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Abstract—This paper proposes a distributed coordination con-
trol strategy for load sharing and energy balancing between het-
erogeneous energy storages. These control objectives are satisfied
through a two-level control structure. At the primary level, the
decentralized virtual impedance control, without the requirement
of communication links, allocates the low frequency component of
the loads to batteries, while the high frequency component is allo-
cated to ultracapacitors. Distributed control strategy, introduced
at the secondary level over a sparse communication network,
achieves battery state of charge balancing and regulation of
the local bus voltages. Two sets of data are exchanged via the
communication links, the local bus voltages and state of charges
of batteries. The distributed controller for the restoration of
local bus voltages implements an average consensus protocol,
while the controller for energy balancing uses a cooperative
protocol. In addition, the ultracapacitor voltages are locally
restored at a slower time-scale. The proposed control strategy is
resilient to communication link failures and features plug-and-
play capability. Presented results demonstrate performance of the
proposed control strategy for an islanded 380 VDC datacenter
with variable loads. Different operating conditions are verified
through the RTDS Technologies real-time digital power system
simulator using switching converter models and nonlinear battery
models.

Index Terms—Heterogeneous energy storage systems, average
consensus protocol, cooperative control, virtual impedance con-
trol, virtual capacitive control, state of charge balancing.

I. INTRODUCTION

ENVIRONMENTAL issues and the scarcity of fossil fuels

motivate adoption of clean and renewable energy sources,

such as wind, hydro and photovoltaic (PV) sources [1]–[3].

However, most of the energy sources are intermittent, de-

pending on climate conditions, resulting in imbalance between

sources and loads and hence affecting the power quality and

reliability. Energy storage (ES) devices can improve the power

quality and balance the mismatch between supply and demand,

and provide a range of services such as: peak shaving, spinning

reserve and strategic loading [4], [5].

Since many energy generation sources, such as PV, are DC,

their integration with ES devices facilitates development of a

DC microgrid. Compared with AC microgrids, DC microgrids
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require fewer power electronic devices, eliminate frequency

and reactive power related issues, skin effects, provide higher

voltage level, reduce energy losses and simplify control system

design [6]. Among the most significant energy consuming

loads in microgrids are LED lighting, variable-speed drives

and datacenters [7]. Interconnecting these loads with the

renewable energy sources and ES devices within the DC mi-

crogrid can improve the power efficiency and quality [8], [9].

Therefore, the DC microgrids are being widely implemented

in remote areas, banks, hospitals and datacenters [10].

Different types of ES devices are suitable for different

objectives [11]. ES devices with high power density, and

slower response time, such as batteries and fuel cells, are

suitable to provide steady load [12]. On the other hand, the

ultracapacitors or supercapacitors can improve the peak power

capacity of the microgrid, because of their high cycle life

and fast response time, allowing them to compensate the peak

power [13], [14]. This limits frequent charging/discharging of

batteries, enhancing their lifetime through lower temperature

rise, lower cycle rate and reduced depth of discharge [11],

[15], [16]. At the same time, the lower energy capacity

ultracapacitors do not respond to the large steady loads and

hence are unlikely to run out of energy. Therefore, use of the

heterogeneous ES devices in the microgrid is more compelling,

than only homogeneous ES devices, as the advantages brought

by complementary characteristics in energy and power density

can be effectively exploited [16]. Hybridization of ES devices

is an effective and economic solution providing fast dynamic

performance, high power and large energy supply at the same

time [17].

A. Hierarchical Control Methods

However, different dynamic characteristics of heterogeneous

ES devices cause difficulties in control system design [18],

[19]. Control of ES systems can be broadly divided, according

to traditional hierarchical control system, into two categories:

the primary droop control and high-level cooperative control.

The droop control method, which is a decentralized control

strategy, introduces a virtual resistance/impedance to the volt-

age control signal for the DC-DC converter to share loads

proportionally. Although this control method does not cause

any energy loss, it poorly shares the loads and regulates the

voltage, since the resistance/impedance results in decrease of
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Fig. 1. Proposed control architecture for datacenter DC microgrid with
distributed batteries and ultracapacitors to coordinate power sharing.

the local bus voltage [5]. Besides, because this control strategy

fails to take the energy level of ES devices into consideration

for sharing power, those ES devices with low energy level will

prematurely run out of energy, which further deteriorates the

power sharing performance.

B. Droop Control Based Methods

Modified droop control methods can mitigate the poor

power sharing performance, but they cannot solve the prob-

lem completely [20]. Conventionally, two types of V-I droop

control are applied to share power between each ES device:

virtual resistance control [21], and impedance control [22].

The virtual resistance droop control, without the capability

to allocate different frequency components of loads, can only

be implemented in homogeneous ES systems alone. On the

other hand, the virtual impedance control allows to allocate

different frequency components of loads to specific ES devices

[16], [17]. Most of the virtual impedance control methods are

filter-based: a virtual resistance multiplying a high/low-pass

filter to allocate loads [16], [23]. In contrast, [17] introduced

a virtual capacitor, alongside with a virtual resistor, to assign

the different components of the loads to heterogeneous ES

devices. However, the local bus voltage deviation and poor

load sharing issues remain. Consequently, the primary control

method on its own is inadequate to control the distributed

heterogeneous ES devices.

