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Abstract—This paper proposes a unified distributed control

strategy for DC microgrid operating modes, without bus voltage Main Grid @

signalling or mode detection mechanisms that are normally .'

required for decentralised control strategies. The proposed ao .
trol strategy is based on the novel integration of distributed % PV Generation
controllers for energy balancing between DC microgrid energy Z H
storage systems with distributed controllers used to regulate the DC Bus ‘

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 Z Z Z Z ﬂ Z

mode transitions are achieved between qualitatively different

operating modes, namely, (i) grid connected operation with the i i i ARV

rectifier providing load balancing, (ii) grid connected operation

with the rectifier charging the energy storage systems and (iii) ES Systems Loads

islanded operation. In all operating modes the average DC micro-

grid bus voltage is regulated to the microgrid voltage reference, Fig. 1. Example DC microgrid, with loads, ES systems, a PV géioera
and the energy storage systems are controlled independently of source and a rectifier providing a grid interface.

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  mode [4].An example DC microgrid is shown in Fig. It has
intermittent photovoltaic generation and communication delays peen shown that DC microgrids can provide higher religbilit
expected from a WiFi control network implementation. than AC microgrids [5], [6]. The lower reliability of AC
Index Terms—DC Microgrid, distributed generation, energy  mijcrogrids is primarily caused by the need for additional-AC
storage, islanding, distributed cooperative control, multi-agent DC power stages and switching circuitry to incorporate back
systems. storage devicedigh reliability is of particular importance for
datacenters, and has motivated the development of the ETSI
|. INTRODUCTION 380VDC datacenter distribution standards [7].
NCREASINGLY, distributed renewable generation sources A DC microgrid has two primary modes of operation,
are being integrated into power networks to increase eneigianded mode and grid connected mode [8]. During islanded
security, reduce transmission losses, and lower pollytidn mode, power cannot be transferred between the main grid and
However, the intermittent nature of renewable generatithe DC microgrid, so the demand must be balanced locally.
sources presents challenges for traditional AC power ndsyo It is desirable to operate intermittent renewable genamati
and can reduce power quality and network stability. Linkesburces independently of the microgrid load to provide maxi
with the rise of distributed renewable generation soursesh mum power point tracking (MPPT) [9]. ES systems, consisting
as photovoltaic (PV) and variable speed wind generatidhgs of an ES device and DC-DC converter, can be controlled
proliferation of energy storage (ES) devices and loads @h to absorb or inject power as required to balance the DC
power conversion stages [2]. microgrid load.Using multiple distributed ES systems, rather
DC microgrids present a means of integrating distributetlan a single central ES system, provides reduced losses and
renewable generation sources and DC loads into powecreased reliability [5]. However, a load sharing meckeni
networks, while requiring fewer AC-DC power conversiolis required so that they maintain a balanced energy level.
stages [3]. A DC microgrid is made up of a DC distribuif ES systems prematurely run out of energy they will be
tion system connecting generation sources, loads andgstoranable to use their power capacity to balance fluctuations in
devices that can operate as part of the main power netwanicrogrid demand [10]. Also, battery ES systems must be kept
through a grid connected rectifier, or autonomously in @dégh within certain energy level limits to prevent significarfetime
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voltage drops across the DC lines and degrade load shanmigrogrid operating modes are not considered in any of these
accuracy [13]. A centralised control system can be used piapers.
correct these issues [14]. Distributed control strategies have been proposed for-accu
In grid connected mode it may be desirable for the grighite power sharing [26] and voltage regulation [27] in droop
connected rectifier to balance the microgrid load. In thisontrolled AC microgrids. In [10] a distributed controlatiegy
case the DC microgrid acts as an uncontrolled load in thé cooperative frequency regulation and energy balancing
main grid [8]. In this mode the ES systems should onlgetween AC microgrid ES systems is presentBue control
provide transient power injection to improve DC bus voltagef f-P droop controlled AC microgrids is in some ways anal-
regulation, so that they do not run out of enemdifernatively, ogous to the control of V-I droop controlled DC microgrids
it may be desirable to operate the DC microgrid as a conttoll¢13]. However, in a DC microgrid the average bus voltage
AC load with a regulated output poweihis allows grid deviation must be corrected while maintaining the relative
power quality requirements to be enforced. Controlled Agtllo bus voltage differences to maintain accurate power sharing
operation can also be used for ES system charging [15]. Gridan AC microgrid all buses share the same frequency, so
connected operation and islanded operation require gualithe methods used to correct for frequency deviations inglroo
tively different behaviour from the microgrid terminal des, controlled AC microgrids cannot be directly used to correct
and thus coordination between the ES systems and the gritktage deviations in DC microgrids. Also, the distributed
connected rectifier is required. AC microgrid control strategies from [10], [26], [27] do not
Decentralised control strategies have been presented #wisider grid connected operation.
use DC bus voltage signalling to provide coordinated céntro This paper proposes a unified distributed control strategy
without requiring communication links [16], [17inder abus for the operating modes of DC microgrids with variable
voltage signalling control strategy DC voltage offsets@sed |oads/sources, ES systems and a grid connected rectifér, su
to share the information necessary for the DC microgrid tegs the example shown in Fig. The salient features of the
minal devices to cooperatively control the microgrid opiea proposed control strategy are as follows.
mode. Since DC bus voltage signalling necessitates steady . . .
state voltage offsets, the microgrid will operate at défar ¢ D|.str|bu.ted controllers for energy balancmg betyve(_an DC
voltage levels depending on the operating mode. In this case microgrid ES systems are integrated W'th. d|str.|buted
additional power conditioning equipment or more expensive controllers for regulating the average DC microgrid bus
transmission infrastructure will be required to conneatipg voltage. L _ .
ment with a limited voltage operating range, such as ICT * Steady_ state aqaly5|s is provided demon_stratlng that due
equipment [18]. Also, since the DC bus voltage is used to to the introduction of the energy balancing controllers,

