microgrid in ES charging mode.

Under the proposed control strategy the DC microgrid grid
connected rectifier and ES systems operate as autonomous
agents, controlled based on neighbour to neighbour communi-
cation over a sparse communication network to achieve coop-
erative control objectives. This removes the need for a central
controller and provides advantages in terms of robustness,
extensibility and flexibility inherent in a distributed control
structure [21].

A. Battery Energy Storage Systems

A block diagram of a battery ES system and its control
system is shown in Fig. 2. A bidirectional DC–DC boost
converter provides a power interface between the battery and
the DC microgrid. The V–I droop controller sets the DC–
DC converter output voltage referencev∗i based the microgrid
voltage referencevmg and the local output current measure-
ment ii. Under the proposed distributed control strategy, the
droop control is modified by a voltage regulation control
signaluv̄

i and energy balancing control signalue
i , which act as

droop control current reference signals. The voltage regulation
control signal is set to regulate the average DC microgrid
bus voltage to the microgrid voltage reference. The energy
balancing control signal is set to achieve per-unit energy
balancing between the ES systems and to maintain it through
accurate load sharing.

v∗i = vmg − Firi(ii − uv̄
i − ue

i ) (1)

Traditional decentralised V–I droop control does not include
uv̄
i andue

i , so the load is shared between the ES systems in
inverse proportion with their droop control virtual resistances
ri. The virtual resistance is selected so that the ES system will
use its full output power capacity[−Pmax

i , Pmax
i ] to maintain

the microgrid voltage within the maximum deviation∆v from
the microgrid reference.

ri =
∆v

Pmax
i /vmg

(2)

The DC microgrid is subject to high frequency harmonics due
to converter switching. A low pass filter with cut off frequency
ωc
i is applied to prevent the droop control from varying based

on high frequency switching harmonics.

Fi =
ωc
i

s+ ωc
i

(3)
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TABLE I
COMPARISON WITH DECENTRALISED AND DISTRIBUTED DC MICROGRID CONTROL STRATEGIES

[16] [17] [22] [23] [24] [25] This Paper

No central controller required X X X X X X X

Only sparse communication required X X X X X

ES system energy levels balanced X X X

Bus voltage signalling not required X X X

Average bus voltage regulated X X X

Grid connected and islanded operation X X X
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Fig. 2. Battery ES system and control system.

The PI voltage controllerHv
i sets the DC–DC converter

current reference to regulate the ES system output voltage to
the reference set by the droop controller.

i∗i = Hv
i (v

∗
i − vi), where Hv

i = kvpi +
kvii
s

(4)

The current controller sets the duty cycle of the complemen-
tary switching of the DC–DC converter MOSFETS to regulate
the output current [28].

The PI energy balancing controllerHe
i sets the energy

balancing control signal to regulate the ES system per-unit
energy levelei to the local estimate of the average microgrid
ES system per-unit energy levelēi.

ue
i = He

i (ei − ēi), where He
i = kepi +

keii
s

(5)

The double integral microgrid voltage controllerH v̄
i sets the

voltage regulation control signal to regulate the local estimate
of the average bus voltage to the microgrid voltage reference.

uv̄
i = H v̄

i (v
mg − v̄i), where H v̄

i = kv̄pi +
kv̄ii
s

+
kv̄iii

s2
(6)

The double integral gain is required to ensure that the average
bus voltage converges to the microgrid voltage reference in
steady state, despite the interaction with the energy balancing
controller. This is demonstrated in Section III-B through
steady state analysis of the global microgrid voltage regulation
dynamics.

Due to the energy balancing controller and microgrid volt-
age controller, the virtual resistance selection from (2) no
longer ensures the ES system will not be overloaded. To
prevent this, a dynamic saturation constraint is applied tothe
energy balancing control signalue

i to enforce the following
constraint.