C. Comparison of Centralized and Distributed Secondary

Control Methods

However, these problems can be solved at the sec-

ondary/tertiary level. The control systems at the higher level

restore the microgrid voltage and provide load sharing based

on overall distributed load in the microgrid. Conventionally,

two types of control system are implemented in the microgrid:

centralized or distributed cooperative control. The centralized

control requires a full communication network [24]. On the

contrary, a distributed control strategy tunes the control signal

only based on neighboring ES systems’ states and its local

states [25]. In this case, the distributed control strategy only

requires a sparse communication network, which provides

robustness, extensibility and flexibility over the centralized

method [26]. Both centralized and distributed control methods

have already been introduced to ES systems [27]. Although

these studies fix the voltage deviation problem and provide

reasonable power sharing between ES devices, they have only

been applied to the homogeneous ES systems and without

consideration of the load profiles. In contrast, a multi-agent

cooperative control strategy was proposed to share the loads,

based on the frequency differences, among the heterogeneous

ES devices [11]. In [11], leader agents and corresponding

communication links between the batteries and ultracapacitors

were required for the microgrid and ultracapacitors voltages

restoration and the batteries and ultracapacitor SoC balancing.

In addition, to remove potential single points of failure,

multiple leaders were introduced.

Motived by the above discussions, this paper proposes a

virtual capacitor based cooperative control for a datacenter

DC microgrid with distributed heterogeneous ES devices to

coordinate power sharing. Fig. 1 depicts configuration of the

datacenter. Each ES device is interfaced to the microgrid via a

DC-DC converter. The proposed control architecture has two

levels: primary and secondary level. At the primary level, the

virtual resistance and capacitance control schemes allocate

low and high frequency components of load to batteries

and ultracapacitors respectively. At the secondary level, the

voltage restoration and SoC balancing are achieved through a

distributed communication network.

Compared with the previous works on the virtual impedance

and distributed consensus control, this paper is different

and improves on the following aspects. In [28], the virtual

impedance control was extended by adding an extra virtual

capacitor into the primary droop control for the supercapacitor

to absorb surge currents. In this paper, the virtual resistor is

replaced by a virtual capacitor for the ultracapacitor systems,

while the virtual resistor is still implemented for the battery

systems. As a result, the proposed scheme emulates an RC

circuit which allows to allocate the high frequency component

of load to the ultracapacitors and the low frequency component

of load to the batteries. As a result, the controller is simplified

and the control parameters are easier to design. Also, only the

virtual capacitor value needs to be found and the equation for

the time constant is simpler than that of the equation in [28]. In

addition, the control system in this paper also restores voltages

of the DC microgrid. Furthermore, [29] applied a consensus

algorithm for the voltage restoration and current sharing. How-

ever, in this paper, the voltage regulation requirement includes

the line impedance effect. As a result, the average consensus

algorithm regulates the average voltage across the microgrid in

response to the global voltage reference. Furthermore, different

from the current sharing strategy in [29], this paper proposes

SoC balancing strategy to share the low frequency component

of loads.

The novel features of the proposed strategy are:

1) The proposed strategy removes the communication link

between batteries and ultracapacitors for the allocation

of loads, and the communication links between ultraca-

pacitors for the their voltage restoration.



3

Rsi Rmi Rfi

Csi Cmi Cfivsi vmi vfi

vcapi

+

_

iLi

Fig. 2. Ultracapacitor three time constant equivalent circuit model.

2) The batteries and ultracapacitors automatically respond

to different components of loads through the primary

control, even when there is a communication link failure.

3) The implementation of average consensus removes the

requirement for leader agents.

4) The capacitance of ultracapacitors is precisely sized.

5) The coordination controllers and decentralized con-

trollers are simplified, while ensuring the stability.

6) The proposed approach is resilient to a communication

link failure and has plug-and-play capability.

7) The proposed control strategy allows integration of re-

newable energy sources, such as photovoltaic generation,

into the DC microgrid.

8) The effects of the secondary controls and the basic

converter controls on the virtual capacitance control are

analyzed in the design procedure.

The rest of this paper is organized as follows. Section II

describes the dynamics of ES devices: batteries and ultraca-

pacitors. Section III explains the principle of operation of the

proposed control strategy. Section IV analyses the stability of

the microgrid. Section V provides real-time digital simulation

results, verifying the performance of the proposed control

strategy. Section VI concludes the paper.

II. ENERGY STORAGE SYSTEMS

This section provides the models of batteries and ultraca-

pacitors. These functions are used to prove the stability of the

global microgrid in Section IV.

A. Battery Modelling

The first order model of state of charge (SoC) of the i-th
battery is, based on the SoC definition in [30],

˙SoCi = −
iLi

Cmax
batti

, (1)

where SoCi is the battery SoC, iLi is the inductor current of

the DC-DC converter, and Cmax
batti is the battery charge capacity.