determine the operating mode, voltage disturbances maecau standard distributed Pl voltage controllers are no longer
incorrect operation able to regulate the average DC microgrid bus voltage.

A central control system connected to all of the DC micro- | S has been solved by replacing the distributed voltage

grid terminal devices can be used to ensure smooth tramsitio controllers with double integrator controllers.

between operating modes [19]. However, a centralised con-’ A dynam;]c saturation c?nséregntﬂl:or the E.S system;
trol system introduces a single point of failure and reduces eqsu_rgst ey are not overloaded. 1he saturatlon'constralnt
scalability [20]. 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 transition
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 limitations inherent in the centralised and decersteali
control approaches motivate the application of distribute
control. Distributed control strategies allow coordioatibe-
tween autonomous agents, using only neighbour to neighbour
communication over a sparse communication network. This
provides advantages in terms of robustness, extensilaitity
flexibility over centralised control strategies [21]. Ir2]2a dis-
tributed control strategy for voltage regulation and lohadrgng
between distributed generators in islanded DC microgrids The proposed unified distributed control strategy has the
presented. However, operating requirements specific toy&S dollowing advantages. Using only neighbour to neighbour
tems are not addressed. In [23] low bandwidth communicaticommunication over a sparse communication network, the DC
between distributed generators is used for voltage ragalat  microgrid ES systems cooperate to reach a balanced per-unit
islanded DC microgrids, and in [24] a similar communicatioenergy level, and to regulate the average DC microgrid bus
strategy is used for energy balancing between ES systewdtage to a desired reference. Once a balanced per-umgyene
However, these control strategies are not fully distriduie level is achieved the ES systems maintain it through aceurat
the sense that each ES system requires information from lakhd sharing. The ES systems operate independently of the
other systems in the microgrid, and therefore a fully cotegec microgrid operating mode, without bus voltage signalling o
communication network is required. In [25] a distributednode detection mechanisms which are normally required by
control strategy for energy balancing between ES devicesdacentralised control strategies. Based on informatioeived
islanded DC microgrids is presented, but without consiitema from a neighbouring ES system, the grid connected rectifier
to average bus voltage regulation. Also, grid connected DOfan set the DC microgrid operating mode by selecting itslloca



real power reference. Seamless mode transitions are achiekS system output current. These estimates are updated based
between qualitatively different operating modes, namély (on local measurements and a distributed average consensus
grid connected operation with the rectifier providing loagrotocol. Having access to the average ES system per-unit
balancing, (ii) grid connected operation with the rectifieenergy level and average microgrid bus voltage allows the ES
providing ES system charging and (iii) islanded operatiosystems to control their output current so that they reach a
Table | shows a comparison between the features offered dgmmon per-unit energy level, while maintaining microgrid
the proposed control strategy and existing decentralised avoltage regulation.
distributed DC microgrid control strategieSimulation results ~ The grid connected rectifier receives estimates of the aver-
demonstrate the performance of the proposed control gyratage ES system per-unit energy level and average ES system
for a 380VDC datacenter with intermittent PV generatiord  output current from a neighbouring ES system. To operate the
communication delaysResults show that the DC microgridmicrogrid in load balancing mode, the rectifier controlsdal
voltage is regulated during all modes and mode transitionstput power to regulate the average ES system output ¢urren
while the ES systems achieve and maintain a balanced per-zero. The rectifier uses the average ES system per-unit
unit energy level. energy level to operate the microgrid in ES charging mode.
This paper is organised as follows. Section Il describesUnder the proposed control strategy the DC microgrid grid
the proposed unified distributed control strategy. Sectlbn connected rectifier and ES systems operate as autonomous
presents a global linear system model and steady statesimalgigents, controlled based on neighbour to neighbour communi
for the microgrid voltage regulation dynamics. Section I\¢ation over a sparse communication network to achieve coop-
presents simulations demonstrating the performance of #m@tive control objectives. This removes the need for arakbnt
proposed control strategy. Section V concludes the paper. controller and provides advantages in terms of robustness,
extensibility and flexibility inherent in a distributed dool
1. UNIFIED DISTRIBUTED CONTROL structure [21].

