Distributed Cooperative Control of
Microgrid Storage

Thomas MorstynStudent Member, |IEEE, Branislav HredzakSenior Member, |1EEE, and
Vassilios G. Agelidis,Senior Member, IEEE

Abstract—This paper proposes dynamic energy level balancing incorporating virtual output impedances into the ES device
between distributed storage devices as a strategy to improve control systems [4].
frequency regulation and reliability in droop controlled micro- Droop control has several additional limitatiowen used

grids. This has been achieved with a distributed multi-agent to facilitat hari bet - id ES devi
cooperative control system which modifies the output power of 0 lacilitate power sharing between microgri evices.

droop controlled storage devices so that they reach a balanced Since power is proportionally shared between the ES devices
energy state. As the storage devices approach a common energyin accordance with their power capacities rather than their
level they are able to contribute their full power capacity to deal energy levels, it is expected that those with lower initiadeyy

with generation and demand fluctuations in the microgrid. The levels will run out of energy firsOnce an ES device is empty,

cooperative control system also provides secondary frequenc it | tribute it ity t intaini
control, restoring the microgrid to the reference frequency. 't €@ NO longer contribute ItS power capacily to maintagnin

Simulations have been completed showing that the cooperative the grid frequency during periods of high demand. If the powe
control system improves frequency regulation compared to tra¢ demand rises above the power capacity of the remaining ES
tional droop control strategies when the storage devices begirta devices the microgrid frequency limits will be violated ahe
different energy levels and the microgrid experiences generation remaining ES devices will be overloaded. Similarly, if an ES
or demand varlablllyy. A control input saturation constraint has device becomes full then it can no longer absorb power during
been developed which ensures that the cooperative control sgm ; . . -

will not overload the storage devices. periods of excess supply, wasting the generation poteotial
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
I. INTRODUCTION proportion to their energy level [5]. ES devices with less

URRENTLY, there is a trend away from the traditional€Mmaining energy provide less power, and thus the ES devices
model of centralised power generation towards small@PProach a balanced energy state as they empty. However, an

renewable generation sources distributed throughoutdtep Undesirable aspect of this strategy is that the droop ctearac
network [1]. Microgrids have been proposed as a solution igfics of the ES devices are dependent on their energy levels
the challenges presented by distributed intermittentwebte rather than their power capacities. As the ES devices run out
generation sources [2]. of energy they reduce the amount of power used to maintain

Energy storage (ES) devices can be used to balance i@ microgrid frequency, so frequency regulation detefs.
generation from intermittent sources with the demand frofHrther, since power is predominantly shared amongst ES
varying loads [3]. Power sharing between the ES devic&?V'CeS with higher energy levels, some ES dev!ces may be
proportional to their power capacities, can be achievet thie Overloaded even when the total power demand is below the
well-known droop control method [4]. Droop control allowscombined power capacities of the ES devices.
inverter connected ES devices to mimic the operation of con-Centralised control systems can be used to optimally cbntro
ventional generators, which reduce their frequency tociase POWer network ES devices [6], [7]. However, a centralised
their real power output when additional power is required i#ontrol system introduces a single point of failure.
the microgrid [5]. The microgrid frequency falls until thead Distributed control systems address these issues anchprese
power demand is matched by the combined real power Out@ﬂvantages in terms of robustness, extensibility and fleyib _
of the ES devices. This allows power sharing between the P¥er centralised control systems [8]. A control system is
devices without requiring time critical communicationks  considered distributed if it is made up of autonomous agents

The traditional droop control method relies on the ag&onnected by a communication network, each independently
sumption of an inductive power network and thus non-ideBHrsuing their own control objective utilising only locaifor-
impedances of the ES devices and transmission lines ¢Bation and information from their neighbours [9]. Multieag

