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Abstract—This paper proposes a multi-agent control strategy to
coordinate power sharing between heterogeneous energy storage
devices distributed throughout a DC microgrid. Without requiring
a central controller, the proposed control strategy extends the ben-
efits offered by hybrid energy storage systems to DC microgrids
with batteries and ultracapacitors spatially distributed at different
levels of the power distribution hierarchy. The proposed control
strategy has the following advantages. 1) The high frequency mi-
crogrid load is provided by the ultracapacitors. 2) The low fre-
quency load is provided by batteries used for bulk energy storage
during islanded mode, and the main grid during grid connected
operation. 3) The ultracapacitor voltages are regulated at a de-
sired reference. 4) State of charge balancing is provided between
the batteries. 5) The energy storage systems cooperate based on
neighbor-to-neighbor output feedback over a sparse communica-
tion network. The only communication requirement is a spanning
tree from the ultracapacitor leaders and battery leaders to their
respective followers. Simulations are presented demonstrating the
performance of the proposed control strategy for a 380 VDC dat-
acenter during grid connected and islanded operation.

Index Terms—Batteries, DC microgrid, distributed cooperative
control, hybrid energy storage, leader tracking synchronization,
ultracapacitors.

I. INTRODUCTION

NERGY storage devices can be used to provide a range

of power network services including peak shaving, in-
creased power quality and increased network reliability [1]. The
adoption of power network energy storage (ES) is being driven
by rapid technological development, the increased adoption of
intermittent renewable generation sources and the need for high
reliability and high power quality distribution [2].

These trends have also motivated the development of DC
microgrids. A DC microgrid is made up of a low voltage DC
distribution network connecting loads, generation sources and
storage devices, which can be controlled to operate as part of the
main grid or autonomously in islanded mode [3]. Many modern
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generation sources such as Photovolatic (PV) and variable speed
wind, as well as storage devices such as batteries and ultraca-
pacitors, are DC based. A DC distribution system requires fewer
AC-DC power stages to connect these sources, reducing power
conversion losses [4]. Further, it has been shown that DC micro-
grids can provide levels of reliability two orders of magnitude
above AC microgrids [5]. DC microgrids supported by ES de-
vices have been proposed for applications including PV power
plants [6], high power quality distribution [7] and datacenters
[8].

DC microgrid ES devices can be broadly divided according
to their intended function into power quality regulation ES and
bulk ES [2]. Existing ES technologies present a trade-off be-
tween energy density and power density as well as other char-
acteristics such as cycle life, efficiency and current ramp rate.
Hybrid ES systems incorporate multiple ES technologies so that
they can be used for both power quality regulation and bulk ES.
In a hybrid ES system the high frequency load should be as-
signed to a storage technology suitable for power quality reg-
ulation such as ultracapacitors, which have high power densi-
ties, relatively low cost per kW and high cycle life [9], [10].
However, ultracapacitors have low energy densities and high
cost per kWh. Bulk ES is provided by technologies with high
energy densities and low cost per kWh, such as batteries, fuel
cells or compressed air [11]. In a hybrid ES system only the
low frequency load is assigned to the bulk ES technology, re-
ducing the peak power it must be provisioned for. For batteries,
servicing only the low frequency load reduces lifetime deterio-
ration through lower temperature rise, lower cycle rate and re-
duced depth of discharge [9], [12]. Fuel cells and compressed air
storage have limited current ramp rates and thus are only suit-
able for servicing the low frequency load [13], [14].

It can also be desirable to distribute ES devices throughout a
power network, rather than rely on a central ES device. Storage
devices collocated with variable loads can balance load spikes,
so that a smaller peak load is seen at higher levels in the power
distribution hierarchy, reducing operational and capital expendi-
ture [15]. Alternatively, ES may need to be placed in remote lo-
cations due to space limitations or security considerations [16].
In [17] it was shown that for datacenters, operational and cap-
ital expenditure savings can be obtained with high power den-
sity ES technologies located near loads, and bulk ES technolo-
gies at higher levels of the power distribution hierarchy. In-
troducing distributed ES requires an energy balancing control
strategy since storage devices that prematurely run out of en-
ergy are not able to make use of their power capacities [18].
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Also, in the case of battery ES, charge discrepancies will cause
additional lifetime deterioration due to increased depth of dis-
charge.

A range of control strategies have been proposed for hybrid
ES systems [19]. However, these control strategies do not con-
sider coordination between storage devices that are spatially
distributed throughout a DC microgrid. Decentralized control
strategies have been proposed for power sharing and energy bal-
ancing between distributed storage devices in DC microgrids
[20]-[22]. However, these control strategies treat the storage
devices as homogeneous, distinguished only by their state of
charge (SoC) and power rating. Therefore, they are not able to
provide for the qualitatively different behavior desired from dis-
tributed storage devices based on different technologies.

Centralized control strategies for control of distributed
storage devices with different characteristics are proposed
in [15], [17], [23], and [24]. However, a centralized control
strategy introduces a single point of failure and reduces scal-
ability [25]. These limitations motivate the application of
distributed cooperative control. Under a distributed coopera-
tive control strategy the autonomous agents of a multi-agent
system pursue common control objectives based only on
local information and neighbor-to-neighbor communication
over a sparse communication network [26], [27]. Distributed
control strategies provide advantages in terms of robustness,
extensibility and flexibility over centralized control strategies
[28], [29]. The theory of distributed control for leader tracking
synchronization in multi-agent systems used in this paper is
established in [30]—[34].