At a particular steady state output current, an electrochemical

battery cell (lead-acid) can be modeled as an open circuit volt-

age voci and RC network, each with a nonlinear dependence

on the SoC,

voci = a0ie
−a1iSoCi + a2i + a3iSoCi − a4iSoC

2
i + a5iSoC

3
i ,

rsi = b0ie
−b1iSoCi + b2i + b3iSoCi − b4iSoC

2
i + b5iSoC

3
i ,

rtsi = c0ie
−c1iSoCi + c2i, ctsi = d0ie

−d1iSoCi + d2i,
rtli = e0ie

−e1iSoCi + e2i, ctli = f0ie
−f1iSoCi + f2i,

(2)

where rsi, rtsi, ctsi, rtli, and ctli are non-linear RC network

resistors and capacitors. Specifically, the series resistance rsi

characterizes the charging/discharging energy losses of the

battery. The transient resistances and capacitances rtsi and

ctsi represent the short-term transient response characteristics,

while the transient resistances and capacitances rtli and ctli
characterize the long-term transient response characteristics.

Parameters a∗, b∗, c∗, d∗, e∗ and f∗, in which ∗ represents

different subscripts, are extracted from the battery curve [30],

and are given in Table II.

B. Ultracapacitor Modelling

The ultracapacitors are modelled by the three time constant

equivalent circuit model from [11], shown in Fig. 2. The i-
th ultracapacitor’s voltage dynamics can be described by the

following state space model,

ẋcapi = Acapixcapi +BcapiiLi,

vcapi = Ccapixcapi +DcapiiLi,

xcapi =
[

vfi vmi vsi
]T

,

Acapi =
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Bcapi =
[

−Rxi

CfiRfi

−Rxi

CmiRmi

−Rxi

CsiRsi

]T

,

Ccapi =
[

Rxi

Rfi

Rxi

Rmi

Rxi

Rsi

]

, Dcapi = [−Rxi] ,

Rxi = (1/Rf + 1/Rm + 1/Rs)
−1

, (3)

where vcapi is the ultracapacitor voltage and iLi is the DC-DC

converter inductor current.

C. Bidirectional DC-DC Converter Modeling

Each ES device connects to the microgrid through a bidi-

rectional DC-DC converter [11], [31], which allows the ES

device to charge/discharge. A PI voltage control loop and an

inner PI current control loop are implemented for the DC-DC

converter. The output voltage of the DC-DC converter vi is

given by,

vi = Gconviv
ref
i , (4)

where vrefi is the voltage reference signal from the secondary

level controller and virtual impedance controller presented in

the following section and Gconvi is the transfer function of

the converter and its control system given in [11].

III. PRINCIPLE OF OPERATION

Each ES device is connected to the microgrid with a

controllable bidirectional DC-DC converter. An ES system

incorporates the ES device, DC-DC converter and its control

system. The ES systems are linked by a sparse communication

network allowing different data exchange between neighbors.

Specifically, two types of data are exchanged via the commu-

nication network: 1) the average estimation of output voltages

and 2) SoC of batteries.

A hierarchical control structure is used for the heteroge-

neous energy storages. At the primary control level, each ES

device uses the voltage loop with an inner current loop control
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strategy [31]. The virtual resistance droop control is introduced

to batteries for feeding only the low frequency component

of loads, while the virtual capacitive control is implemented

for ultracapacitors to supply the high frequency component of

loads. At the secondary control level, the average consensus

protocol restores the bus voltages of battery systems to the

rated values and the cooperative control balances the SoC

between batteries. At the same time, the ultracapacitor voltages

are restored locally.

Since the virtual impedance control is at the primary level,

it has to be faster than the secondary level controls. At the

secondary level, the primary objective is to maintain the

local bus voltages at the rated value. Therefore, the average

consensus control among local bus voltages has to be tuned to

be faster than the SoC balancing control and the ultracapacitor

voltage restoration control.

A. Virtual Resistance Control for Battery Systems

In the diagram of the battery control system, the voltage

reference in (4) for the DC-DC converter is set by the V-I

droop control modified with two correction terms, generated

by the secondary controllers. The proportional load sharing

objective of droop control is replaced by the SoC balancing

in this paper and provided by the secondary SoC cooperative

control. Therefore, the objective of the V-I droop control is to

allocate different components of loads by two types of droop

control: virtual resistance control and virtual capacitive control

[17]. The virtual resistance based droop control enables the

battery to only provide the low frequency component of loads.

While the virtual capacitive control allows the ultracapacitors

to feed the high frequency component of loads. The voltage

reference signal for the DC-DC converter of the battery system

is

vrefi = vmg − rdrpi ii + δv1i + δvb2i, (5)

where vmg is the rated voltage of the microgrid (assumed to

be a constant value), rdrpi is the virtual resistor, ii is the output

current of the converter, δv1i is the bus voltage correction term

and δvb2i is the SoC balancing correction term. The parameter

rdrpi is tuned using method in [17] as

rdrpi =
∆v

Pmax/vmin

, (6)

where ∆v is the maximum allowed deviation of the microgrid

voltage, Pmax is the maximum output power from the con-

verter and vmin is the minimum allowed microgrid voltage.