∣

∣

∣

∣

ue
i +

vmg − vi
ri

+ uv̄
i

∣

∣

∣

∣

≤
Pmax
i

vi
(7)

Microgrid voltage regulation is prioritised over energy bal-
ancing, since voltage regulation is a shorter term goal with
direct impact on network stability. Applying the saturation
constraint toue

i , rather thanue
i + uv̄

i , ensures that even in
the case of a large energy difference between the ES systems,
ue
i will not crowd out an opposinguv̄

i .

B. Distributed Average Consensus Protocol

Each ES system has an average state estimator that uses
local measurements and information from neighbouring ES
systems to update local estimates of the average ES system
per-unit energy level̄ei, average microgrid bus voltagēvi
and average ES system output currentīi. The average state
estimator implements a distributed average consensus protocol
for tracking dynamic signals from [29].

The DC microgrid ES systems are connected by a sparse
communication graphG(V, E), with nodesV = {1, ..., N}
and edgesE . Each graph node represents an ES system
and the graph edges represent communication links between
them. (i, j) ∈ E if there is a communication link allowing
information flow from nodei to nodej. The neighbours of
nodei are given byNi, wherej ∈ Ni if (j, i) ∈ E . The graph
adjacency matrix is given byA = [aij ] ∈ R

N×N , where
aij > 0 if (j, i) ∈ E andaij = 0 otherwise.

For theith ES system letxi be a local state variable, and
let x̄i be the local estimate of the average value of that state
for the microgrid ES systems. Theith ES system receives
average state estimates from its neighboursj ∈ Ni, and its
average state estimator implements the following distributed
average consensus protocol.

x̄i = xi +

∫

∑

j∈Ni

aij(x̄j − x̄i)dt (8)

Each node in the communication network has in-degree
di =

∑N
j=1

aij and out-degreedoi =
∑N

j=1
aji. The graph

is balanced ifdi = doi for all nodes. The graph degree matrix
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is given byD = diag{di} and the graph Laplacian matrix is
given byL = D−A.

The global dynamics of the distributed average consensus
protocol are given by

˙̄x = ẋ− Lx̄, where x̄ =
[

x̄1 x̄2 · · · x̄N

]T
(9)

x =
[

x1 x2 · · · xN

]T
. (10)

Applying the Laplace transform yields the following transfer
function matrix for the distributed average consensus proto-
col [29].

Havg =
X̄

X
= s(sIN + L)−1 (11)

X̄ andX are the Laplace transforms ofx̄ andx respectively,
andIN ∈ R

N×N is the identity matrix.
For a balanced communication graph with a spanning tree,

the steady state gain of the distributed average consensus
protocol is given by the averaging matrixQ [22].

lim
s→0

Havg = Q, where [Q]ij = 1/N. (12)

The final value theorem shows that for a vector of step inputs
x, the elements of̄x converge to the global average of the
steady state values,〈xss〉.

lim
t→∞

x̄(t) = lim
s→0

Havg lim
s→0

sX = Qxss = 〈xss〉1 (13)

Actual communication technologies will introduce commu-
nication delays between the ES systems. For instance, for WiFi
communication, processing, encapsulation, decapsulation and
propagation delays are expected [30]. Letτij be the delay for
communication link(j, i). In this case the distributed average
consensus protocol dynamics can be expressed as

x̄i(t) = xi(t)+

∫

∑

j∈Ni

aij(x̄j(t− τij)− x̄i(t− τij))dt. (14)

The stability of the distributed average consensus protocol is
sensitive to time delays. In [31] it is shown that for uniform
communication link delaysτij = τ , the distributed average
consensus protocol solves the average consensus problem if
and only if τ < π/2λN , whereλN is the largest eigenvalue
of the graph Laplacian matrixL.

Selection of the communication network link weightsaij
presents a trade-off between convergence speed and robustness
to communication delays. This trade-off is analysed in [31].
Higher link weights increase the speed with which the ES
systems approach consensus, so that their estimates of the
average microgrid bus voltage, average output current and av-
erage ES system energy level are near the actual average values
of these quantities.However, higher link weights also increase
λN and thus reduce the maximum acceptable communication
link delay. In this study all link weights are selected to be
aij = 1.