Distributed cooperative control strategies have been used for
accurate current sharing and secondary voltage control in DC
microgrids [35], [36]. Distributed cooperative control for energy
balancing between homogeneous ES devices in DC microgrids
was presented in [37] and [38]. Coordination between microgrid
battery ES systems using power line signaling was presented in
[39]. This removes the need for a central controller. However,
this control strategy is not fully distributed in the sense that each
ES system must communicate with all of the other ES systems.
Also, the finite frequency range of power line signaling limits
the maximum number of ES systems. None of these papers con-
sider heterogeneous ES technologies which should have quali-
tatively different operation.

This paper proposes a multi-agent cooperative control
strategy to coordinate power sharing between heterogeneous
ES devices distributed throughout a DC microgrid. Without
requiring a central controller, the proposed control strategy
extends the benefits offered by hybrid energy storage systems to
DC microgrids with batteries and ultracapacitors spatially dis-
tributed at different levels of the power distribution hierarchy.
The proposed control strategy has the following advantages. 1)
The high frequency load is provided locally by ultracapacitors,
making use of their high power density to reduce the load seen
at higher levels of the power distribution hierarchy. 2) The low
frequency load is provided by the batteries during islanded
operation and the main grid during grid connected operation.
Therefore, the batteries are only used for bulk energy storage,
rather than power quality regulation. 3) The ultracapacitor
voltages are maintained around a desired reference and SoC
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Fig. 1. Bidirectional DC-DC boost converter for interfacing an ultracapacitor
or battery to the DC microgrid.

balancing is provided between the batteries. Cooperative con-
trol ensures that none of the ES devices will prematurely run
out of energy, so their full power capacity remains available. 4)
The ES systems use only neighbor-to-neighbor output feedback
over a sparse communication network. The only communi-
cation requirement is a spanning tree from the ultracapacitor
leaders and battery leaders to their respective followers. Sim-
ulations are presented demonstrating the performance of the
proposed control strategy for a 380 VDC datacenter during grid
connected and islanded operation.

This paper is organized as follows. Section II de-
scribes the principle of operation of the proposed control
strategy. Section III presents the models of the ultracapac-
itor and battery ES systems used for cooperative control
design. Section IV presents the design of the cooperative
control including synchronization and stability analysis.
Section V presents a simulation case study demonstrating the
performance of the proposed control strategy. Section VI con-
cludes the paper.

II. PRINCIPLE OF OPERATION

In this study we consider a DC microgrid with a grid con-
nected bidirectional converter, distributed batteries providing
bulk ES and ultracapacitors collocated with loads for power
quality regulation. Placing high power density ES with loads al-
lows demand spikes to be supplied locally reducing the peak de-
mand that must be supplied by the grid connected converter and
batteries [17]. As shown in Fig. 1, the ES devices are connected
to the DC microgrid by bidirectional DC-DC boost converters
so that their output current can be controlled for charging/dis-
charging.

The proposed control strategy has four primary objectives.

1) The microgrid bus voltage must be regulated to maintain
stability and power quality.

2) The high frequency load should be supplied by the ultra-
capacitors.

3) The ultracapacitor voltages should be maintained around
a reference voltage so that they do not run out of energy
when feeding large demand spikes.

4) The batteries should maintain a balanced SoC.

The DC microgrid has two modes of operation, grid con-
nected mode and islanded mode. During grid connected mode
the grid connected converter should be operated to regulate the
SoC of the batteries. During islanded mode the battery ES sys-
tems regulate the voltage of the ultracapacitors, which provide
the microgrid load. Since the batteries maintain a balanced SoC,
none will prematurely run out of energy, and their full power ca-
pacity will be available to maintain the ultracapacitor voltages.
Therefore, the microgrid power balance will be maintained until
all of the microgrid ES systems are exhausted. If this occurs,
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Fig. 2. Ultracapacitor leader local control system.

load shedding will be required. Similarly, in the case of excess
supply, such as from renewable generation, curtailment will not
be required until all of the ES systems reach their maximum en-
ergy level. Strategies for load shedding/generation curtailment
are not addressed in this study.

The DC microgrid can be described as a multi-agent system
with five types of agents, each operating autonomously with
limited communication to achieve the control objectives. These
are the ultracapacitor leaders, ultracapacitor followers, battery
leaders, battery followers, and the grid connected converter.

A. Ultracapacitor Leader

A power imbalance will lead to a change in the microgrid
bus voltage. If the power balance is not restored, the microgrid
voltage will collapse. The ultracapacitor leader is operated to
regulate the DC microgrid bus voltage to a reference voltage
v™9 | ensuring that the microgrid power balance is maintained.
Ultracapacitors are suited to balancing microgrid power fluctua-
tions due to their high power density and high cycle life. The ul-
tracapacitor leader output current reference is set using the outer
loop voltage control strategy from [40]. All of the ES systems
use the inner current loop control strategy from [40]. A block
diagram of the ultracapacitor leader control system is shown in
Fig. 2.

Multiple ultracapacitor leaders can be incorporated into the
microgrid to remove a potential single point of failure. In this
case, current sharing between the ultracapacitor leaders can be
provided by V-I droop control, so that additional communica-
tion is not required. The ultracapacitor leaders regulate their
local bus voltage to a drooped voltage reference, v*, where
v* = v™ — Rgroopireo. To prevent the microgrid voltage
limits from being violated, the droop gain should be selected
as Raroop < (Av/iT%") where Av is the maximum allowed
microgrid bus voltage deviation and 47'%* is the maximum ul-
tracapacitor leader inductor current.