B. Virtual Capacitive Control for Ultracapacitor Systems

Similar to (5), in the virtual capacitive control for the

ultracapacitors, the virtual resistor is replaced by a capacitor,

vrefi = vmg −
1

cdrpi s
ii + δvci , (7)

where cdrpi is the virtual capacitor and δvc2i is the ultracapacitor

voltage correction term. The virtual capacitance is determined

from the virtual resistance and the corner frequency ωi [17],

ωi = 1/(rdrpi cdrpi ). (8)

vmg

Battery

Lli

vmg

Ultracapacitor

Llj

iLDj

ri
drp

cj
drp

rli

rlj

ii

ij

iLDi

Fig. 3. A simplified microgrid with a battery, an ultracapacitor and two
distributed loads, under virtual capacitance control.

C. Effects of Virtual Capacitance Control

To illustrate the effects of the virtual capacitance control,

a simple microgrid with a battery and an ultracapacitor, as

shown in Fig. 3, is considered. From Fig. 3 the battery and

ultracapacitor systems currents ii and ij can be obtained as

ii =
c
drp
j

(Lli+Llj)s
2+c

drp
j

(rli+rlj)s+1

c
drp
j

(Lli+Llj)s2+c
drp
j (rli+rlj+r

drp
i )s+1

iLDi

+ 1

c
drp
j

(Lli+Llj)s2+c
drp
j (rli+rlj+r

drp
i )s+1

iLDj ,

ij =
c
drp
j

r
drp
i

s

c
drp
j

(Lli+Llj)s2+c
drp
j (rli+rlj+r

drp
i )s+1

iLDi

+
c
drp
j (rli+rlj+r

drp
i )s+c

drp
j

(Lli+Llj)s
2

c
drp
j

(Lli+Llj)s2+c
drp
j (rli+rlj+r

drp
i )s+1

iLDj ,

(9)

where rli,j and Lli,j represent the line resistance and induc-

tance respectively. Since the virtual capacitance and resistance

values are much larger than the line impedances, ignoring the

line impedances in (9) gives

ii =
1

c
drp
j

r
drp
i

s+1
(iLDi + iLDj) ,

ij =
c
drp
j

r
drp
i

s

c
drp
j

r
drp
i

s+1
(iLDi + iLDj) .

(10)

From (10), it is obvious that there is a low pass filtering effect

on ii
iLDi

and ii
iLDj

, and a high pass filtering effect on
ij

iLDi
and

ij
iLDj

, with the corner frequency 1

c
drp
j

r
drp
i

.

The step responses of the power system are shown in Fig.

4. The ultracapacitor immediately supplies the load and then

decreases its output power to zero. Meanwhile, the battery

gradually increases its output power and supports the load

during the steady state.

Fig. 5 shows the step responses without considering the RL

lines impedances (rli,j=0, Lli,j=0) in Fig. 3. Comparing Fig.

4 and Fig. 5, it can be observed in Fig. 4 that the ultracapacitor

cannot fully supply the initial current at t=0. However, without

considering the RL lines impedances, the ultracapacitor fully

supplies the initial current, as shown in Fig. 5. This is because

the RL line impedances affect the transfer functions (9).

Remark 1: The virtual capacitance control replaces the

virtual resistor by a virtual capacitor for ultracapacitor systems.

Similar to the virtual resistor, the virtual capacitor would not

cost or restore any power. As a result, in terms of energy,
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Fig. 4. Responses of currents ii and ij to a step change in the loads iLDi

and iLDj (one at a time), for the simplified microgrid shown in Fig. 3.
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Fig. 5. Responses of currents ii and ij to a step change in the loads iLDi

and iLDj (one at a time), for the simplified microgrid shown in Fig. 3 and
without considering the RL lines (rli,j=0, Lli,j=0).

the virtual capacitor will not result in an effectively lower

capacitance of the ultracapacitor.

Remark 2: The charge and discharge rates of the ultraca-

pacitors are controlled by the virtual capacitance controller

at short timescale, while the ultracapacitor voltage restoration

at long timescale. The virtual capacitance control provides

power sharing between ultracapacitors, similar to that of the

virtual resistor droop control among batteries. Furthermore, the

slow ultracapacitor voltage restoration control maintains the

ultracapacitor voltage at the nominal value to ensure that the

ultracapacitors will have sufficient energy for any upcoming

fast variation in loads/sources.

To illustrate the power sharing between ultracapacitors, a

simple microgrid, shown in Fig. 6, with a battery and two

ultracapacitors is modeled. The output current of each energy

storage agent can be expressed as

i = ΦiLD, (11)

vmg

Battery i

rli
Lli

iLDi

vmg

Ultracapacitor j

rlj
Llj

iLDj

ri
drp

cj
drp

vmg

Ultracapacitor k

rlk
Llk

iLDk

ck
drp

ii

ij

ik

Fig. 6. A simple microgrid with a battery and two ultracapacitors to illustrate
the discharge/charge rate control between ultracapacitors.

where

i =
[

ii, ij , ik
]T

, iLD =
[

iLDi, iLDj , iLDk

]T
,

represent the energy storage output currents and the distributed

load currents respectively, and Φ is given by (12). The step

responses in Fig. 7 show that the ultracapacitors can imme-

diately proportionally share the high frequency component of

the step change in load. Now, assume that the corner frequency

for the ultracapacitor k is set to ten times of the j. Then, the

step responses shown in Fig. 8 illustrate that the ultracapacitor

k will supply less power than the ultracapacitor j during the

transient stage.