The proposed unified distributed control strategy provides Battery Energy Storage Systems
coordination between the grid connected rectifier and dis-

tributed battery ES systems of a DC microgrid. The ES sys—A blogk d'hagram o1;:_a bgttiybis sy;ten? grgj SSC CS ntrol
tems have two control objectives. First, the ES systemsldhoﬁyStem IS shown in Fg. 2. Idirectiona R oost
regulate the average DC bus voltage to the microgrid reterenCONVerter prowdgs a power interface between the battety an
Second, the ES systems should converge to a common per-unit pC m|crogr|td. Thelt V- drfoop cgr&trollzrtks}ets 'the Dc(i:_
energy level and maintain it through accurate load shaifihg. it conve:cter ou p:ig Vo ;‘%ﬁ rei erelnq ¢ a?e N [nlcrogrl

per-unit energy level of each ES system is given by its stord@''29¢ reference = an € loca oulput current measure-
energy divided by its maximum capacity. Balancing the p pjentzl-. Under the proposed distributed control strategy, the

e . ot i
unit energy levels allows ES systems of different sizes to lgéo‘)p %ontrol is modified .by a voItag.e regula_tlon control
used. signalu} and energy balancing control signgl, which act as

oop control current reference signals. The voltage e

The microgrid power balance must be maintained during{mtrol signal is set to regulate the average DC microgrid
all operating modes to achieve bus voltage regulatizuring 9 9 9 9

: 'kas voltage to the microgrid voltage reference. The energy
igalancing control signal is set to achieve per-unit energy
Ralancing between the ES systems and to maintain it through
gecurate load sharing.

load to maintain voltage regulation. When the DC microgrid
connected to the main grid, the rectifier output power seds t
mode of operation of the DC microgrid. Two grid connecte
operating modps are conS|dergd in this study, Iogd balgncin vF = 0™ — Foa(is — u — ) 1)
and ES chargingln load balancing mode the rectifier output

power matches the microgrid load. In this mode the D@raditional decentralised V-I droop control does not idelu
microgrid operates as an uncontrolled load in the main.grig? and «¢, so the load is shared between the ES systems in
The ES systems inject or absorb power so that they conveiggerse proportion with their droop control virtual resistes

to a common per-unit energy level. Once a common per;. The virtual resistance is selected so that the ES systeim wil
unit energy level is reached, the ES systems provide onige its full output power capacify- P%*, P/"%*] to maintain
transient power injection to regulate the microgrid busaggs the microgrid voltage within the maximum deviatidw from
following generation or demand fluctuatiors. ES charging the microgrid reference.

mode the rectifier injects power up to its maximum power A
. . . v
capacity to charge the ES systems to a desired per-unityenerg Ty = me/mg (2)
level. In this mode the DC microgrid operates as a controlled i v
load in the main grid. The DC microgrid is subject to high frequency harmonics due

The proposed unified distributed control strategy is basé@iconverter switching. A low pass filter with cut off frequogn
on a sparse communication network allowing the ES syster$ is applied to prevent the droop control from varying based
to share information with their neighbours. Each ES syste®f high frequency switching harmonics.

maintains a local estimate of the average ES system per- wg
unit energy level, average microgrid bus voltage and aweerag Iy = s+ we ®3)

%



TABLE |
COMPARISON WITHDECENTRALISED AND DISTRIBUTED DC MICROGRID CONTROL STRATEGIES

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

No central controller required v v v v v v v
Only sparse communication required v v v v v
ES system energy levels balanced v v v
Bus voltage signalling not required v v v
Average bus voltage regulated v v v
Grid connected and islanded operation v/ v v

Due to the energy balancing controller and microgrid volt-
age controller, the virtual resistance selection from (8) n
longer ensures the ES system will not be overloaded. To
prevent this, a dynamic saturation constraint is applieth&
energy balancing control signaff to enforce the following
constraint.

Fyvs i,- Current V™I

_ P??L(L’IJ
Controller uf + — +uf | < ——
v T V;

Battery

)

Microgrid voltage regulation is prioritised over energyl-ba
ancing, since voltage regulation is a shorter term goal with
direct impact on network stability. Applying the saturatio

Local States

Average State .
< {v.e.i}

- Estimator | constraint tou$, rather thanu$ + w?, ensures that even in
{vf,vef,if}<—‘ T—{v,»,e,,i,.ljDN,-} the case of a large energy difference between the ES systems,
To Neighbours From Neighbours u¢ will not crowd out an opposing.?.