B. Ultracapacitor Followers

It is desirable for load variations to be balanced locally to
reduce the peak demand seen at higher levels of the power dis-
tribution hierarchy. The high power density and cycle life of
ultracapacitors makes them a suitable ES technology for this
purpose. Ultracapacitor follower agents are placed at the micro-
grid load buses to achieve this. A slower cooperative control
strategy is implemented between them, to prevent the ultraca-
pacitor voltages from diverging too far from one another. The
ultracapacitors inject or absorb additional power based on the
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Fig. 3. Ultracapacitor follower local control system.

difference between their voltage and the voltage of their neigh-
bors, so that none will prematurely run out of energy.

The inductor current reference i7,,; of each ultracapacitor fol-
lower is set to balance the variable load at its local bus ¢1pa4;,
modified by a local cooperative controller Kys.;. The local bus
load is measured by a local current sensor and passed through a
first order low pass filter with time constant 7z. The cooperative
controller adjusts the current reference based on the difference
between the local ultracapacitor voltage and the voltage of its
neighbors, implementing a distributed leader tracking synchro-
nization protocol. The only requirement for the communication
network connecting the ultracapacitors is that it must contain a
spanning tree with each ultracapacitor leader as aroot node. Any
imbalance in the ultracapacitor output powers will be reflected
in the microgrid bus voltage, and will be balanced by the ultra-
capacitor leader, so communication from the followers back to
the leaders is not required. A block diagram of the local control
system used by each ultracapacitor follower is shown in Fig. 3.

C. Battery Leader

Battery ES systems are used to provide bulk energy storage.
By regulating the ultracapacitor voltage rather than the micro-
grid bus voltage, the battery ES system current control can be
tuned so that the batteries only provide the low frequency mi-
crogrid load, without negatively impacting on the DC microgrid
power quality.

The battery leader receives the voltage from a neighboring
ultracapacitor vcap;. A PI controller sets the battery current ref-
erence to regulate the ultracapacitor voltage to a desired refer-
ence vg,,,. Under the distributed control strategy the remaining
ultracapacitors converge to this voltage. The battery leader PI
controller for the ultracapacitor voltage control loop is designed
to operate on a slower time-scale than the ultracapacitor leader
bus voltage controller, so the batteries provide only the low
frequency load. A block diagram of the battery leader control
system is shown in Fig. 4. Multiple battery leaders can be in-
cluded in the DC microgrid. SoC balancing between the leaders
is provided by augmenting the battery leaders' current control
with the cooperative control strategy used by the battery fol-
lowers. In this case the communication network should provide
a spanning tree between the battery leaders.

The most common charging strategy for lithium-ion and
lead-acid batteries has two regions of operation, 1) a cur-
rent-limited region below a maximum voltage, and 2) a constant
voltage region at the float voltage [20]. During the current-lim-
ited charging region, the battery charging current can be
controlled, as long as it is kept below the maximum current
limit. Note that depending on the current limit enforced, the
battery operates in this region for 70%-90% of its total capacity
[41], [42]. Once the float voltage is reached, the battery charge
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Fig. 5. Battery follower local control system.

acceptance efficiency reduces, and constant voltage charging
is preferred to prevent damaging the battery. In the constant
voltage charging region the batteries act as loads in the micro-
grid. Therefore, for the purposes of battery current control in
this study, only operation in the current-limited charging region
is considered, and the SoC at which the batteries reach the float
voltage is defined as 100%.

D. Battery Followers

The battery followers are connected by a second distributed
communication network that must provide a spanning tree with
the battery leaders as root nodes. The current reference of each
battery is set by a local cooperative controller Ktyp; based on
the difference between its SoC and the state charge of its neigh-
bors to implement a distributed leader tracking synchronization
protocol. Any imbalance in the battery output powers will be re-
flected in the ultracapacitor voltage level, and will be balanced
by the battery leader. Therefore, the microgrid power balance is
maintained while the batteries converge to a common SoC. A
block diagram of the local control system used by each battery
follower is shown in Fig. 5.

E. Grid Connected Converter

The microgrid operating mode is set by the real output power
of the bidirectional grid connected converter. During islanded
mode the low frequency microgrid load is provided by the bat-
teries. In grid connected mode a PI controller sets the converter
real power reference to regulate the SoC of a neighboring bat-
tery. Under the distributed control strategy the remaining bat-
teries converge to this SoC. The converter real power reference
is achieved based on the d-q axis direct current control strategy
from [43]. In this study it is assumed that the SoC of the batteries
should be regulated to 100% during grid connected operation.

III. ENERGY STORAGE SYSTEM MODELING

In this section state space models are developed for the ul-
tracapacitor and battery ES systems. These models are used to
design the ES system cooperative controllers in Section IV.
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Fig. 6. Ultracapacitor three time constant equivalent circuit model.

A. Ultracapacitor Modeling

The ultracapacitors are modeled by the three time constant
equivalent circuit model from [44] shown in Fig. 6. The ith
ultracapacitor's voltage dynamics can be described by the fol-
lowing state space model:

Tcapi = Acapixcapi + BcapiZ'Lci

Veapi = Ccapil)capﬂi + DcapﬂLciv where

T
Teapi = [Vfi  Umi  Vsi]
Roi— Ry Ry R
[ qurR?i CyiRsiRmi CyiRyiRsi -|
Aca L — { Ry Rmifl?_v)mi Ry |
p# CmiBmiRy; CmiR, Cmiflmilts;
Rei Rei Ryi—Rs;
CsiRsiRy; CsiRsiRmi C.iRZ,
B _ — Ry — Ry —R,; 1T
capi — [ gfiniR Cmigmi Cyi Ry ]
Coapi = [ 7S Ry ] Deapi = [~ Rail
Ryi=(1/Rpi + 1/Rpi +1/Ry) ! (1)

where vcap; 1s the ultracapacitor voltage and ir.; is the DC-DC
converter inductor current.