C. Grid Connected Rectifier

A three phase four quadrant voltage source rectifier provides
power transfer between the DC microgrid and the main grid. A
block diagram of the rectifier and its control system is shown
in Fig. 3. When the DC microgrid is connected to the main
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Fig. 3. Grid connected rectifier and control system.

grid, the rectifier real output power is controlled to achieve the
desired DC microgrid operating mode and the reactive output
power is controlled to provide voltage support to the PCC
with the main grid. This is achieved using decoupled d–q axis
direct power current control [32]. An LC output filter provides
the required attenuation of output voltage harmonics to meet
utility requirements [33].

The rectifier receives estimates of the average ES system
output current and average ES system per-unit energy level
from a neighbouring ES system in the communication net-
work. In load balancing mode the rectifier real power reference
is set by a PI controller to regulate the average ES system
output current estimatēij to zero.In ES charging mode the
rectifier real power reference is set to regulate the averageES
system per-unit energy level estimateēj to a per-unit energy
level referencee∗. A saturation constraint is applied to the
real power reference so that the rectifier real power capacity
[−Pmax

ac/dc, P
max
ac/dc] is not violated.

The DC microgrid reactive power is controlled to provide
voltage support to the PCC with the main grid, using a control
strategy for battery connected STATCOM [34]. A PI controller
sets the reactive power reference to regulate the magnitudeof
the PCC voltageVpcc to the main grid voltage referenceV ∗

pcc.
In this study it assumed that the main grid feeds the AC side

of the rectifier. However, the only requirement for operating
the DC microgrid in load balancing and ES charging mode
is an AC network that allows the rectifier real output power
to be directly controlled. Therefore, for additional reliability
a controllable power source such as a diesel generator could
be connected to the AC side of the rectifier. In this case the
DC microgrid could still be operated in load balancing or ES
charging mode without a connection to the main grid.

III. G LOBAL M ICROGRID MODELLING

Neglecting non-linear dynamics and saturation constraints,
the global DC microgrid voltage regulation dynamics can
be modelled by a multiple output linear system which takes
the microgrid voltage reference as the input and gives the
microgrid bus voltages as outputs. Based on this linear sys-
tem model the ES system microgrid voltage controllersH v̄

i ,
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energy balancing controllersHe
i and communication network

Laplacian matrixL can be designed to provide stability and
a desirable transient response. Steady state analysis is carried
out to demonstrate that the average DC microgrid bus voltage
converges to the microgrid voltage reference.

A. Global Dynamic Modelling

Let V mg be the Laplace transform of the microgrid voltage
reference. The following Laplace transforms are defined for
the global microgrid state vectors.

V∗ = L{v∗}, v∗ = [v∗
1
v∗
2

· · · v∗N ]T

V̄ = L{v̄}, v̄ = [v̄1 v̄2 · · · v̄N ]T

V = L{v}, v = [v1 v2 · · · vN ]T

Ē = L{ē}, ē = [ē1 ē2 · · · ēN ]T

E = L{e}, e = [e1 e2 · · · eN ]T

I = L{i}, i = [i1 i2 · · · iN ]T

From (1), the global droop control dynamics are given by

V∗ = V mg1−Fr(I−Hv̄(V mg1− V̄)−He(E− Ē)), (15)

where F = diag{Fi}, r = diag{ri},

Hv̄ = diag{H v̄
i } and He = diag{He

i }.

Using the distributed average consensus protocol transfer
function matrix (11) the global dynamics of the average
voltage estimates and per-unit energy level estimates are given
by

V̄ = HavgV and Ē = HavgE. (16)

The grid connected rectifier, constant power loads and
generation sources operating under MPPT act as positive or
negative power sources in the DC microgrid, while the ES
systems act as bus voltage regulation units. To formulate
the bus voltage regulation dynamics, power sources can be
modelled by a parallel current source and resistance [35].