Fig. 2. Battery ES system and control system. B. Distributed Average Consensus Protocol

Each ES system has an average state estimator that uses
The PI voltage controllerH? sets the DC-DC converterlocal measurements and information from neighbouring ES
current reference to regulate the ES system output voliagesystems to update local estimates of the average ES system

the reference set by the droop controller. per-unit energy levek;, average microgrid bus voltage;
jovi and average ES system output curréntThe average state
if = HY (v} —v;), where HY = k¥ + ~— (4) estimator implements a distributed average consensusqaiot

5 for tracking dynamic signals from [29].

The current controller sets the duty cycle of the complemen-The DC microgrid ES systems are connected by a sparse

tary switching of the DC-DC converter MOSFETS to regulatggmmunication graptg (v, £), with nodesV = {1,..,N}

the output current [28]. and edgesS. Each graph node represents an ES system
The Pl energy balancing controllelfy sets the energy and the graph edges represent communication links between

balancing control signal to regulate the ES system per-Ugiem. (i, j) € £ if there is a communication link allowing

energy levele; to the local estimate of the average microgri¢hformation flow from nodei to nodej. The neighbours of

ES system per-unit energy level. nodei are given by\;, wherej € N if (j,7) € £. The graph
o ke adjacency matrix is given byA = [a;;] € RY*YN, where
u§ = HE(e; — &;), where Hf =k + ? () a;; > 0if (4,i) € £ anda;; = 0 otherwise.

. . . . For theith ES system letr; be a local state variable, and
The double mt_egral mlcrog_nd voltage controlléf” sets the |, Z; be the local estimate of the average value of that state
voltage regulation control signal to regulate the locaineste for the microgrid ES systems. Théh ES system receives

of the average bus voltage to the microgrid voltage refaen%verage state estimates from its neighboirs A, and its

. o mg - . op  KPE O KTE average state estimator implements the following disteitbu
uj = Hi (™ = i), where Hj = k;" + o T2 average consensus protocol.
The double integral gain is required to ensure that the geera o 2\ 8
bus voltage converges to the microgrid voltage reference in Ti = T+ Z aij (Tj — i) (®)

steady state, despite the interaction with the energy bailgn JEN

controller. This is demonstrated in Section 1lI-B through Each node in the communication network has in-degree
steady state analysis of the global microgrid voltage aipn  d; = Z;V:1 a;; and out-degreel! = Zé\leaﬁ. The graph

dynamics. is balanced ifd; = d¢ for all nodes. The graph degree matrix



is given byD = diag{d;} and the graph Laplacian matrix is
given byL =D — A.

The global dynamics of the distributed average consensus —————1 % % ~ PCC 1, R, MainGrid
protocol are given by v o, W@i
%X =% — L, where x = [#1 Zo -+ :EN]T (9) - =AW LWW@ 1
= [l'l oy e fN] T . (10) Voltage Source Converter :@ G
Applying the Laplace transform yields the following tragsf - HD Mode Selection
function matrix for the distributed average consensusoprot T L > .
col [29]. Neiéhbouring Load Balancing {—‘ILM DPlrgct
X _ ES Systemj | € Hos o1 )
HwY9 — = — I L 1 11 ‘y J o .’?ﬁ . Current
X S(S N+ ) (11) b > e,-j) » V; 1o Qﬂf/”' Control
— addc cc
X andX are the Laplace transforms &fandx respectively, ES Charging ’ v
pee

andIy € RV*N is the identity matrix.
For a balanced communication graph with a spanning treFe, 3 Grid red rectif d control svst
the steady state gain of the distributed average consensfs™ ~'c COnnecied rectiier and control system.
protocol is given by the averaging mat@ [22].
lim H™9 = Q, where [Q];; = 1/N. (12) grid, the rectifier real output power is controlled to ackidive

50 desired DC microgrid operating mode and the reactive output

The final value theorem shows that for a vector of step inpu§wer is controlled to provide voltage support to the PCC

x, the elements ofk converge to the global average of thavith the main grid. This is achieved using decoupled d—q axis
steady state valuegx®*). direct power current control [32]. An LC output filter proesl

o . avg 1 e s the required attenuation of output voltage harmonics totmee
Jim x(f) = lim H* lim sX = Qx* = (x**) 1 (13) ytility requirements [33].
Actual communication technologies will introduce commu- The rectifier receives estimates of the average ES system

nication delays between the ES systems. For instance, fer \l\)DUtput current and average ES system per-unit energy level

commuricaton, procesing, encapsulto, decapsalam 1" * NEEPbouTg ES sysem i e communiatr et
propagation delays are expected [30]. kgtbe the delay for ' g P

communication link(j, 7). In this case the distributed averageIS set by a PI controller to regulate the average ES system