B. Battery Modeling

Using the Unnewehr universal battery model and SoC defini-
tion from [45] the SoC dynamics and battery voltage of the ith
battery ES system are described by

: . —1
SoC; = Bpattiinys, where Bpagy; = ——
Cni

Vbatti = Ebattoi — ThattitLbi — KbattiS0C;. 2

SoC; is the battery SoC, 7; is the battery Coulombic effi-
ciency, Cy,; is the nominal battery capacity in ampere-seconds,
Upatss 1S the battery output voltage, Fhai10; 1S the internal bat-
tery voltage, rpast; 1S the internal battery resistance, and Kpagt;
is the polarization constant.

C. Bidirectional DC-DC Converter Current Loop Modeling

Each ES system has a bidirectional DC-DC converter con-
trolled with the inner loop current control strategy from [40]. A
PI current controller sets the inductor voltage reference vy, to
achieve the desired current reference. The PI current controller
is described by the following state equations:

vi; =kip; (17; — i) + kinds 3)
¢; =i7; —iLi 4)
where krp; and kyy; are the PI controller proportional and in-

tegral gain, ¢; is the PI controller integral state, 17 is the in-
ductor current reference, and #,; is the inductor current. Feed-
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forward control is used to cancel the variable gain and dis-
turbance caused by variations in the DC-DC converter input
voltage (e.g. ultracapacitor/battery voltage) and output voltage
(DC bus voltage) [40]. Therefore the DC-DC converter current
loop dynamics averaged over its switching period can be mod-
eled by the following state space model:

. s
Econvi = AconviZeonvi + Bconvﬂ'Lia where

. T
Tconvi — [ZL‘I: ¢z]

—rri—krpi  krri . T
Aconvi = |: f’l %i :| s Beonvi = [i—ljl 1] .(5)

D. Combined Energy Storage System State Space Models

Let the dynamics of the ith ES system follower be generically

described by the following state space model %;:

i {yz = Cjz;. ©)

For the ultracapacitor ES systems (1) and (5) are combined to
obtain the output, state vector and system matrices of 3;:

p— o e 7 T
Yi = Vcapi, Ti = [Ufi Umi Vsi TLei ¢l]

Acapi Beapi 03 1}
A; = capi capi X
|: 02><3 Aconvi
B; = |:-BO.3X1':| s ;= [Ccapi Dcapi 0} .

For the battery ES systems (2) and (5) are combined to obtain
the output, state vector and system matrices of 3;:

y; = SoCy, x; = [SoC; Ly ¢i]T

0 Bpati 0
A =
|:02><1 Aconvi :|
Bi_{ 0 ],Ci—[l 0 0l.
Bconvi

IV. COOPERATIVE CONTROL DESIGN

Voltage balancing between the ultracapacitor ES systems and
SoC balancing between the battery ES systems can be framed
as leader tracking synchronization problems. Let y,(t) be the
output trajectory of an ES system leader and y; (t), ..., yn (%)
be the output trajectory of N ES system followers. Synchro-
nization is achieved if the following conditions are met [34].

1) There are initial conditions such that the follower output

trajectories follow the leader trajectory:

() =-=wyn(t)=w(), t >0. 7

2) For all other initial conditions the follower output trajecto-
ries asymptotically approach the leader trajectory:
tlim lys(t) — wo(t)]| =0, i=1,...,N. ®)
de e}
The proposed control strategy is supported by two communi-
cation networks, one connecting the ultracapacitor ES systems

and a second connecting the battery ES systems. Each commu-
nication network can be described by a directed graph G(V, &)

with nodes V = {0,..., N} and edges £ C V x V. Node 0 rep-
resents the ES system leader, nodes {1,..., N} represent the
ES system followers, and edges (i, j) € £ represent the com-
munication links between them. The neighbors of node i are
given by \V;, where j € N if (4,¢) € £. Direct communication
from the leader to its neighboring followers is described by the
pinning matrix G = diag(g;), where g; = 1if (0,¢) € £ and
g; = 0 otherwise. Communication between the follower nodes
is described by the graph adjacency matrix A = [a];; € RY*N,
where a;; = 1if j € N; and a;; = 0 otherwise. The graph de-
gree matrix D = diag(d;), where d; = 3_, v, @;;. The graph
Laplacian matrix is given by L = D — A.

Let the ES system leader output trajectory dynamics be mod-
eled by the following state space model ¥¢:

g = Apxo
Yo 9
¢ {yo = Cozo- ©)

The ES system follower dynamics are described by ;. Note
that both the ultracapacitor and battery ES system followers
have SISO dynamics. Each ES system follower has a local coop-
erative controller that modifies its current reference based on its
neighborhood tracking error e; to implement distributed leader
tracking synchronization:

ei = aij(y; — yi) + gi(yo — vi)- (10)
JEN:

The neighborhood tracking error depends on the communica-
tion network topology and gives a weighted difference between
the ES system output and the outputs of its neighbors. The ith
ES system's cooperative controller can be generically described
by the following state space model Kj;:

. J = Arittr; + Brie;
70 kT
17 = Kz + Koieg.

(11)

Combining (6) and (11) the dynamics of the ¢th ES system
follower extended by the local cooperative controller are de-
scribed by the following state space model X;:

e AR DY
i = |:ng Bzf:;m} B - |:BZBI:;EZ:| LG =[C 0]

(12)

The overall dynamics of the N extended ES system followers
can be described by the following state space model :

s Xi __Ai—i_ByO where
y =Cx
% =[z] zh T,y =[n yn "
A = diag(Ay,...,Ay) — diag(By,...,By)(L + G)C
g1 B
B= : , C = diag(C1,...,Cn). (13)
gN By

The extended ES system followers satisfy the requirements
for leader tracking synchronization (7), (8) if and only if the
following conditions are satisfied [34].
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1) The extended ES system dynamics 3; include the leader
dynamics ¥ in terms of the internal model principle for
synchronization.