D. Sizing of Ultracapacitors

The required equivalent capacitance of the ultracapacitors

can be calculated based on the corner frequency of the virtual

capacitive control and a specific load/power profile as [14],

Ceq
uc =

4max (|dEuc|)

v2uc, max − v2uc, min

, dEuc = GucPmg/s, (13)

where Ceq
uc is equivalent capacitance of the ultracapacitors

distributed in a microgrid, dEuc is the ultracapacitor energy

change, vuc, max and vuc, min are the maximum and minimum

ultracapacitor voltage limits, Guc = s/ω is the transfer

function between the ultracapacitor output power and the

heterogeneous ES system output power based on virtual capac-

itive control, Pmg is the load/power profile in the microgrid.

E. Average Consensus for Bus Voltages Restoration

The DC microgrid ES system are connected by a sparse

communication graph G (V, E), with nodes V = {1, · · · , N}
and edges E [32]. Each graph node represents an ES system

and the graph edges represent communication links between
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(
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,
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drp
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(12)
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Fig. 7. Responses of currents ii, ij and ik to a step change in the loads
iLDi, iLDj and iLDk (one at a time), for the simplified microgrid shown in
Fig. 6 and with equal virtual capacitance.

them. (i, j) ∈ E if there is a link allowing information to flow

from node i to node j. The neighbors of node i are given by

Ni, where j ∈ Ni, if (i, j) ∈ E . The graph adjacency matrix

is given by

A = [aij ] ∈ R
N×N , aij =

{

1, (j, i) ∈ E
0, otherwise

. (14)

The graph Laplacian matrix is given by L = D − A, where

D = diag{di}, and di =
∑N

j=1 aij is the in-degree of

the communication network. The graph G describes only the

communication network between battery ES systems. The

graph is bidirectional, which allows each battery ES system

to receive/send information from/to neighbors.

Through the communication links, the local observer esti-

mates the average values of state variables based on the infor-

mation from its neighbors j ∈ Ni. The following distributed

average consensus protocol [5] is implemented.

z̄i = zi +

∫

∑

j∈Ni

aij (z̄j − z̄i)dt, (15)

where zi is a local state variable, z̄i is the local estimation of

the average value of the state based on neighbors information.
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Fig. 8. Responses of currents ii, ij and ik to a step change in the loads
iLDi, iLDj and iLDk (one at a time), for the simplified microgrid shown in
Fig. 6 and with unequal virtual capacitance.

Assume that the microgrid contains N ES systems, in-

cluding p battery systems and q ultracapacitor systems

(N = p+ q). In accordance with (15), the average consensus

protocol of each battery local bus voltage through the graph

G gives

v̄i = vi +

∫

∑

j∈Ni

aij (v̄j − v̄i)dt (16)

where v̄i is the estimation of the local bus voltage. There-

fore, the {v̄i} are exchanged through communication network

between batteries for local bus voltage average consensus

protocol.

In order to maintain the average battery local bus voltage

at the rated value vmg , a PI controller is required [33]. Then,

the local bus voltage correction term in (5) is given by

δv1i = Hi (vmg − v̄i) , Hi = kv̄P i +
kv̄Ii
s

, (17)

where Hi is the PI controller, kv̄P i and kv̄Ii are proportional

and integral gains respectively. This average voltage controller

regulates the average value of the local bus voltages of the

battery system to the rated microgrid voltage. Thus, the bus
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voltage divergence, resulted from the primary droop control,

is mitigated.

Remark 3: The line impedance causes a trade-off between

the accurate power sharing and voltage regulation. By restoring

the average value of the voltage to the rated value the line

impedance effects can be compensated and accurate power

sharing between batteries (SoC balancing) can be achieved.

F. Cooperative Control for Battery Systems SoC Balancing

A cooperative control is introduced to balance the SoC

between batteries. The data of {SoCi} are exchanged between

neighboring batteries. The correction term δvb2i in (5) is

defined as

δvb2i = Gb
i

∑

j∈Ni

aij (SoCj − SoCi), G
b
i = kbP i, (18)

where kbP i is the proportional control gain of the cooperative

control for SoC balancing.

G. Ultracapacitor Voltages Restoration

A local control method for the regulation of ultracapacitor

voltage ensures the voltage is maintained at the rated value to

allow feeding power peaks. Since this controller restores the

ultracapacitor voltage, it also helps to eliminate the ultraca-

pacitors’ voltage divergence caused by the virtual capacitive

control [16]. A local PI controller sets the ultracapacitor

voltage correction term in (7) as

δvci = Gc
i

(

v∗cap − vcapi

)

, Gc
i = kcP i +

kcIi
s

, (19)

where v∗cap is the rated value of ultracapacitor voltage, kcP i

and kcIi are the proportional and integral gains respectively.