Modern DC–DC converters have high switching frequency
and current control with delay on the order of one switching
period Ts. For the purpose of outer loop control design the
closed loop bus voltage regulation dynamics between the ES
system output voltage referencev∗i and local bus voltagevi
can be modelled by the following transfer function [36].

Gvcl

i =
Gvol

i

1 +Gvol

i

, where Gvol

i =
Hv

i

sCi(Tss+ 1)
(17)

Therefore, the microgrid closed loop local bus voltage regu-
lation dynamics are given by

V = GvclV∗, where Gvcl = diag{Gvcl

i }. (18)

The ES system output currents and bus voltages are related
by the bus admittance matrixY, which is constructed based
on the DC microgrid line and load impedances.

I = YV (19)

The following first order model from [11] is used for the
battery per-unit energy level dynamics.

ėi = −
viii
emax
i

(20)

emax
i is the maximum energy capacity of theith ES system.

The energy level dynamics are linearised around the steady
state microgrid operating pointvmg1 at which the ES system
output currents are zero. The global energy level dynamics can
be modelled by

E = MYV, where M = diag

{

−
vmg

emax
i s

}

. (21)

The following multiple output linear system describes the
global closed loop DC microgrid voltage regulation dynamics.

V = [(Gvcl)−1 + FrY + FrHv̄Havg

− FrHe(IN −Havg)MY]−1V mg(IN + FrHv̄)1 (22)

B. Steady State Analysis

Let vmg be the microgrid voltage reference. In this case the
input to the global closed loop microgrid voltage regulation
dynamics is given by

V mg =
vmg

s
. (23)

The steady state DC microgrid bus voltages are obtained by
applying the final value theorem to (22).

vss = lim
s→0

sV (24)

= lim
s→0

[s2(Gvcl)−1 + s2FrY + s2FrHv̄Havg

− s2FrHe(IN −Havg)MY]−1s2vmg(IN + FrHv̄)1

The steady state bus voltages can be obtained based on the
following limits.

lim
s→0

s2Hv̄ = Hv̄ii, where Hv̄ii = diag{kv̄iii } (25)

lim
s→0

sHe = Hei, where Hei = diag{keii }

lim
s→0

sM = M0, where M0 = diag{−vmg/emax
i }

lim
s→0

Havg = Q, lim
s→0

Y = Y0, lim
s→0

F = IN ,

and lim
s→0

(Gvcl)−1 = IN .

Therefore,

vss = [r(Hv̄iiQ−Hei(IN −Q)M0Y0)]
−1

vmg(rHv̄ii)1 (26)

which yields,

[(Hei)−1Hv̄iiQ− (IN −Q)M0Y0]v
ss =

vmg(Hei)−1Hv̄ii1. (27)

As shown in (25), without the voltage controller double
integral gain the steady state response would be dominated
by the energy balancing control. To verify that the average
steady state DC microgrid voltage is equal to the microgrid
voltage reference, multiply each side of (27) by the averaging
matrix Q. Since the column sums of(IN −Q) are equal to
zero,Q(IN −Q) = 0N×N . From (13),

Q
(

(Hei)−1Hv̄iiQvss
)

= vmgQ
(

(Hei)−1Hv̄ii1
)

(28)

〈vss〉
〈

(Hei)−1Hv̄ii1
〉

1 = vmg
〈

(Hei)−1Hv̄ii1
〉

1

〈vss〉 = vmg.
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Fig. 4. Case study 10 bus 380VDC datacenter microgrid.

IV. CASE STUDY

Case study simulations have been carried out in MAT-
LAB/Simulink demonstrating the performance of the proposed
unified distributed control strategy for a 380VDC datacenter
microgrid. The case studies show the transition from de-
centralised droop control to the unified distributed control
strategy, grid connected operation with the microgrid rectifier
operated for load balancing and subsequently for ES system
charging and finally a transition to islanded operation after
sudden disconnection of the grid connected rectifier.Case
Study A includes 20ms communication link delays typical for
a WiFi control network implementation [30]. Case Study B
demonstrates the performance of the proposed control strategy
for the maximum acceptable communication delay of 280ms.