degrade power sharing accuracy. This can be mitigated gg,ntrol systems have been applied to economic dispatching
[10], secondary voltage control [11] awiistributed secondary
T. Morstyn, B. Hredzak and V. G. Agelidis are with the Aus-frequency control [12] in microgrids.
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achieved with a distributed control system based on multh these equationsu.* and V* are the references for the
agent cooperative control. The cooperative control systemicrogrid voltage frequency and magnitude, and n, are
modifies the traditional droop control power sharing methdtie real and reactive power droop coefficients, dfid and
so that the microgrid ES devices use neighbour to neigf* are the real and reactive power references, which are
bour communication to reach a balanced energy leVbe achieved when the microgrid voltage frequency and mageitud
cooperative control system incorporates distributed isg¢@y match the reference values. When the microgrid is islanded th
frequency control between the ES devices restoring themdifference between the total microgrid power demand and the
the microgrid reference frequency while maintaining aateir combined reference powers is shared between the inverters i
load sharing between them in steady sta#econtrol signal inverse proportion with their droop coefficients.
saturation constraint has been developed which ensures th8election of the droop coefficients presents a trade-off
cooperative control system will not overload the microdei between voltage regulation and the required inverter dutpu
devices. power. The droop control coefficients should be chosen ¢gakin
Simulations have been completed showing that the proposetd account power quality standards specified by the rateva
cooperative control system provides improved frequengy reutility. For example the Australian Energy Market Operator
ulation over the energy weighted droop control strategyrwh€AEMO) specifies a maximum long term frequency range of
ES devices begin at different energy levels and the micdoge#9.5Hz to 50.5Hz for islanded operation [14] and a voltage
experiences generation or demand variability. Since the cvagnitude range of -6% to +10% [15].
operative control system acts as a modification to tradilion To make full use of thd8ESSpower capacities to maintain
droop control, proper power sharing and frequency regiatithe voltage frequency and magnitude, the droop coefficients
will be maintained even in the event of communication failshould be set so that [4]
ures, and in networks with droop controlled generators or ES Wnax — Wmin Vinax — Vinin
devices which are not part of the communication network. Mp = 2P g =  2Qmax ©)

This paper is organised as follows. Section Il discuss?ﬁ these equation&omin, wmas] and [Viin, Vie] are the
microgrid droop control. Section IIl provides the batteryda ;o operating raﬁgés c;?afhe voltagménllreqﬂzxncy and mag-
inverter models used to design the cooperative controésyst nitude andP,... and Q are the real and reactive power
ggpacities of th&ESS The factors of 2 in the denominator of

procedure a_nd discusses the cooperative control 5|gna‘asat1hese equations arise based on the assumption that the BESS
tion constraint. The performance of the proposed cooperati

. . . . ) X \fan both absorb and inject its full real and reactive power
control system is verified through simulations in Section

Section VI ludes th Capacities.
ection VI concludes the paper. Since the traditional droop control does not take the BESS

energy levels into account, BESS with lower initial energy
Il. MICROGRID DROOPCONTROL levels are expected to run out of energy fifig.prevent this an

energy weighted droop control strategy can be used. The real

Battery energy storage systems (BESS) can be used,ig e contribution of each BESS is reduced in proportion to
provide controllable microgrid storage. Each BESS COHS'%eirenergy level so that they will reach their minimum eyyer

of a battery and a four quadrant inverter allowing control gk, g| 5t the same time [4]. The real droop control equation is
the real and reactive power it injects or absorbs from the Mi;- jified so that

crogrid [13]. To maintain network stability, the BESS must b m,

controlled to balance the difference between power geioerat w=w'——=(P—P) (4)
and demand in the microgrid. This can be accomplished with
H H H E - Emin
the droop control method, which also provides power sharing a=max [ ——=__0.01 ).
between the BESS. Emax = Emin

The BESS inverter can be modelled as a controllable AQ these equation®’ is the current BESS energy aif,... and
voltage sourceV; 2§ connected to the microgrid through anfmin @re the battery energy limits. The valuecofs limited at
output impedanceZ 2. Let the microgrid common coupling 0-01 to preventZz going to infinity. When the BESS device is
bus voltage bd&4 £0°. Assuming the inverter control Systeme” «a = 1 and the full inverter real power capacity is utilised.
includes suitable virtual impedance so that its overalpout ~ Adjusting the droop coefficients based on the energy level
impedance is highly inductive7 /6 ~ j X [4]. If the inverter Of the BESS prevents the full inverter real power capacity
voltage angle’ is relatively small, the real and reactive outpufrom being utilised for frequency regulation. In this pager

powers can be approximated as distributed cooperative control structure utilising ridigur to
neighbour communication is proposed to achieve a balanced
paViVls 4 O~ ViVi = Vo) (1) energy level among the BESS while allowing the droop
X X controlled BESS to make full use of their power capacities.