2) The overall system dynamics of the extended followers &
are asymptotically stable.

A. Synchronization Analysis

On the synchronous trajectory y1 () = - -+ = yn () = yo(t)
and the neighborhood tracking errors e1 (t) = - - - = en(¢) = 0.
In the trivial case the leader dynamics X, are asymptotically
stable, and synchronization at y1 () = -+ - = yn(t) = yo(t) =

0 will be achieved by any followers with stable dynamics and a
zero reference. However, in the case where the leader dynamics
include eigenvalues with non-negative real part, the leader's
output trajectory will not decay. Therefore, to remain synchro-
nised with the leader the extended follower dynamics ¥; must
include an internal model of the leader dynamics 2y [46]. The
system %; includes ¥ if and only if there exists a state trans-
formation P such that A; P = PAq and C; P = Cj [34]. In this
case, an extended follower generates the output trajectory of the
leader, if its initial state Z;(0) = Paq(0). This ensures the first
condition for leader tracking synchronization (7) is satisfied.

The ultracapacitor leaders are operated to regulate the DC mi-
crogrid bus voltage. In steady state a constant output current is
required to regulate the microgrid bus voltage in a DC micro-
grid. Therefore, for the purpose of describing the output trajec-
tory that the followers must be able to track, the ultracapacitor
leaders' voltage dynamics can be modeled by >y with the fol-
lowing output, state vector and system matrices:

. T
Yo = Vcapo, To — ['Ufo Um0 Vs0  iLeo ]
Aca 0 Bca Q0
440 = 0 P Op ’ CO = [CcapO DcapO} .
1x3

The ultracapacitor leader dynamics have two zero eigenvalues
modeling the persistent decrease in the ultracapacitor voltage
required to sustain a constant output current. However, the ultra-
capacitor follower dynamics 3; only have a single zero eigen-
value. Therefore, to include an internal model of the leader dy-
namics, the local cooperative controllers extending the ultra-
capacitor ES systems must introduce an additional zero eigen-
value. This can be achieved with the following cooperative con-
troller structure Kpie;:

jj'rci =&
Kivei : 4 .
17,0 = KIMrci®res + KiMeci€s

(14)

For this cooperative controller, ke 1S the integral gain and
kiMee; 18 the proportional gain applied to the neighborhood
tracking error e; to generate the ES system current reference.

Similarly to the ultracapacitor case, a constant output current
is required from the battery leader to regulate the ultracapacitor
voltages in steady state. Therefore, the battery leaders' SoC dy-
namics can be modeled by ¥y with the following output, state
vector and system matrices:

yo = SoCo, zo = [SoCo irse]"

_ 0 BbattO _
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The same local cooperative controller structure (denoted Kinip;)
can be used to provide the additional zero eigenvalue necessary
for the battery ES system followers to include the battery leader
dynamics.

B. Stability Analysis

The synchronization error between the ES system leader and
the ith ES system follower is given by eg;(t) = yo(t) — vi(%).
Given the overall ES system follower dynamics (13), the overall
synchronization error dynamics are described by the following
state space model X, [34]:
where e; = [e51 - -+ eSN}T (15)
The second condition for leader tracking synchronization (8)
requires that ¥, is asymptotically stable.
This condition is significantly simplified in the special case
where the communication network does not contain any cycles.
In this case leader tracking synchronization (7), (8) is achieved
if and only if the following conditions are met [34].
1) The communication network has a spanning tree with the
ES system leader as the root node.

2) The extended ES system follower dynamics ¥; include the
leader dynamics Xj.

3) For each ES system follower the local closed loop extended
system dynamics (A; — B;C;, B;, C;) are asymptotically
stable.

C. Agent Controller Design

Each type of ES system agent is responsible for utilizing
stored energy to regulate a particular variable in the microgrid.
For each type of agent, transfer functions are provided between
the reference signal and its regulated output. Within the require-
ments of controllers providing leader tracking synchronization,
standard PI controller tuning techniques can be applied to the
controllers of each agent to provide a desirable trade-off be-
tween the transient response for the regulated quantity and the
ES device output current.

1) Ultracapacitor Leader: The ultracapacitor leader uses its
stored energy to regulate its local bus voltage to the microgrid
voltage reference.

Each ES system agent uses the inner current loop control
strategy from [40]. The inner current loop should be designed to
have a bandwidth on the order of 10 times the outer control loop,
so they are decoupled. This is achievable due to the relatively
small DC-DC converter inductor size. For each of the ultra-
capacitors, the closed loop inductor current regulation transfer
function is given by

1Le0,i o ol K100,iGreo

——— =G0, Where G7; = 1+ K0.Groos

YLenyi 1c0,iG Leoi
krreos 1

Kireoi =

== +krpco.i, Greo,i =

TLe0,i + 8Lco s

(16)

The ultracapacitor leader closed loop bus voltage regulation
transfer function is given by
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!
Voo _ KVL'OGCCOGECO
- b
™My 1+ KVCOGCCOGEZCO
kvieo 1+ 57cc0Ceo

+ kVPCO7 GCCO =

where Ky .o =
8 sC

amn

2) Ultracapacitor Followers: The ultracapacitor followers
attempt to track the ultracapacitor leader voltage based on infor-
mation received from their neighbors. The local neighborhood
tracking error e; is given by

€ = Z QijVcapj + GiVcapd — (dl + gi)vcapi- (18)
JEN;
In the cycle-less communication network case, the transfer func-
tion between the ultracapacitor voltage of a neighboring ES
system j, and the sth ultracapacitor's voltage is given by

l
Vcapi @ig GvcapiGici KIMci
' . l !
Veapi 1+ GleapiGS o Kinvei(di + 95)
kIMrci

where Kivei = + kiMeci-

(19)
Glvcapi = Veapi/iLei is the transfer function between the in-
ductor current and ultracapacitor voltage. Gcap: is provided in
the Appendix.