A. Case Study Microgrid

The datacenter microgrid used for the case studies is shown
in Fig. 4. The DC datacenter includes a 10 bus distribution
system with PV generation and 10 battery ES systems.

At bus 1, a four quadrant 150kW rated rectifier provides
a grid interface.Bus 1 also includes 500m2 PV generation
operated for MPPT, rated for 80kW at STC (16% conversion
efficiency). Based on the analysis of typical DC datacenter
wiring configurations presented in [37], 50m 24mm2 CU
cables are selected to connect the load buses to bus 1. Each
bus incorporates a 30kW rated battery ES system.The bus
1 to 7 ES systems have 25kWh lithium ion batteries, while
the bus 8 to 10 ES systems have 12.5kWh lithium ion
batteries. The battery ES systems are connected by a sparse
communication network to support the distributed control
strategy. The communication links between the ES systems
are bidirectional, meeting the distributed control strategy’s
requirement for a balanced communication network. The bus 1
battery ES system is connected to the grid connected rectifier
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Fig. 5. Case study solar irradiance data.

and provides the rectifier with estimates of the average ES
system energy level and average ES system output current.
Based on the ETSI EN 300 132-3-1 telecommunications DC
distribution standard the datacenter voltage limits are defined
as 360V to 400V (380V±5%) [7].

The rectifier ES charging mode per-unit energy level ref-
erence is set to 0.8 (20kWh for the 25kWh ES systems, and
10kWh for the 12.5kWh ES systems). This ensures that if the
DC microgrid becomes islanded the ES systems have spare
capacity so that they will not empty in the case of excess
demand and will not become overcharged in the case of excess
supply.

For the case study, buses 1 to 5 are assigned 15kW constant
power loads and buses 6 to 10 are assigned 5kW constant
power loads, so that the total microgrid load is 100kW.
The battery ES systems begin with energy levels between
6kWh and 20kWh. The bus 1 PV generation with MPPT
was simulated based on the modelling approach from [38],
using one minute resolution irradiance and temperature data
for 2pm to 4pm on June 1st 2014 from the NREL Solar
Radiation Research Laboratory Baseline Measurement System
in Colorado.The irradiance data is shown in Fig. 5. Simulation
parameters are provided in Table II.

B. Case Study A. 20ms Communication Link Delays

The DC microgrid’s operation over the full case study
simulation time is shown in Fig. 6. The two hour case study
can be divided into four periods of operation.

1) Decentralised V–I droop control; islanded operation,
0min to 10min: The DC microgrid begins in islanded mode
without the proposed unified distributed control strategy.Load
sharing between the ES systems is provided without com-
munication by V–I droop control. However, voltage drops
between the ES systems leads to inaccurate load sharing.As
shown in Fig. 6(a), the energy level of the ES systems at
buses 2 to 5 decrease more quickly that the other ES systems
since these buses have higher loads, and are not connected
to PV generation. Inaccurate load sharing will cause the ES
system energy levels to diverge, and cause some to prematurely
run out of energy. This is undesirable since exhausted ES
systems can no longer contribute their power capacity to
voltage regulation. Also, the average DC microgrid bus voltage
is below the microgrid voltage reference of 380V, as shown
in Fig. 6(c).



8

 

0 20 40 60 80 100 120
5

10

15

20

E
n
e
rg

y
 L

e
v
e
l 
(k

W
h
)

Time (min)

 

 
Bus 1

Bus 2

Bus 3

Bus 4

Bus 5

Bus 6

Bus 7

Bus 8

Bus 9

Bus 10

(a) Case Study A. Battery ES system energy levels.

 

 
0 20 40 60 80 100 120

-40
-20

0
20
40
60
80

100
120
140
160

O
u
tp

u
t 

P
o
w

e
r 

(k
W

)

Time (min)

 

 

Bus 1 Rect.