These approximations motivate the standard droop conttBlSection V itis shown that the proposed cooperative contro
equations for controlling the inverter voltage frequenayda SyStém is able to balance the BESS energy levels, provides
magnitude [4], improved frequency regulation over the energy weightedplro

control strategy (4) and prevents the BESS from being over-
w=w"—my(P—P"), Vi=V"—n(Q—Q%). (2) loaded during periods of high demand.



., vy voltage controller (15), current controller (16), LC outfilter
w and grid connection impedance (17) from [16] to obtain the

o L overall BESS small signal model. The BESS dynamics are
formulated in a direct-quadrature (d-q) reference framélwvh
rotates synchronously with the BESS frequency [17].
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| controller |~ Controller |,*  states and the state vector received from its neighbours to achieve
dynamic energy level balancing between the BESS and to
Power Controller provide secondary frequency control.

Let z be the BESS state vector,
T = [ AE AP AQ AP* AY Ay
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A,qu AZ.ldq AUodq AZ.odq ]T’ (5)

where E is the battery energy leveR? and @ are filtered real
and reactive power measurement?; is the droop control
real power reference) is the secondary frequency controller
integral stategq, andyy, are the d and g axis voltage and
Fig. 1. Droop controlled BESS with cooperative control. current controller integral states, angq' Vodg andiodq are the
inverter filter input current, output voltage and outputrent

1. BATTERY ENERGY STORAGE SYSTEM d-q componentsThe overall small signal state space model
for the BESS is given by

A block diagram of a BESS is shown in Fig. 1. The BESS

toa

: - q
iog 3/2 (Vodlnq - Voqlod) We

s+ w,

incorporates a battery, a voltage source inverter, an L@ubut & = Az + Bu. (6)
filter, a grid connection impedance, and the inverter cdntr . . .
system g P ?he state space matricesand B are shown in equation (7).

The BESS provides real power to the microgrid by drawing
energy from a battery. With a suitably designed LC filteBB. Power Controller
the inverter can be modelled as an ideal three phase ACrhe power controller is shown in Fig. 1. The real and
voltage source providing the input voltage of the LC filteB]l1 reactive instantaneous output powers are calculated frem t
A series resistance and inductance are used to model §iRput voltage and current [16].
impedance of the cable and transformer connecting the BESS 3
to the microgri'd' p= i(vodiod + voqioq)a q= §(Uodioq - quiod) (8)
The BESS includes a closed loop power controller, volt-
age controller and current controller [16]. Droop contrsl i Low pass filters with cut-off frequency. are used to obtain
implemented by the power controller which sets the BESBe fundamental components of the real and reactive power fo
reference output voltage frequency and magnitude. Thepdrdbe droop control [16]
control power reference is modified by a cooperative colatrol We We
to achieve energy level balancing between the BESS and to P = s+wcp’ Q= s + we a4 ©)
regulatg the microgrid frequer_wcy o the refe_rence.freq}aenc To obtain the desired frequency and magnitude for the
In this paper, the cooperative controller is designed based :
on cooperative state variable feedback control, assunanh emverter outpgt voI_tage, the droop control equatpns (& ar
BESS has access to its full state. and the states of L%sed. The microgrid reference voltage magnitifeis used

its :

. . L S the reference for the direct component for the outpuagelt
neighbours in the sparse communication network. Full sta?e P buay
information allows linear quadratic regulator design tauksed

magnitude. The quadrature output voltage reference isoset t
to generate a cooperative control law, and provides a simp

zl%ro.The reactive power reference is set to zero so that reactive
. " . . wer will har tween the BE in proportion with
stability condition for the global system dynamics, as staw powe _be shared be ee e BESS in proportio
. . . . """ their reactive power capacities.
Section IV. In the case of incomplete state information iyma
A PI secondary frequency controller calculates the offset

still be possible to maintain the proposed control strateggh :
. ; . necessary to correct the frequency error resulting from the
the addition of a suitable cooperative observer, as adelles o : ;
roop control. This signal is added to the cooperative cbntr

in [9]. signal and filtered to produce the droop control real power
] ) reference. In steady state, the cooperative controllet wil
A. BESS Small Signal Modelling ensure that the BESS share a common droop control real
The BESS dynamics are described by a 15 state small sigpaWer reference, so that accurate power sharing is magaain
state space modeSmall signal models were derived for thebetween them.
modified power controller (12) and battery energy dynamics Real power sharing between the BESS is provided by their
(14). These were combined with small signal models for tHeequency droop characteristic. The BESS droop contrdl| rea
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power references are adjusted on a slower time-scale toretG. Battery