3) Battery Leader: The battery leader uses its stored energy
to regulate the ultracapacitor leader voltage to a desired refer-
ence. Let the buses of the battery and ultracapacitor leaders be
connected by a line with resistance and inductance 7ine0, Liineo-
Then the ultracapacitor leader voltage regulation transfer func-
tion is given by

!
Veap0 _ GvcapO GnetO Gibo KVucO
- y
'U:ap 1+ GvcapOGnetOngoKVucO
kVucIO
where Kvueo = + kvacPo- (20)

Gheto = iLe0/%obo 18 the transfer function between the battery
leader output current and the ultracapacitor leader inductor cur-
rent. Giheto 1s provided in the Appendix. For the battery ES sys-
tems, the closed loop inductor current regulation transfer func-
tions are given by

LLb0,i ol o Krp0,:GrLeo

~* =G0, where Gy = 1+ Kro0:Grinos

tLboy $100,iGLbO,i
krro,i 1

Ky = ——— + krpoo,i, Groo,s =

710, + SLpos

€2y

4) Battery Followers: The battery followers attempt to track
the battery leader SoC based on information received from their
neighbors. In the cycle-less communication network case, the
transfer function between the SoC of a neighboring battery j
and the 7th battery's SoC is given by

SoC; i Gs00i Gy Kinbi
50C; 1+ GsociGy Kivpi(di + gi)’
SoC;

- SCnL )

where Gso0 = (22)

LLbs

5) Grid Connected Converter: The grid connected converter
adjusts its output power to regulate the SoC of the battery leader
to a desired reference during grid connected mode. For the
purpose of outer loop controller design, the inner current loop
dynamics of a three phase voltage source converter with high
switching frequency, and direct power control can be described
by a low-pass transfer function with time constant 75 on the
order of one switching period [47]:

ac/dc loac/de 1/ﬁoac/dc
Gt = et — : 23
Ide P;c/dc 1+ 57, ( )

Let the buses of the grid connected converter and ultracapacitor
leader be connected by a line with resistance and inductance

Eflédc, Lﬂi/edc. Then the closed loop battery leader SoC regula-
tion transfer function is given by

S0Cy  Gs000Cacide.nGoy S Kl
SoC 1+ GSOCOGac/dc,LbOG;;fléch;C/dc
kac/dc
where K35/4¢ = 2Pt | pac/de (24)
S

Gac/de,rbo = iLb0/ i2¢/9¢ s the transfer function between the
grid converter output current and the battery leader inductor cur-
rent. Gy de,1bo 18 provided in the Appendix.

V. CASE STUDIES

Simulations were carried out to demonstrate the performance
of the proposed control strategy for a DC datacenter microgrid.
Case study 1 demonstrates the performance of the proposed con-
trol strategy for a 380 VDC microgrid datacenter, when there
is a sudden transition from grid connected to islanded mode.
For Case Study 2, variable generation sources are introduced
to demonstrate the performance for bidirectional power flow.
In Case Study 3 the microgrid has two ultracapacitor leaders
and two battery leaders, for added reliability. Proper operation
is maintained when one of the ultracapacitor leaders fail.

The datacenter microgrid used for Case Studies 1 and 2 is
shown in Fig. 7. The same power network is used for Case Study
3, but with extra communication links to support the multiple
ultracapacitor and battery leaders, as shown in Fig. 20. Based
on the ETSI EN 300 132-3-1 standard the datacenter microgrid
voltage limits are set to 380 V £ 5% (360 V to 400 V) [8]. The
datacenter has a hierarchical power distribution system based
on the typical architecture for 380VDC datacenters presented
in [48]. A grid connected converter provides an interface with
the main grid at bus 0. The datacenter has 10 load buses, each
corresponding to a server rack. The load buses are connected to
bus 0 by 15 m 5 mm? CU cable. Each load bus has a variable
2-kW load and an ultracapacitor ES to provide high power den-
sity ES. The nominal capacitance of the ultracapacitors is 500 F
for load buses 1c to 5c and 250 F for load buses 6c¢ to 10c. Bulk
ES is provided by three 20-kWh lithium-ion battery ES systems,
each connected by 3 m 5 mm? CU cable to bus 0.

For Case Study 1 and 2, directed communication links pro-
vide a spanning tree between the ultracapacitors, with the ultra-
capacitor leader at bus ¢ as the root node. Similarly, a spanning
tree is provided between the batteries, with the battery leader at
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Fig. 7. Case Study 1 and 2: 380 VDC datacenter microgrid.
TABLE I
SIMULATION PARAMETERS
DC Microgrid
V™I 380V Lhatt 10pH Rpae 10m$
Av 20V L;‘;‘; 10puH Ri‘:}i 50m§2
Grid Connected Converter
SoC* 100% S 25x10% K/ 50
fs 10kHz Lygrig 100pH Rgriq 10m$2
Chint 100uF Lgit 50uH Ra1t 50m$2
ac/dc ac/dc
C ImF cde 6m¢
Ultracapacitor ES Systems
U:ap 80V fsco,i 16kHz Leo,i 50pH
TLe0,i 10m$2 Ceo,i ImF Tec0,i 6mS2
Cf1,5(; 525F Cinil—5¢ 47 .3F Cs1—5¢ 124F
Ry1_s5c 3.3m{) Rimi—sc 4.55Q Rs1—5¢ 11.90Q
Cre—10c 2062F Cm6—10c  23.7F Cs6—10c 62.0F
Ris—10c  6.7mS Rime—10c  9.09Q Rs6—10c¢ 23.8092
krpeco,i 5x1071 krrco,: 5x1072  kypeo 1x10~1
kvico 1x10~1 kiMeci -1 kinrei -2x1073
Tr 1x10—3
Battery ES Systems
Cho,i 6x10°As 10,i 100% Ebatt0;0,i 120V
fspo,i 16 kHz Thatt0,i 5mQ2 Kpatto,i 3.8mV/Ah
LbOﬁi SOMH TLb0,i 10m$2 CbO,i ImF
Tcb0,i 6m{2 krpvo,i 5%x107Y  krrpo 5%1072
kvucPo 1 kvucro 5%x1073  krMebo,s -1x10%
ktvrvo,i -1