Figs. 9 and 10 show the block diagrams of the proposed

control strategy for a battery and an ultracapacitor. There
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Fig. 11. Bode plots of the battery system (Zbtt) and the ultracapacitor system
(Zcap), used for tuning of the DC-DC converter control loops, primary control
and secondary control.

is no physical connection between the two control systems

and hence no communication between the battery systems

and ultracapacitor systems is required. This is one of the

main advantages/contributions of the paper. The frequency

response of the two control systems is determined by the

corner frequency (10), as explained in Section III. C.

Remark 4: The datacenter microgrid in this paper is able

to operate in both the grid connected and islanded mode. The

differences between two operation modes are: in the islanded

mode, the global average voltage reference equals to the rated

voltage of the microgrid; in the grid connected mode, the

reference is provided by the upper network for the power

exchange between the microgrid and main grid [5].

H. Output Impedances

To illustrate the relationships between the DC-DC converter

control loops, primary control and secondary control, the

output impedances of the battery system and ultracapacitor

system are defined as Zbtt and Zcap respectively,

Zbtt =
−rdrpGconv

1 +Kv2piGconv

, Kv2pi = kv̄P +
kv̄I
s

, (20)

Zcap =
vmgKcvpi − v∗capCucs

v∗capCuccdrps2
Gconv, Kcpi = kcP +

kcI
s

.

(21)

The Bode plots of Zbtt and Zcap for Case A are shown in

Fig. 11. The DC-DC converter dual voltage and current control

loops and the secondary voltage control have to leave sufficient

space for the primary control. Hence, the DC-DC converter

outer voltage and inner current control loops have to be tuned

to be faster than the corner frequency. On the other hand, the

secondary level voltage restorations controls have to be tuned

slower than the corner frequency. This will ensure proper load

allocation by the primary virtual capacitance control.

I. Design Procedure

The following steps summarize the proposed method design

procedure.

1) Design the primary droop control and virtual capacitance

control using (5) and (6), where the corner frequency
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determines the separation of the high and low frequency

components of load.

2) Design the outer voltage control and inner current con-

trol loops for the DC-DC converter. From the Bode plot

in Fig. 11, the overall DC-DC converter response has to

be tuned to be at least one order faster than the corner

frequency.

3) Size ultracapacitors using (9) in Section III. D.

4) The communication network for batteries requires bidi-

rectional channels and must contain a spanning tree. The

value of the communication weights determines the con-

vergence speed of the average voltage and balanced SoC

levels. The communication graph must satisfy Lemma 1

in APPENDIX.

5) Design the distributed voltage restoration and SoC bal-

ancing secondary control level to be at least one order

slower than the primary control level and the inner

current and outer voltage loops for the DC-DC converter.

The control parameters must meet the stability analysis

provided in APPENDIX.

Remark 5 (the extension/variation of a microgrid): When

the characteristics of loads/renewable energy sources change,

the corner frequency should be redesigned for proper allo-

cation of loads to specific energy storages. In this case, if

the previous ultracapacitor is adequate to supply the high

frequency component of loads, the step 3 in the design

procedure can be skipped.

IV. STABILITY ANALYSIS

A. Global Dynamic Model

The global dynamic model of the controlled battery systems

in the microgrid can be obtained based on (1), (4), (5), (17),

and (18) as

v =
(

G−1
conv + (GLM+ rdrp)Ynet +HHavg

)−1

((H+ IN )vmg) . (22)

where Havg is the transfer function of the battery local

bus voltage; vmg is the rated microgrid voltage, Ynet is the

microgrid bus admittance matrix, IN is an N × N identity

matrix, v∗batt is the rated battery voltage.

v = [v1, v2 , · · · , vp]
T
, rdrp = diag

{

rdrpi

}

,

H = diag {Hi} ,Gconv = diag {Gconvi} ,
G = diag

{

Gb
i

}

,M = diag {vmg/ (v
∗
battC

max
battis)} .

B. Stability Analysis

Stability analysis ensures that the proposed control method

satisfies the operational requirements of the global volt-

age regulation, SoC balancing and the ultracapacitor voltage

restoration. Generally, assume the microgrid voltage reference

dynamics as

vmg = (vmg/s)1N , (23)

where 1N ∈ R
N×1 is the vector whose elements all equal one.

The final value theorem is used to analyze the steady states of

TABLE I
CASE STUDY PARAMETERS

vmg 380V v∗
batt

208V v∗cap 176V

Cmax

batti
192Ah Ebatti 40kWh Cuci 330.0571F

r
drp
i 0.912Ω ωi (1/300)rad/s c

drp
i 328.9474F

fdcdc 2kHz Ldcdc 5mH Cdcdc 6.8mF

kv̄P i 6 kv̄Ii 1× 10−3 kbPi -300

kcPi 1× 10−5 kcIi 1× 10−4 Rfi 2.3× 10−3Ω

Rmi 2.9824Ω Rsi 8.1122Ω Cfi 248.8208F

Cmi 22.4393F Csi 58.7399F Pmg 28.88kW

vuc, max 190V vuc, min 160V P conv
rated

10.4kW

TABLE II
BATTERY MODEL PARAMETERS

a0i -5.429 a1i 117.5 a2i 11.32 a3i 2.706 a4i -2.04

a5i 1.026 b0i 1.578 b1i 8.527 b2i 0.7808 b3i -1.887

b4i 2.404 b5i -0.649 c0i 2.771 c1i 9.079 c2i 0.22

d0i -2423 d2i 75.14 e0i 55 e1i 2.771 e2i 9.079

f0i -1240 f1i 9.571 f2i 3100

the global microgrid dynamics. Assume the steady state global

bus voltage vector, vss,

vss = lim
s→0

(

sG−1
conv + s (GLM+ rdrp)Ynet + sHHavg

)−1

((sH+ sIN )vmg) . (24)