the microgrid to the reference frequency and to providegner The first order battery model from [13] is used to model the
level balancing between them. A low pass reference filter #gnamics of the BESS energy level. The battery energy level
applied to the cooperative control signal and secondary figate equation is given by

guency control signal to provide this decouplifighe transfer . 3

function between the cooperative control signal and thpwut E = ——(viglid + Vigliq)- (13)
power can be obtained from the BESS small signal state ) 2 o

space model (7). The reference filter cut-off frequengy: The battery small signal state space model is given by

and secondary frequency PI controller gaitig, and K, act ) Aiygq
as control parameters in this transfer function. In [18] #&sw [AE] = Bp1 | AUodq | + Br2 [Aul-dq] (14)
shown that applying linear control system design techréque Aiodg
to this transfer function allows a desirable transient oesg 3
to be obtained, while maintaining system stability. Bpi = -5 Via Vig 0 0 0 0]
The state equations for the droop control real power refer-
) . 3
ence filter and secondary frequency control are given by Bpy = ~3 [Ild Ilq] .
% Wref

T S+ Wt (u+ Kpo(w” —w) + Kiw))  (10) p_ \pltage Controller
The small signal model for decoupled d—qg axis PI voltage

1 . _ )
b= —(w* — w). (11) controllers with feed forward current gain is provided bg][1
S
Th I Il signal model is given b Apq S
e power controller small signal model is given by {Aqﬁ(j — B, [AU:dq] + Byy 2%@ (15)
. 10
AP AP A a
AQ | AQ i . Ai
apt| A | ape |+ Bu By Qo 42 Riial o, |29 LD, [Avz,] + D Aves
Azodq A ¥ v A(b vl odgq v2 odq
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The small signal model for decoupled d—q axis PI current
0 0 0 loa log Vea Voq| controllers is provided by [16].
5|0 CB3we |00 Ing —Ioa —Vog Ved -
YT Wt |72 /00 00 0 0 Avg . Aiyaq
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Assume there ar& BESS connected by the communication

B [1 0} B [_1 0 0 0 0 0} graph with identical linear time-invariant (LTI) dynamjcs
cl — c2 —
01 0 -10000 4; = Az; + Bu,. (19)
C. — Kic 0 Doy — Kpe O The cooperative control objective is for the BESS to reach a
¢ 0 K ¢ 0 Ky common energy level. This can be achieved with a local voting
“Kye —w'L; 0 0 0 0 protocol where the control input depends on the difference
e . .
D = L}* Ly -K,. 0 0 0 0} 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
F. LC Rlter and Grid Connection their initial states [9]. Let the control input for nodéde given

The small signal model for the LC filter and grid connectiopy

is provided by [16]. u; = cK Z ay(z; — ;) (20)
. JEN;
Adjgq Adygq wherec > 0 is a scalar coupling gain anfl is the state
Avoqq | = Arcr | Avodq | + Breri [Avidg] variable feedback control matrix. The closed loop dynamics
Aiogq Aiogq of the BESS are described by
+Brcre [Aw] (17)
1.'2' = AI'Z + cBK Z aij(xj — iL’Z) (21)
. JEN;
_f; w: Iy 01 0 0 Let the global state vector for the graph be =
At R U 0 [T ... 2%]7. Then the overall global closed loop system
& 0 0 wt =& 0 dynamics are described by
ALCL = Of 1 * 0 0 ! 1
o Y Ty x =[(Iy ® A) — cL ® BK]x. (22)
0 0 — 0 - w*
0 0 LO 1 752 _Te The stability properties of the global system dynamics ddpe
- L L’ both on the local BESS dynamics and the graph struciiie.
L% 0 I, following cooperative control stability condition is priced
0 L% =l by [9].
0 0 oq Let the eigenvalues of the graph Laplacianbe denoted
Brewr = 0 0 Brerz = —Vou i, 1=1,..., N. The global closed loop system dynamics (22)
0 0 Iog have stability properties equivalent to the stability pdjes
0 0 —Iq of the systems