bus 1b as the root node. A communication link allows the bat-
tery leader to receive the ultracapacitor leader voltage, so that it
can be regulated to the 80 V reference. A communication link
from the leader battery to the grid connected converter allows
the converter to regulate the battery's SoC to the 100% refer-
ence during grid connected mode. The simulation parameters
are shown in Table I. The communication topology for Case
Study 3 is described in Section V-C.

A. Case Study 1—Grid Connected and Islanded Mode

Fig. 8 shows 10 minutes of the periodic load profiles used for
Case Study 1. To clearly demonstrate the operation of the pro-
posed control strategy the practice of characterizing datacenter
load variability as a series of peaks and valleys is adopted [49].
Based on statistical analysis of datacenter load magnitudes [50]
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Fig. 9. Case Study 1—Grid Connected and Islanded Mode: DC microgrid bus
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Fig. 10. Case Study 1—Grid Connected and Islanded Mode: Total microgrid
load and ultracapacitor ES system output powers.

and peak/valley durations [49] the loads are characterized as
varying between 1 kW and 2 kW every 2.5 min. The load pulses
have phase offsets from 0 to 135 s, so that the total load varies
between 10 kW and 20 kW with a 5-min period.

1) Grid Connected Operation: Hour 0 to 1: The datacenter
microgrid begins in grid connected mode. As shown in Fig. 9,
the bus voltages are regulated around the desired 380 V refer-
ence by the ultracapacitor leader. The ultracapacitors supply the
high frequency load, as shown in Fig. 10. On a slower time-scale
the battery leader sets its current reference to regulate the ul-
tracapacitor leader voltage. The grid connected converter in-
jects power to maintain the battery leader at 100% SoC, and
thus the battery leader output power is regulated to zero, as
shown in Fig. 11. The peak 20 kW load is shaved and the max-
imum grid connected converter output power is 15.2 kW. The
leader tracking synchronization protocols implemented by the
ES systems maintain voltage balancing between the ultraca-
pacitors and SoC balancing between the batteries, as shown in
Figs. 12 and 13.
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Fig. 11. Case Study 1—Grid Connected and Islanded Mode: Total microgrid
load, grid connected converter output power and battery ES system output
powers.
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Case Study 1—Grid Connected and Islanded Mode: Battery states of

2) Islanded Operation: Hour 1 to 2: After 1 h, sudden dis-
connection of the grid connected converter causes its output
power to fall to zero, as shown in Fig. 11, and the DC micro-
grid enters islanded mode. The sudden power imbalance causes
the DC microgrid bus voltages to fall as shown in Fig. 9. The
ultracapacitor leader responds by increasing its output power
as shown in Fig. 10, so that the minimum bus voltage reached
is 364.1 V, and the microgrid voltage limits are not violated.
The ultracapacitor followers synchronize to the ultracapacitor
leader's voltage, so that they share the load necessary to restore
the microgrid power balance. On a slower time-scale the battery
leader increases its output power to regulate the ultracapacitor
leader voltage, which reaches a minimum level of 67 V. The
leader tracking synchronization protocol between the batteries
then restores SoC balancing, as shown in Fig. 13. After approx-
imately 30 min, the battery followers have synchronised with
the leader's SoC trajectory and the low frequency load is equally
shared between them.

Fig. 14. Case Study 2—Bidirectional Power Flow: DC microgrid load profiles
over 10 min.
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Fig. 15. Case Study 2—Bidirectional Power Flow: DC microgrid bus voltages.

B. Case Study 2—Bidirectional Power Flow

To demonstrate the performance of the proposed control
strategy for bidirectional power flow, generation sources are
introduced at the load buses. Fig. 14 shows 10 minutes of
the new load profile. The aggregated load at each bus varies
between injecting 250 W and absorbing 750 W, so the total
load varies between -2.5 kW and 7.5 kW, with a 5-min period.

For the first hour of operation the microgrid is in grid con-
nected mode. As shown in Figs. 16 and 17, the ultracapacitors
supply the high frequency load, while the grid connected con-
verter power varies between 2.5 and 2.6 kW, keeping the bat-
teries at 100% SoC. After one hour, the grid connected converter
is suddenly disconnected and the microgrid enters islanded op-
eration. The resulting power imbalance is less severe than Case
1, and the microgrid bus voltage falls by only 1.8 V, as shown in
Fig. 15. As shown in Fig. 18, the ultracapacitor voltages reach
a minimum level of 76 V before the battery ES systems inject
power to restore them to the 80 V reference. SoC balancing be-
tween the battery ES systems is restored after approximately 30
min, as shown in Fig. 19.