Bus 1 PV

Bus 1 ESS

Bus 2 ESS

Bus 3 ESS

Bus 4 ESS

Bus 5 ESS

Bus 6 ESS

Bus 7 ESS

Bus 8 ESS

Bus 9 ESS

Bus 10 ESS

10 10.5 11
-40

-20

0

20

40

40 40.5 41 41.5 42
-20

-10

0

60 62 64 66 68
-20

-10

0

80 82 84 86

0

5

10

(b) Case Study A. DC microgrid terminal device output powers.
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(c) Case Study A. DC microgrid bus voltages.
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Fig. 6. Case Study A. 380VDC datacenter microgrid with 20ms communication delays. From 0min to 10min, decentralised V–I droop control during islanded
operation. From 10min to 40min, grid connected operation withrectifier providing load balancing under the unified distributed control strategy. From 40min to
80min, grid connected operation with rectifier providing ES system charging. From 80min to 120min, islanded operation under the unified distributed control
strategy following sudden disconnection of the grid connected rectifier.

2) Unified Distributed Control; grid connected operation
with rectifier providing load balancing, 10min to 40min:At
10 minutes the unified distributed control strategy is started.
Simultaneously, a grid connection is made with the rectifierin
load balancing mode. The ES systems use their 30kW power
capacity to reach a balanced per-unit energy level, as shownin
Fig. 6(b).A per-unit energy level of 0.63 is reached by all of
the ES systems (15.74kWh for the 25kWh ES systems at buses
1 to 7 and 7.87kWh for the 12.5kWh ES systems at buses
8 to 10). The ES system microgrid voltage controllers limit
the DC microgrid bus voltages between 376.8V and 383.4V
(±0.9% error), and ensure that the average microgrid bus

voltage remains at the microgrid voltage reference, as shown
in Fig. 6(c). Since the rectifier is operated in load balancing
mode, the rectifier transfers power from the main grid to
regulate the estimated average ES system output current to
zero. As desired, the average ES system per-unit energy level
remains constant.

3) Unified Distributed Control; grid connected operation
with rectifier providing ES charging, 40min to 80min:At 40
minutes the rectifier operating mode is changed from load
balancing to ES charging. The rectifier uses its maximum
power capacity of 150kW to raise the average ES systemper-
unit energy level to the 0.8 reference, as shown in Fig. 6(b).
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(b) Case Study B. DC microgrid terminal device output powers.
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(c) Case Study B. DC microgrid bus voltages.

 

0 20 40 60 80 100 120
119

120

121

P
C

C
 P

h
a
s
e
 R

M
S

 V
o
lt
a
g
e

Time (min)

 

 

0 20 40 60 80 100 120
0

15

30

45

60
R

e
a
c
ti
v
e
 P

o
w

e
r 

(k
V

A
r)

V
pcc

Rect. Q

(d) Case Study B. AC RMS voltage magnitude at the main grid PCC (left axis) and grid connected rectifier reactive output power(right axis).

Fig. 7. Case Study B. 380VDC datacenter microgrid with 280ms communication delays. From 0min to 10min, decentralised V–I droopcontrol during islanded
operation. From 10min to 40min, grid connected operation withrectifier providing load balancing under the unified distributed control strategy. From 40min to
80min, grid connected operation with rectifier providing ES system charging. From 80min to 120min, islanded operation under the unified distributed control
strategy following sudden disconnection of the grid connected rectifier.

The rectifier’s reactive power capacity is used to provide
voltage support to the PCC with the AC main grid, as shown in
Fig. 6(d).Per-unit energy balancing is maintained between the
ES systems. The 25kWh ES systems are charged at a common
rate and the 12.5kWh ES systems are charged at half this rate.
As the ES systems are charged they adjust their output powers
to balance the variable PV generation and regulate the average
DC microgrid voltage within 0.05V of the 380V microgrid
reference, as shown in Fig. 6(c). Once the ES systems reach
the 0.8 per-unit ES system reference energy level, the grid
connected rectifier reduces its output power so that it matches
the microgrid load and the ES system output powers return to

zero.