V. COOPERATIVECONTROL _ _ _
BESS which are part of the cooperative control system Linear quadratic regulator design can be used to generate a

are connected by a sparse communication network providifigi€ variable feedback control matdk which minimises a

neighbour to neighbour communication. guadratic cost function for each agent. The coupling gaian
The communication network can be described by a directf}f" e chosen to guarantee system stability for any syongl

graphG = {V,&}, whereV = {1,..,N} is the set of N connected communication graj]. , _

nodes, each associated with a BESS, &risl the set of edges 1€ 9raph Laplaciad. has a non-repeating zero eigenvalue

of the graph. An edgéi,j) € & if there is a link allowing A =0. Let ,dma>,< be th? maximum in-degree of the graph. By

information to flow from node to node;. Let the neighbours the Geggorin circle criterion all eigenvalues df are located

of nodei be \V;, wherej € AV, if (j,i) € €. Assume the graph within a circle of radiusi,,.x, centred atl,,.. on the real axis

is strongly connected, so there is a set of edges providindathe complex plane. Therefore, the non-zero eigenvalfies o

ath between every pair of nodes. Let the graph adjacerfey@lisfyRe(Ai) >0, i =2,... N [9].
p y p grap ) >I§_et Q € RN and R € R be the positive definite

matrix be
o NxN Riccati design matrices. Consider a local control protocol
A - [alj] € R 9 (18) _1pT . .
K = RB*'P, where P is the solution to the control
{1, (j,1) e &€ algebraic Riccati equation
Q5 = .
0, otherwise. 0=ATP+PA+Q—PBR'BTP (24)

For nodei, the in-degreed; = Z;V:laij, and the out- Then the system Lyapunov equation for the systems in (23) is
degree? = Z;-V:l a;;. The graph is balanced if the in-degrediven by
of each node is equal to its out-degréihe graph degree A— MBEVP 4+ P(A — e\ BK) — 25
matrix is given byD = diag(d;) and the graph Laplacian ( ABE)P+P( e . ) (25)
matrix is given byL = D — A. —Q — (2cRe(\;) — )K" RK.



It follows from Lyapunov theory thatl — c\; BK is Hurwitz o0 Transmission Line

' 1 i S S -
If c Z 2Re()\i)' Therefore’ Se|eCtIn@ 2 2 min; Re()\q;)7 = 115/4.16kV Communication Link
2,..., N ensures the asymptotic stability of the systems U7 o

for the non-zero Laplacian eigenvaluesd the stability of the
global closed loop system dynamifs.

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

o

/(J:Z»TQJ:,- + ul Ruy)dt. 27)
0

The design Riccati matrice3 and R can be selected to adjust
the relative cost of state error and control effort. Thiowa

the cooperative control system to be tuned to trade-off betw
the speed of energy convergence and the inverter outputrpowe
used to achieve it. To ensure stability the coupling gain can
be selected as

J; =

N | =

1
¢ = max (,7 1) ,1=2,...,N (28) Fig. 2. Microgrid based on the IEEE 13 Bus Feeder. A commuminagiaph
2min; Re()\i) with bidirectional links connects the BESS.

where \;, ¢ = 2,..., N are the non-zero eigenvalues of the
communication graph Laplacian matrix To ensure (29) the following constraint should be satisfied

From (28) it can be seen that the minimum value cof by P*.
to ensure stability is set by the non-zero graph Laplacian
eigenvalue with the smallest real compondhtthe commu- Py — w' —w <pr<p.. _ W' —w (31)
nication network between the BESS includes redundantlinks e m, ~— - "% m,
the BESS may still be connected following communication
link failure. The stability of the global system dynamicg fo
sub-networks resulting from communication link failurendze
assessed by checking whether the coupling gain requiremg
is still satisfied for the new Laplacian eigenvaluBsunds on . w* —w
the graph Laplacian eigenvalues for different communicati Ut Kpo(w" = w) + Kiwt) < Prnax = m, (32)
networks are provided in [19]. In the event of communication W —w
failure resulting in unconnected BESS, the secondary fre- ¢+ Kpu(w” —w) + Kiyth > —Prax — .
guency control loops need to be disabled so that the miaogri
steady state frequency deviation can be used to provide load
sharing.

To prevent overloading and possibly damaging the BESSSimulations were carried out to demonstrate the perfor-
inverters, the control system needs to ensure the maximuamance of the proposed dynamic energy level balancing coop-
output power capacity of the inverters is not exceeded. 8ith erative control system. First, a simulation is shown demon-
suitable constraints the combination of the power requiced strating the operation of the cooperative controller in an
balance the microgrid demand with the additional power usélanded microgrid with constant loads. Then, simulations
to achieve dynamic energy level balancing could overload tare shown demonstrating the improvement the cooperative
BESS. The power controller includes a dynamic saturati@entroller provides in terms of frequency regulation ovee t
constraint on the cooperative control signal to prevers, ths energy weighted droop control strategy (4) when there are
shown in Fig. 1. variations in the net microgrid power demand.