C. Case Study 3—Multiple Leaders

Multiple ultracapacitor and battery leaders can be introduced
into the microgrid to remove potential single points of failure.
Load sharing between the ultracapacitor leaders responsible for
voltage regulation is achieved through V-I droop control, as
described in Section II-A. Based on the worst case microgrid
load of 20 kW (i7*4" = 250 A) and the maximum microgrid
voltage deviation, Av = 20 V, the droop coefficient is selected
as Ryroop = 0.08 V/A. SoC balancing between the battery
leaders is achieved by augmenting them with the battery fol-
lower current control strategy, and ensuring there is a spanning
tree between them.
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Fig. 16. Case Study 2—Bidirectional Power Flow: Total microgrid load and
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Fig. 17. Case Study 2—Bidirectional Power Flow: Total microgrid load, grid
connected converter output power and battery ES system output powers.
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Fig. 18. Case Study 2—Bidirectional Power Flow: Ultracapacitor voltages.
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Fig. 19. Case Study 2—Bidirectional Power Flow: Battery states of charge.

The DC microgrid, updated for Case Study 3, is shown in
Fig. 20. The ultracapacitor leaders are at buses 1c and 6c, and
the battery leaders are at buses 1b and 3b. New communication
links have been added from 1c to 7c, and from 6c¢ to 2c, en-
suring there is a spanning tree from each ultracapacitor leader
to the ultracapacitor followers. Communication links have also
been added from each of the ultracapacitor leaders to each of
the battery leaders, and from the battery leaders to the grid con-
nected converter. Finally, the links between the battery ES sys-
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Fig. 21. Case Study 3—Multiple Leaders: DC microgrid bus voltages.

tems have been made bidirectional to provide a spanning tree
between the leaders.

The same load profile as Case 1 was used, shown in Fig. 8.
For the first hour of operation, the microgrid is in grid connected
mode. As shown in Fig. 21, the microgrid bus voltages vary be-
tween 379.5 V and 380.6 V, due to the V-I droop characteristic
introduced to provide current sharing between the two ultraca-
pacitor leaders.

The grid connected converter was suddenly disconnected
after one hour. The ultracapacitor leaders share the load re-
quired to restore the microgrid power balance, as shown in
Fig. 22. The minimum voltage reached by the microgrid is
367.5 V, still above the minimum microgrid voltage of 360
V. Note that of the two ultracapacitor leaders, 6¢ has a lower
capacity, and reaches a minimum voltage of 68 V, as shown in
Fig. 24. Both battery leaders share the output power required
to restore the ultracapacitor voltages, as shown in Fig. 23. This
reduces the maximum SoC deviation between the batteries to
0.5%, as shown in Fig. 25.

After one and a half hours, ultracapacitor leader Ic is sud-
denly disconnected from the network. As shown in Fig. 21, bus
voltage regulation is not negatively impacted, and proper oper-
ation is maintained.

VI. CONCLUSION

In this paper a multi-agent cooperative control strategy has
been presented for coordinating power sharing between ultra-
capacitors and batteries distributed throughout a DC microgrid.
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Fig. 25. Case Study 3—Multiple Leaders: Battery states of charge.

Without requiring a central controller, the ultracapacitors are
utilized for power quality regulation, while the batteries are uti-
lized for bulk energy storage. The only communication require-
ment is a sparse communication network providing spanning
trees from the ultracapacitor and battery leaders to their respec-
tive followers. The proposed control strategy is able to capture
the benefits offered by using multiple energy storage technolo-
gies, while the distributed control structure maintains the advan-

tages in terms of reliability, flexibility and scalability offered by
using multiple spatially distributed storage devices.

APPENDIX
Gvcapi = Ycapi /iLei is the transfer function between the in-
ductor current and ultracapacitor voltage:
ass® +ass® +a1s+ag+1
Aszsd + Ays? + Ays
a3 = CniRpiCriRypiCoi Ry,
a2 = CnmiRmiCriR s + CrniRoniCoi R
+ CriRypiCsi R,
a1 = CmiRmi + CriRyi + Csi Rai,
As =CsiCrmiRmiCriRyi + CpiCri Ry Csi Rsi
+ CniCriRyiCoi Rai,
Ay =C5;Crni R + Cs;Cpi Ry + Cy,CgiRs;
+ CriCmiBmi + CniCriRyi + CiCyi R,
A1 =Cfi+ Cpi + Csi

Gvcapi = -

Greto = iLeo/lobo 18 the transfer function between the battery
leader output current and the ultracapacitor leader inductor cur-
rent:

Veap0

Do 1
(f’"—o) G% 0 KveoGeoeoGlineoGevo

Gheto = —
e & o KveoGceoGlineoGevo + GlineoGovot
Glinc0Gceo + G% oo KvenGoen + 1
1 1+ s7c0Cho
Glineo = o = ——————.

)
Tline0 + $ineo sCho

: .ac/de . .
Gac/de,Lb0 = 1Lb0 / zi}c/ “ is the transfer function between the
grid converter output current and the battery leader inductor cur-
rent:

T 1 ac/dc
- ( ob0 ) Gib(]KVucOGvcapOG

G Vbatt0 net
ae/de,Lb0 — 7 ~
1+ szo Vuc(]GvcapOGnetO
ac/dc . .ac/dc . . .
Goei = irco/io is the transfer function between the grid

converter output current and the ultracapacitor leader inductor
current:

Voc l ac/dc ~ac/dc
(U—O) icOKVCOGCCOG GCdc

Giz{dc _ _ Veapl d - line _ .
G KveoGoanCin "Gt + G G+
Gl Gow + Gl KveGon + 1,
ac/dc ~ac/dc
Gi(;l/edc = ac/dc : ac/dc’? Zcf/l/cdc - - STCd;C/ﬁdc
Tline + SLline scdc
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