. output current estimaté; to zero.In ES charging mode the
consensus protocol dynamics can be expressed as o .
rectifier real power reference is set to regulate the aveERje
Zi(t) = 24(t) +/ Z ai;(2;(t—7i;) — Ti(t —73;))dt. (14) system per-unlt*energy Ieve.I esnma&‘;atq a .per—unl_t energy
e level referencee*. A saturation constraint is applied to the

. L . real power reference so that the rectifier real power capacit
The stability of the distributed average consensus protisco [ Pneax Pmez | is not violated P »

sensitive to time delays. In [31] it is shown that for unifor Tﬁgdf)’c %ié?ogrid reactive power is controlled to provide
communication link delays;; = 7, the distributed averagevol_tage support to the PCC with the main grid, using a control
consensus protocol solves the average consensus probley, fieqy for hattery connected STATCOM [34]. A PI controlle
and only if 7 < 7/2\y, whereAy is the largest eigenvalue geiq the reactive power reference to regulate the magnitiide
of the graph Laplacian matrik. , , the PCC voltagé/,... to the main grid voltage referendg...
Selection of the communication network link weights In this study it assumed that the main grid feeds the AC side
presents at_rad_e-off between convergence speed and r_ebS'Sth the rectifier. However, the only requirement for opemgtin
to communication delays. This trade-off is analysed in [31},e pc microgrid in load balancing and ES charging mode
Higher link weights increase the speed with which the B3 5, Ac network that allows the rectifier real output power
systems approach consensus, so that their estimates of {f\ge girectly controlled. Therefore, for additional réiity
average microgrid bus voltage, average output current @d g conirollable power source such as a diesel generator could
erage ES system energy level are near the actual avera@svalil .onnected to the AC side of the rectifier. In this case the

of these quantitiedowever, higher link weights also increasg, microgrid could still be operated in load balancing or ES
An and thus reduce the maximum acceptable communicatiaqarging mode without a connection to the main grid.
link delay. In this study all link weights are selected to be

aij = 1. I1l. GLOBAL MICROGRID MODELLING
) N Neglecting non-linear dynamics and saturation conssaint
C. Grid Connected Rectifier the global DC microgrid voltage regulation dynamics can

A three phase four quadrant voltage source rectifier pravidee modelled by a multiple output linear system which takes
power transfer between the DC microgrid and the main grid. #he microgrid voltage reference as the input and gives the
block diagram of the rectifier and its control system is showmicrogrid bus voltages as outputs. Based on this linear sys-
in Fig. 3. When the DC microgrid is connected to the maitem model the ES system microgrid voltage controll&rs,



energy balancing controlletd¢ and communication network e*** is the maximum energy capacity of tlith ES system.
Laplacian matrixI. can be designed to provide stability andrhe energy level dynamics are linearised around the steady
a desirable transient response. Steady state analysigrisdca state microgrid operating point91 at which the ES system
out to demonstrate that the average DC microgrid bus voltagetput currents are zero. The global energy level dynangos ¢
converges to the microgrid voltage reference. be modelled by

. v™9
A. Global Dynamic Modelling E=MYYV, where M = diag {_em‘”"s} : (21)

Let V™ be the Laplace transform of the microgrid voltage the foliowing multiple output linear system describes the

reference. The fol]owing Laplace transforms are defined fafobal closed loop DC microgrid voltage regulation dynasnic
the global microgrid state vectors.

Vi =L{vi}, vi= oy vy o on]” V=[(G"™)™" +FrY + FrH"H""
V o =£{v}, v =[ 0y - on]" = FrH"(Iy - H")MY| " 'V™(Iy + FrH")1L  (22)
Y =L{v}, v =[v1vz - wn]" B. Steady State Analysis
E =L{e}, e =[a1e - en]” Let v™9 be the microgrid voltage reference. In this case the
E =L{e}), e =[e1 ey --- en|T input to the global closed loop microgrid voltage regulatio
I =C£{i), i =[irio - in]" dynamics is given by
mg
From (1), the global droop control dynamics are given by vme = L (23)

S
V*=V"1-Fr(I-H°(V™1-V)-HE-E)), (15) The steady state DC microgrid bus voltages are obtained by
where F = diag{F.}, r = diag{r:}, applying the final value theorem to (22).
H” = diag{H7} and H° = diag{H¢}. Ve =lim sV (24)

. 2 Ve —1 2 2 VEyavg
Using the distributed average consensus protocol transfer = lm[s°(G"™)™" + s"FrY + s"FrH"H

function matrix (11) the global dynamics of the average — $*FrH® (Iy — H*9)MY] "% (Iy + FrH")1
voltage estimates and per-unit energy level estimatesiage g

by The steady state bus voltages can be obtained based on the
v — H™IV and E — HYIE. (16) f0||0W|ng limits.