Based on the principles from [5], [33], the following results

can be obtained from (24),

〈vss〉 = vmg,SoC
ss = ς1p, (25)

where ς is a positive scalar, 1p ∈ R
p×1 is the vector

whose elements all equal one, 〈·〉 represents the average of

all elements in the vector, SoCss is the final values of the

SoC vector. (25) indicates that the average output voltage of

batteries equals to the rated microgrid voltage and the SoCs

can converge to the same level.

In addition, the virtual capacitive control [17] and local ul-

tracapacitor voltage restoration control [16] ensure the stability

of the ultracapacitor systems.

V. RESULTS

Simulations for a 380V islanded DC datacenter microgrid

[11] were carried out on RTDS Technologies real-time dig-

ital simulator, with switching converter models to verify the

performance of the proposed control strategy.

The configuration of the datacenter microgrid, with four

batteries and ten ultracapacitors, is shown in Fig. 12. Based on

the ETSI EN 300 132-3-1 standard, the datacenter microgrid

voltage limits are set to 380V ± 5% (360V to 400V ) [11].

Each ES device is connected to a local load. Each local

bus is connected through RL lines. The parameters of the

case studies are presented in Table I and the battery model

parameters are given in Table II. Fig. 12 also shows the

sparse communication network allowing neighbor-to-neighbor

data exchange between battery systems. Two sets of data are

exchanged through the communication network: {SoCi, v̄i}.
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Fig. 12. 380V DC datacenter microgrid.
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The initial energy levels of battery systems are between 70%

and 100%. The capacitance of ultracapacitors is found from

(13) and the voltage limits are 160V 6 vcapi 6 190V .

Three case studies are presented. Case Study A verifies

performance of the proposed strategy on the datacenter with

variable loads. Case Study B verifies resiliency to a single link

failure and plug-and-play capability. Case Study C presents the

application of the proposed control method to a microgrid with

PV sources.

A. Case Study A. Variable Loads

In this case study, the datacenter operates in the islanded

mode. Each battery system has a 40kWh lead-acid battery and

70Ω (2.0629kW at 380V) constant load. Each ultracapacitor

has a 140Ω (1.0315kW at 380V) constant load and 140Ω
(1.0315kW at 380V) variable load, which switches on for

2.5min at every 5min. The variable load is based on statistical

analysis of datacenter load magnitudes and peak/valley dura-

tions [11]. A 5 minute duration of the periodic load profiles is
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Fig. 14. Case Study A: Battery SoC levels.
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Fig. 15. Case Study A: Local bus voltages.

shown in Fig. 13. The overall load varies between 18.567kW

and 28.880kW with the 5min period.

In Figs. 14-16, initially, the ultracapacitors supply all loads

distributed in the datacenter microgrid due to initial step

change in the load profile, which is treated as the high

frequency component of loads. Subsequently, the batteries

supply the steady loads as well as energy to the ultracapacitors

on a slower time-scale, restoring the ultracapacitor voltages

to the rated value. The SoC of batteries reach same level at

80min. On the faster time-scale, the ultracapacitors continue
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Fig. 17. Case Study B: 1) Battery SoC levels.

supplying the variable peak/valley components of the loads.

The battery DC-DC converters are rated at 10.4kW. As a

result, the batteries avoid overloading/overcharging during the

transient stage of SoC balancing, as shown in Fig. 16. The

charging powers for Batt. 1 and 2 and discharging power for

Batt. 4 are both bounded.

In Fig. 15, the local bus voltages of the battery systems are

higher than those of the ultracapacitor systems because the

steady loads in the microgrid are provided by batteries and

ultracapacitors only compensate the power fluctuations. The

voltage deviation is caused by the battery currents supplying

the steady component of loads connected at ultracapacitors.

B. Case Study B. Resiliency to a Single Link Failure and Plug-

and-Play Capability

Based on the stability analysis in Section IV, even if there

is a communication link loss, the rest of the communication

network still forms a spanning tree and the results of (25) hold.

Thus, the proposed control strategy is resilient to a single link

failure and has plug-and-play capability.

Each battery ES system has a 70Ω constant load (2.0629kW

at 380V), while each ultracapacitor ES system has a 140Ω
constant load (1.0315kW at 380V). All other parameters are

same as in the Case Study A.

1) Communication link failure: To verify resilience to a

single link failure, the communication link between Battery 2

and Battery 3 is lost at t=60min and hence the {SoCi} and

{v̄i} data cannot be exchanged. Figs. 17 and 18 show that

despite the loss of communication, the SoCs are converging

towards a common balanced state and the local bus voltages

are maintained at the rated value.