Let P,.x be the maximum real power capacity of the BESS The simulations were performed using an islanded micro-
inverter andP be the real output power of the inverter. Tagrid based on the IEEE 13 Node Test Feeder [20], supported
ensure the inverter is not overloaded the following conditi by twelve droop controlled BESS connected by a communi-

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

My

V. CASE STUDIES

should be satisfied by the power controller. cation network, shown in Fig. 2. The microgrid is comprised
of a 115kV high voltage (HV) substation, 11 4.16kV medium
|P| < Prax (29) voltage (MV) buses and a 415V low voltage (LV) bus. The

o simulations have been carried out assuming that the miickogr

The steady state droop control output power is given by [13]gs disconnected from the high voltage substation and thus
w* —w . must operate in islanded mode. The AEMO power quality
+ P (30) requirements are used as performance criteria for the aontr

P:
mp



TABLE | 160

SIMULATION PARAMETERS Bus 632
----- Bus 633
.......... Bus 634
ookt NN Bus 645
Battery Voltage Controller s Bus 646
X INNSN e Bus 611
Etotal 200 kWh Kpo 4.1497 SR N | P Bus 664
Emax 160 kWh Kiv  3.90x10° RS ... | B Bus %2
Emin 40 kWh F 0.75 B T Bus 692
Power Controller Current Controller i - :52 ggg
400 éO 4‘0 éO éO 160 120
Pmax 100 kW Kpe 0.7390 Time (mir)
mp 3.14x107° Kic  3.17x10%
4 - - - (a) Case A. BESS energy levels.
Ng 1.36x10 Output Filter & Grid Connection
w* 314.16 rad/s Ls 0.0135 mH 150
V* V2 x 240V Cy 0.0029 F
we 31.42 rad/s ry 0.05Q 1003
Wref 3.142 rad/s Le 0.35 mH g sof
Kpw  5x10° r.  0.03Q y | R —
Kio  1x10° g °
-50
. . 100 st : : L L
systems, imposing a frequency range of 49.5Hz to 50.5Hz [14] 0 L
. ime (min)
and a voltage magnitude range of -6% to +10% [15].
Each bus in the microgrid is connected to a feeder with a (b) Case A. BESS output powers.

range of residential and industrial loads and distributexdeg-

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

50.15
50.1

50.05
50
49.95
49.9

Frequency (Hz)

transformer and to the single LV bus. The microgrid line 1985 ‘ ‘ ‘ ‘ ‘

. 0 20 40 60 80 100 120
impedances have been averaged across the three phases. The Time (min)

BESS parameters are provided in Table I. (c) Case A. BESS frequencies.

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 desigjn
industrial control network.

pu’

Inverter RMS Output Voltage (V._ )

0.9
0

A. Case A: Cooperative control with dynamic input saturation T e

constraint (d) Case A. BESS per unit RMS inverter output voltages.
To demonstrate the operation of the dynamic energy level 1

balancing cooperative control system, a simulation was con .

ducted with a 20kW 10kVAr constant load at each bus. i§’ -

To prevent significant lifetime deterioration of the 200kWh 2 1

capacity lithium ion batteries they should be kept between § 0.9

80% and 20% charge [13], giving an allowed energy range of  * 098 TR

160kWh to 40kWh. For the simulation, the BESS begin with Time (min)

energy levels between 160kWwh and 50kwh. (e) Case A. BESS per unit RMS bus voltages.

The Riccati design matrice® and R set the relative cost
of state error and control effort in the quadratic cost fiorct Fig. 3. Case A. Cooperative control with dynamic input satareconstraint.
(27) which is minimised by the state variable feedback aintr
matrix K. Bryson’s rule provides a guide for selecting the
Riccati design matrices that gives the error of each state an Ce=[1 Ouaa .
the magnitude of each control signal a similar weight, despirhe selection ofC'; means that of the 15 BESS states, only
them having different units [22]The Riccati design matrix gisagreement between the local BESS energy and the energy

associated with the state err@}, was set to of its neighbours contributes to the cost function which is
1 T 8T minimised by the state variable feedback controller.
Q= 2 CpCp = 1929 x 107 "CrCp (33) The Riccati design matrix associated with the control &ffor