The grid connected rectifier, constant power loads and M s H® =H", where H = diag{kj"'} (29)

gener_ation sources opergting under MPPT act as positive or i sH® = H*, where H® = diag{k{'}
negative power sources in the DC microgrid, while the ES 70 . e e
systems act as bus voltage regulation units. To formulate lim sM =M, where Mo = diag{—v™?/e{"*"}
the bus voltage regulation dynamics, power sources can be ji;, Hovs — Q, limY =Yy, limF =1y,
modelled by a parallel current source and resistance [35]. 5—=0 5—0 s—=0

Modern DC-DC converters have high switching frequency and lim (GY) ™! =1Iy.
and current control with delay on the order of one switching
period 7. For the purpose of outer loop control design the
closed loop bus voltage regulation dynamics between the ES;ss _ [r(H™Q — H(Iy — QM,Y,)] ™"

herefore,

system output voltage referene¢ and local bus voltage; ma(yHU)1 (26
can be modelled by the following transfer function [36]. v =
Vol HY which yields,
G = 1 g Where G = @D — .
+ G; S z( sS + ) [(Het)—lHunQ _ (IN _ Q)MOYO]Véb _
Therefore, the microgrid closed loop local bus voltage regu V™I (HE)TITHYL, (27)

lation dynamics are given by
As shown in (25), without the voltage controller double

V = G"'V", where G" = diag{G;*'}. (18) integral gain the steady state response would be dominated

The ES system output currents and bus voltages are reld@¥dthe energy balancing controlo verify that the average
by the bus admittance matri, which is constructed basedsteéady state DC microgrid voltage is equal to the microgrid
on the DC microgrid line and load impedances. voltage reference, multiply each side of (27) by the averggi

matrix Q. Since the column sums ¢Iy — Q) are equal to

I=YV (19)  zero,Q(Iy — Q) = O . From (13),
The following first order model from [11] is used for the Q ((H)THQv**) = v™IQ ((H*)"'H"1) (28)
battery per-unit energy level dynamics. (vee) ((HE) T HY 1) 1 = o™ <(Hei)leﬁii1>71
& = — ik (20) (vo5) = o™

max
€
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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 afindd

as 360V to 400V (380M: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:

Casg stydy simulation.s have been carried out in MAT- For the case study, buses 1 to 5 are assigned 15kW constant
LAB/Simulink demonstrating the performance of the prombsz

Fig. 4. Case study 10 bus 380VDC datacenter microgrid.

IV. CASE STUuDY

o _ ower loads and buses 6 to 10 are assigned 5kW constant
unified distributed control strategy for a 380VDC datacente ... loads, so that the total microgrid load is 100kW

microgrid The case studies show the transition from d he battery ES systems begin with energy levels between

centralised droop control to the unified distributed cdntr%kWh and 20kWh. The bus 1 PV generation with MPPT
strategy, grid connected operation with the microgridifiect was simulated based on the modelling approach from [38],

opera.ted for Iogd balancing .gnd supsequently for E_S systgg]ng one minute resolution irradiance and temperatura dat
charging and finally a transition to islanded operation rafte‘FOr 2pm to 4pm on June 1st 2014 from the NREL Solar

sudden disconnection of the grid connected rectifl@@se paiation Research Laboratory Baseline Measurement 8yste

Study A includes 20ms communication link delays typical fog, Colorado.The irradiance data is shown in Fig.Simulation
a WIFi control network implementation [30]. Case Study arameters are provided in Table II.

demonstrates the performance of the proposed controbgrat
for the maximum acceptable communication delay of 280ms.

B. Case Study A. 20ms Communication Link Delays

A. Case Study Microgrid The DC microgrid’s operation over the full case study
The datacenter microgrid used for the case studies is shosimulation time is shown in Fig. 6. The two hour case study
in Fig. 4. The DC datacenter includes a 10 bus distributigtan be divided into four periods of operation.
system with PV generation and 10 battery ES systems. 1) Decentralised V-I droop control; islanded operation,
At bus 1, a four quadrant 150kW rated rectifier provide8min to 10min: The DC microgrid begins in islanded mode
a grid interface.Bus 1 also includes 500nPV generation without the proposed unified distributed control strategad
operated for MPPT, rated for 80kW at STC (16% conversisharing between the ES systems is provided without com-
efficiency) Based on the analysis of typical DC datacentenunication by V-I droop control. However, voltage drops
wiring configurations presented in [37], 50m 24fmrEU between the ES systems leads to inaccurate load shadxing.
cables are selected to connect the load buses to bus 1. Estabwn in Fig. 6(a), the energy level of the ES systems at
bus incorporates a 30kW rated battery ES systéhe bus buses 2 to 5 decrease more quickly that the other ES systems
1 to 7 ES systems have 25kWh lithium ion batteries, whilgince these buses have higher loads, and are not connected
the bus 8 to 10 ES systems have 12.5kWh lithium ioim PV generationlnaccurate load sharing will cause the ES
batteries The battery ES systems are connected by a spasystem energy levels to diverge, and cause some to preryature
communication network to support the distributed controln out of energy. This is undesirable since exhausted ES
strategy. The communication links between the ES systesystems can no longer contribute their power capacity to
are bidirectional, meeting the distributed control siggte voltage regulation. Also, the average DC microgrid busagpt
requirement for a balanced communication network. The busslbelow the microgrid voltage reference of 380V, as shown
battery ES system is connected to the grid connected rectifie Fig. 6(c).
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(c) Case Study A. DC microgrid bus voltages.