4) Unified Distributed Control; islanded operation, 80min
to 120min: At 80 minutes the grid connected rectifier is sud-
denly disconnected, initiating islanded operation. The sudden
power imbalance causes the DC microgrid bus voltages to fall,
with a minimum level of377.4V reached. The ES systems
react to the fall in voltage by increasing their output powers,
restoring the microgrid load balance and returning the average
bus voltage to the microgrid reference.
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TABLE II
SIMULATION PARAMETERS

Main Grid and DC Microgrid

V ∗

pcc 120 VRMS
phase LG 0.1 mH RG 10 mΩ

vmg 380 VDC Ldc 7 µH Rdc 36 mΩ

Grid Connected rectifier

e∗ 0.8 Pmax
ac/dc

150 kW fs 10 kHz

Cf 100µF Lf 50 µH Rf 50 mΩ

k
P∗p
ac/dc

1×102 kP
∗i

ac/dc
1×103 k

Q∗p
ac/dc

1×101

k
Q∗i
ac/dc

1×101

Battery ES Systems

Pmax 30 kW fs 16 kHz vbatt 48 V

r 0.2533 C 68 mF L 80 µH

kvp 1×101 kvi 1×101 ωc 100 rad/s

kep 5×103 kei 5×101 kv̄p 5×102

kv̄i 1×101 kv̄ii 1×10−1
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Fig. 8. Case Study A. ES system bus voltage estimates following the start of
the distributed average consensus protocol at 10min with 20mscommunication
link delays.

C. Case Study B. 280ms Communication Link Delays

With communication link weightsaij = 1 the maximum
eigenvalue of the graph Laplacian matrixL is λ10 = 5.57. The
theoretical maximum communication link delay for which the
distributed average consensus protocol is stable is 282ms [31].
As shown in Fig. 7 the performance of the proposed control
strategy with 280ms communication link delays is comparable
to the performance with 20ms communication link delays. Fig.
8 and Fig. 9 show the bus voltage estimates following the start
of the distributed average consensus protocol 10 minutes into
Case Study A and B respectively. The additional communica-
tion delay in Case Study B introduces significant oscillatory
behaviour into the voltage estimates before they converge to
the actual average bus voltage after approximately one minute.
Fig. 10 shows that, as expected, for communication link delays
of 285ms the ES system average bus voltage estimates do not
converge.

V. CONCLUSION

A unified distributed control strategy for different DC
microgrid operating modes has been proposed.The proposed
control strategy is based on the novel integration of distributed
controllers for energy balancing between ES systems with
distributed controllers used to regulate the average DC mi-
crogrid bus voltage, and a new method for controlling the
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Fig. 9. Case Study B. ES system bus voltage estimates following the
start of the distributed average consensus protocol at 10minwith 280ms
communication link delays. 
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Fig. 10. ES system bus voltage estimates following the start of the distributed
average consensus protocol at 10min with 285ms communication link delays.
As expected the average bus voltage estimates do not convergein this case.

grid connected rectifier that maintains the distributed control
structure. The distributed control structure offers advantages
in terms of robustness, extensibility and flexibility over cen-
tralised control strategies, since only a sparse communication
network is required between the energy storage systems and
grid connected rectifier. The main advantages of the proposed
control strategy are that the average DC microgrid bus voltage
is regulated during all modes and mode transitions and the
energy storage systems achieve a balanced energy level and
maintain it through accurate load sharing, independently of
the operating mode. Simulations have been carried out demon-
strating the performance of the proposed control strategy for
a 380VDC datacenter with intermittent renewable generation
and communication delays expected from a WiFi control
network implementation.Promising directions for future work
include the extension of the proposed control concept to DC
microgrids with a mix of different storage device technologies,
and detailed investigation into the implementation of the
communications network.
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