total



R was selected to compromise between the speed of eneofjithe BESS are limited at the inverter capacity of 100kwW
balance and the inverter output powers. by the dynamic saturation constraint, as shown in Fig. 5(b).
15 The cooperative control system provides secondary frexyuen
R=6.4x10 (34) control maintaining the microgrid at the 50Hz reference fre
Following (28) the coupling gain was set to= 1. qguency with a maximum frequency deviation of 0.11Hz, as
Fig. 3(a) shows that the BESS energy levels converge ow1own Fig. 5(c). At the beginning and end of the load spike,
two hours of operation. The dynamic cooperative contrdiansient frequency deviations of 0.001Hz are obseriée:.
signal saturation constraint ensures the 100kW invertarepo dynamic energy level balancing cooperative control sydiam
capacity is not exceeded, as shown in Fig. 3@p. 3(c) Successfully regulated the microgrid frequency and awbide
shows that the BESS frequencies vary between 49.93Hz 4hrloading the BESS invertersComparing Fig. 4(d) and
50.04Hz before the secondary frequency control returns thig- 5(d) it can be seen that under the cooperative control
microgrid to the reference frequency after 2.8s. As shown firategy, while the BESS are using their output powers to
Fig. 3(d), during energy balancing the inverter outputagits feéach a balanced energy level, the inverter output voltages
vary between 0.97pu and 1.04pu, well within the -6% tgeviate by up to 0.043pu from the voltages observed during
+10% microgrid voltage limits. The microgrid bus voltage&® energy weighted droop control case study. However, less

vary between 0.998pu and 1.002pu, as shown in Fig. 3(e).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.

This simulation demonstrates the improvement in frequency
regulation which the cooperative control system can pmirid VI. CONCLUSION

islanded microgrids where generation and demand vatigbili . .
are expected. Consider the situation where the microgrid0i§|3 tr:];n?fiire'rt halzvtgegals;nogivnn trg)zttvtvhe:r?rgt%?:\eg Zt:/l;[sgg
islanded from the high voltage substation for two hours.eBev. d?/oo controllge)éi islanded micr% rids provides gi]m roved
BESS begin fully charged at 160kwh and five begin with]! P 9 P P

90kWh. Initially, the load at each bus is 20kW and 10kVAr. A‘requency regulation over traditional droop control sigats

load spike, consisting of an additional 60kW load at each b%hen the storage devices begin at different energy levais an

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

occurs 90 minutes after islanding and lasts for 15 minufes € mic_rogrid experiences geperation or deman_d vari;a.pilit
the traditional droop control (2) is used the batteries Whic diy?r?t:n Itc de?r?r%[)i/ levilt b alanc;n?ivhas r?t? eln ac?li\:eq with a
begin at 90kWh will run out of energy and the frequenc (;Isvanfcjaees inuterertr?se of f(?l;)upse'zmaesse ef;[engibisli)t/S :nd, i?ﬁ?b
limits will be violated. The energy weighted droop contro ges L iy ey
strategy (4) prevents the BESS from running out of ener ver centralised control strategid$ie cooperative control sys-

st sl st el e microgd equercy, L PTGes dsobuted seconday esuery conioloes
Case B.1. presents the energy weighted droop cont/dp trol s ster% design procedure ugrantees s s'?em abili

simulation and Case B.2. presents the cooperative contfgl y 9n p 9 y 8t

simulation. and allows the speed of energy convergence to be traded-

1) Case B Energy Weighted Droop Contro: The energy o T35S e BRET (O8C 8 S0y v e
weighted droop control strategy ensures that none of theSBES P b

reach the minimum energy level of 40kWh over the two houpﬁnsurgs tha}t the cooperat.lve control system will not owetlo
of islanded operation, as shown in Fig. 4(a). As the energt:]ye microgrid storage devices.
’ ' ) Promising directions for future work include the applioati

levels of the BESS decrease, their real power droop COEIffICIef the proposed distributed energy level balancing control

is increased according to (4). Less power is provided by R . . ) .
BESS with less energy, as shown in Fig. 4(b). This meaﬁ?rategy to DC microgrids, along with extensions to the aint

that the total inverter output power capacity is not ut'cliseSfclrategy based on additional storage device objectivesritey

to maintain the microgrid frequency within the 49.5Hz g "erY balancing, such as lifetime maximisation.

50.5Hz limits. Fig. 4(c) shows that the frequency droop ia th
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