o

2 121 - : o .

S it ! > pee

; i L —45 f ------ Rect. Q
[

= i

T 120 . 4 A 3005_

y ’\ s

T o ——— / N e ) :

o e Nl

O 119 1 | | | L | -

a 0 20 40 60 80 100 120

Time (min)

(d) Case Study A. AC RMS voltage magnitude at the main grid P@& dixis) and grid connected rectifier reactive output pogright axis).

Fig. 6. Case Study A. 380VDC datacenter microgrid with 20ms comcation delays. From Omin to 10min, decentralised V-I drooptl during islanded

operation. From 10min to 40min, grid connected operation wéthifier providing load balancing under the unified disitédl control strategy. From 40min to
80min, grid connected operation with rectifier providing BStem charging. From 80min to 120min, islanded operation wutigeunified distributed control

strategy following sudden disconnection of the grid come@cectifier.

2) Unified Distributed Control; grid connected operationvoltage remains at the microgrid voltage reference, as show
with rectifier providing load balancing, 10min to 40mimt in Fig. 6(c). Since the rectifier is operated in load balagcin
10 minutes the unified distributed control strategy is ethrt mode, the rectifier transfers power from the main grid to
Simultaneously, a grid connection is made with the rectifier regulate the estimated average ES system output current to
load balancing mode. The ES systems use their 30kW powero. As desired, the average ES system per-unit energly leve
capacity to reach a balanced per-unit energy level, as sirownmemains constant.

Fig. 6(b).A per-unit energy level of 0.63 is reached by all of 3) unified Distributed Control; grid connected operation
the ES systems (15.74kWh for the 25kWh ES systems at bugggh rectifier providing ES charging, 40min to 80mirt 40
1to 7 and 7.87kWh for the 12.5kWh ES systems at busgfinutes the rectifier operating mode is changed from load
8 to 10). The ES system microgrid voltage controllers limalancing to ES charging. The rectifier uses its maximum
the DC microgrid bus voltages between 376.8V and 383.%Wer Capacity of 150kW to raise the average ES sygiem
(0.9% error), and ensure that the average microgrid busnit energy level to the 0.8 referencas shown in Fig. 6(b).



Energy Level (kWh)

5 \ | \ | \
0 20 40 60 80 100 120 Bus 9
Time (min) | ~~~~~ Bus 10|

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

Bus 1 Rect.
Bus 1 PV
Bus 1 ESS

Bus 4 ESS
Bus 5 ESS
| - Bus 6 ESS

Output Power (kW)

N
S
I

| — Bus 10 ESS
20 40 60 80 100 120
Time (min)

(b) Case Study B. DC microgrid terminal device output powers.
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(c) Case Study B. DC microgrid bus voltages.
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(d) Case Study B. AC RMS voltage magnitude at the main grid PEf gkis) and grid connected rectifier reactive output po(right axis).

Fig. 7. Case Study B. 380VDC datacenter microgrid with 280nmsraanication delays. From Omin to 10min, decentralised V-| dratrol during islanded

operation. From 10min to 40min, grid connected operation véthiifier providing load balancing under the unified disitédd control strategy. From 40min to
80min, grid connected operation with rectifier providing BStem charging. From 80min to 120min, islanded operation utigeunified distributed control

strategy following sudden disconnection of the grid cote@aectifier.

The rectifier's reactive power capacity is used to provideero.