2) Plug-and-play: Figs. 19 and 20 illustrate plug-and-play

capability of the proposed control strategy. The Battery 2

converter disconnects at t=65min, both the converter output
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and its communication are lost. Controllers automatically

readjust the voltage regulation and balance power sharing be-

tween the batteries. Then, the converter and its communication

link reconnect at t=105min. Correspondingly, the controllers

restore the voltage regulation and energy balancing.

C. The Microgrid with a PV Source

To illustrate broader application of the proposed control

strategy, a DC microgrid with a PV source is considered.

The PV source interfaces with the microgrid through a DC-

DC converter and is regulated for the maximum power point
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tracking [34] for irradiance and temperature data with 1-

minute resolution, taken from the NREL Baseline Measure-

ment Station in Colorado, from August 15, 2015 between 6:40

am and 9:40 am. Following the design procedure, the corner

frequency is 60Hz and the ultracapacitors are sized as 23.57F.

The results are shown in Figs. 21 and 22.

VI. CONCLUSION

In this paper, a cooperative and virtual capacitive control

strategy was proposed for coordinating power sharing be-

tween heterogeneous ES devices distributed in a microgrid.

The decentralized virtual capacitive control allocates differ-

ent components of loads to the batteries and ultracapacitors

respectively, based on the corner frequency. Additional de-

centralized control restores the ultracapacitor voltages. More-

over, the cooperative control, via a sparse communication

network, regulates the local bus voltages and power sharing

between batteries. The proposed control strategy is resilient to

communication failure and provides plug-and-play capability.

The control strategy offers advantages in terms of robustness,

reliability and flexibility. Real-time digital simulation results

verified performance of the proposed control approach.

APPENDIX

STABILITY ANALYSIS

The following lemmas are introduced to help to prove the

stability.

Lemma 1 [5]: Assume that a graph G has a spanning tree

and its Laplacian matrix L is balanced. Then

lim
s→0

(sIN + L)
−1

= Q, (26)

where Q is the averaging matrix, Q ∈ R
N×N whose elements

are all equal to 1/N .

Lemma 2 [33]: Assume that vector x ∈ R
N×1, 〈x〉

represents the average of all elements in the vector. Then,

Qx = 〈x〉1N , (27)

where 1N ∈ R
N×1 is the vector whose elements all equal

one. Applying Lemma 1, the following limits are needed for

obtaining the global steady state voltage.

lim
s→0

G−1
conv = IN , lim

s→0
rdrp = rdrp,

lim
s→0

Havg = Q, lim
s→0

G = G, lim
s→0

sM = M0,

lim
s→0

Ynet = Y 0
net, lim

s→0
sH = HI ,

where HI = diag {kv̄Ii} , M
0 = diag {−1/Cmax

batti}, IN is an

N × N identity matrix. Therefore, the steady state global

voltage (24) can be written as

vss =
(

GLM0Y 0
net +HIQ

)−1
HIvmg. (28)

Multiplying G−1 on both sides of (28) gives,
(

LM0Y 0
net +G−1HIQ

)

vss = G−1HIvmg. (29)

In the above procedure, assume that the proportional gains of

SoC balancing control are negative, which implies that G−1

exists. Then, multiplying both sides of (29) by Q gives
(

QLM0Y 0
net +QG−1HIQ

)

vss = QG−1HIvmg. (30)

Since the Laplacian matrix is balanced, QL = 0 is always

held. Thus, one can write (30) as

QG−1HIQvss = QG−1HIvmg. (31)

Implementing the Lemma 2 into the (31), the steady state

voltage vector is

〈vss〉
〈

G−1HI1N

〉

1N = vmg

〈

G−1HI1N

〉

1N . (32)

Notice that the elements of both sides of (32) equal each other.

Therefore, there are

〈vss〉 = vmg, (33)

which means that the average global voltage equals to the rated

microgrid voltage. Rewriting (29) gives,

G−1HIQvss + LSoCss = G−1HIvmg. (34)

Applying Lemma 2 into (34), one can obtain

G−1HI 〈vss〉1N + LSoCss = vmgG
−1HI1N . (35)

Substituting (33) into (34), the following result is obtained,

LSoCss = 0. (36)

Since L is designed to be balanced, SoCss is the right

eigenvector of L associated with λL
1 = 0. Furthermore, in

accordance with the proof of Lemma 1 (see [5] ), 1p is the

right eigenvector of the Laplacian matrix, L, associated with

λL
1 = 0. Therefore,

SoCss = ς1p, (37)

where ς is a positive scalar. (37) indicates that the SoCs can

converge to the same level.

Remark 6: From (28) and (29), the proportional control for

the SoC balancing and the proportional integral control for

the voltage restoration are sufficient for the control objectives

(33) and (37). In [33], the proportional integral control for

the SoC balancing and double integral control for the voltage

restoration were applied. In addition, compared with [11],

the method proposed in this paper needs to tune only the

corner frequency, while the control system in [11], requires

a communication link between battery and ultracapacitor to

allocate the different components of load. Also, a set of

proportional integral control parameters needs to be tuned

to allocate the different components of load [11]. Thus, the

method proposed in this paper simplifies the SoC balancing,

the average voltage regulation and allocation of loads, when

compared with the methods in [33] and [11].
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