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 rates) ynified Distributed Control; islanded operation, 80min
As the ES systems are charged they adjust their output POWgy§ 20min: At 80 minutes the grid connected rectifier is sud-
to balance the variable PV generation and regulate the @&ergen|y disconnected, initiating islanded operation. Thedsm
DC microgrid voltage within 0.05V of the 380V microgrid power imbalance causes the DC microgrid bus voltages to fall
reference, as shown in Fig. 6(c). Once the ES systems reggth a minimum level 0f377.4V reached. The ES systems
the 0.8 per-unit ES system reference energy level, the grighct to the fall in voltage by increasing their output pasyer

the microgrid load and the ES system output powers returnygs yoltage to the microgrid reference.
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TABLE I .
SIMULATION PARAMETERS 8 Bus 1
g k| - Bus 2
- - - - = 3805 & 4 Bus 3
Main Grid and DC Microgrid & us
p RMS g e Bus 4
Vyee  120VEMS g 01mH Rg 10 m2 % w0 N Bus 5
v™9 380 VDC Lge 7 uH Ry 36 m S Y | | —m——- Bus 6
Grid Connected rectifier Sar9st ] Bus 7
@ e Bus 8
e* 0.8 Prgs. 150 KW fs 10 kHz - | | | | Bus 9
CIJ; 100 pF Ly 50 puH Réf 50 m2 z 9 95 10 105 11 115 12 3us 10
*p 2 P*q 3 *p 1 Time (min) | ————
Koefac  1X10 ke 1x10 kg fue  1x10 (min) AvG
k9L 1x10t
Battery ES Systems Fig. 9. Casg Study B. ES system bus voltage estimate_s folipwitire
— start of the distributed average consensus protocol at 1Qwtim 280ms
prmaw 30 kw fs 16 kHz  vpas 48V communication link delays.
r 0.2533 C 68 mF L 80 uH
kvP 1x10! kv 1x10! w® 100 rad/s S
kP 5x103 kel 5x10' kP 5x102 g Bus 1
kv 1x10! kvt 1x10* - O Bus 2
iz 380.5 1 | eeeeeeeene Bus 3
w
9 r_'__,_,,._......q___-—-* —————- Bus 4
Y £ 380 ™ Bus 5
g Bus 1 - 8 —’-"J""‘—vn.———vjﬂ"-ﬂ- _____ Bus 6
g - Bus 2 é 379.5 r 1| e Bus 7
- 380.5 P e Bus 3 o - Bus 8
w
° ————- Bus 4 g 379 ) ) ) ) Bus 9
g 380 i\ E—— Bus 5 z 9 95 10 105 11 115 12 Bus 10
S 2'/7 T | ee——-— Bus 6 Time (min) | cmeem Vava
%) .......... Bus 7
@ 379.5 o Bus 8
(0]
& Bus 9 ; ) ) I
§ 379 BE: 10 Fig. 10. ES system bus voltage estimates following the sfaheodistributed
< 9 9.5 10 105 11 1.5 12 v average consensus protocol at 10min with 285ms communicatibriélays.
Time (min) ~ [TT777 AVG As expected the average bus voltage estimates do not conivetigis case.

Fig. 8 _Case Study A. ES system bus voltage esti_matgs foltptiia start of
fﬁi‘ﬂzﬁgﬁ‘;ted average consensus protocol at 10min with 20msnunication  griq connected rectifier that maintains the distributedticdn

' structure The distributed control structure offers advantages

in terms of robustness, extensibility and flexibility ovesne

C. Case Study B. 280ms Communication Link Delays tralised control strategies, since only a sparse commtioita
network is required between the energy storage systems and
grid connected rectifier. The main advantages of the prapose
8ontrol strategy are that the average DC microgrid bus gelta

distributed average consensus protocol is stable is 282h}s [ 's regulated during all mode§ and mode transitions and the
As shown in Fig. 7 the performance of the proposed contrBl €'Y stprage systems achieve a bala_mceql energy level and
strategy with 280ms communication link delays is compwabrln‘?"m"’lln Lt through g(_:curlatt_e Ioar(]j Shi”ng’ md_epdend;e(rjrrtély 0
to the performance with 20ms communication link delays. Fig'e o_pere:]mg m]? €. simu "’} |ohns ave egn camel ou mfon
8 and Fig. 9 show the bus voltage estimates following the st Frggg\%scedper ormance ﬁ .t € propose contr; strategy_

of the distributed average consensus protocol 10 minutes ift q gtac;enter(jvx;n mtermltttercljt ;enewa Vev_ggnemattlol
Case Study A and B respectively. The additional communicgld communication delays expected Irom a Wil contro
tion delay in Case Study B introduces significant oscilbatopetwork |mplement_at|orProm|smg directions for future work
behaviour into the voltage estimates before they converge'?dUde the extension of the proposed control concept to DC

the actual average bus voltage after approximately onetﬂnindnlcrogrlds with a mix of different storage device technoésy

Fig. 10 shows that, as expected, for communication Iinlqdelaand detailed investigation into the implementation of the

of 285ms the ES system average bus voltage estimates docr%pmunlcatlons network.
converge.

With communication link weights:;; = 1 the maximum
eigenvalue of the graph Laplacian matfixs Ayy = 5.57. The
theoretical maximum communication link delay for which th
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