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Abstract: DC distribution grids are increasingly a promising solution for wind and solar integration
due to good matching with DC output voltage such as photovoltaic (PV) array systems, distributed
battery storage systems (BESS) and electric vehicles. To overcome the control problems involving
coordination control schemes of multi-BESSs in real-time as well as operation strategies of DC
grids in the long-term, this paper presents the effective adaptive coordinated droop control of
multi-battery energy storage systems (MBESSs) in DC distribution grids. The adaptive coordinated
droop is proposed according to the available energy levels in BESSs. With the proposed method,
the ual-objectives, which are stabilization of DC voltages especially through disturbance for instance
outage of BESS and enhancement of State of Charge (SOC)-balance speed among BESSs, can be
achieved. Analytical derivations are established to investigate the impacts of the adaptive method.
Meanwhile, the influence of the proposed method on the stability is presented.

Keywords: adaptive droop control; state of charge; small-signal stability; eigenvalue; wind turbine;
photovoltaic; battery storage; super-capacitor; cache control

1. Introduction

In recent years, small-scaled networks based on renewable energy resources (RES) including
photovoltaic array, wind power generation combined energy storage systems are of an increasingly
great interest [1-3]. Concept of a net zero-energy building is introduced to harvest energy from wind
and solar in urban areas [4-6]. With such buildings, electricity consumption from the main grid can
be reduced through the balance between generated clean energy and demand. Integration of solar
and wind into buildings is studied in [7,8]. For such green buildings, the DC grid is a good choice
because of its inherent advantage for DC output voltage such as photovoltaic (PV) arrays, DC loads
and battery energy storage systems (BESS). Due to many advantages, DC grid integrated distributed
sources are considered as an attractive choice [9]. On comparison with AC microgrid, DC microgrid can
eliminate DC-AC or AC-DC power conversion stages of renewable sources and loads, therefore not
only the size and cost of the DC system could be reduced but also its efficiency could be increased [10].
For those aforementioned reasons, several studies have investigated the deployment of DC distribution
network [11,12].

In order to ensure operation of DC grids, power balance between power supply side and load
demand must be matched. For such DC grids, the power balance regulation can be implemented by the
DC voltage control and power quality management [13,14]. Recently, the control methods for power
electronic converters in dc distribution grids have been intensively reported. Among them, the DC
voltage droop control is widely considered as the attractive method to integrate several distributed
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generation sources in DC grids [15-20]. The merit of this method is to balance the power supply
and demand side without high-speed communication network. Fundamentally, by applying the
droop control, it reduces the output voltage reference when the output power increases. The output
power of the distributed generation unit should be inversely proportional to its droop coefficient.
For the conventional droop control, fixed values of the droop constants are typically based on the
power ratings. However, it does not consider the actual energy levels in BESSs. Moreover, it is not
proper to use the same virtual resistance for BESSs with different capacities or actual SOCs. In [21],
a SOC-based droop method is used to share dynamic power among distributed energy storage units in
AC microgrid applications. In [22,23], the frequency of islanded AC microgrids is employed to adjust
the charging/discharging rate of each battery. In [24,25], the gain-scheduling droop is determined
according to the SOC of batteries. The ideas in such publications are that the battery with higher
SOC should provide more power and the battery with less SOC should provide less. Since a good
life-cycle for batteries is expected as small depth of discharge (DOD) as possible [26], thus, the SOCs of
all batteries under its droop control in the system should be equalized for their good lifetime. It is
therefore desirable that the BESS should participate in DC voltage stabilization depending on the
available energy level (difference between the current energy level and the scheduled minimum level).
At the same, the SOCs of BESSs could be equal in the long-term operation.

To achieve these objectives, the advanced coordinate droop control scheme is presented. It is
proposed that an adaptive virtual resistance (AVR) is determined based on a function of the normalized
available energy amount (SOC,y;) depending on the real-time SOC and minimum permitted energy
level of BESS;. The idea is that the participation factor of each BESS into DC voltage stabilization
should take consideration not only the power ratings but also the available energy levels that BESS can
support. With this proposed method, BESSs, which are already operating very close to the operating
limit, should not participate much in DC voltage stabilization. Moreover, BESS with higher SOCgy,
should have a higher discharge rate and vice versa. Therefore, in the discharging process, a higher AVR
should be given to a battery with lower SOCyy,;. On the other hand, during the charging process, higher
AVR should be given to a battery with higher SOC,y,. As a result, a symmetric function determining
AVR for the charge and discharge process can be devised. Thus, it enhances the SOC-balancing speed
among BESSs without the communication requirement among themselves.

Furthermore, one of the emerging issues is how the adaptive droop scheme impacts the overall
stability of DC distribution systems. The impacts of the droop control loop on the stability for
multi-terminal DC (MTDC) grids are reported in [27]. However, in [27], the models of distributed
generation units such as wind, PV, BESS generations are not taken into account. Thus the influence of
SOCs and the interaction between electric units could not be investigated. For the proposed adaptive
droop control, it is essential to define the stable region through eigenvalues analysis taking into count
all distributed renewable units, which will be performed in this paper.

One of the key contributions in the paper is that the analytical method is presented to study the
impacts of the proposed adaptive control on DC grids during transient as well as long-term operation.
Moreover, the effect of the proposed droop method on the stabilization of the DC bus voltage in
real-time during disturbance especially outage of converter is also investigated.

The rest of the study is organized as follows: Section 2 describes the DC distribution grid
configuration and its control strategy. Model of the BESS is briefly presented and the voltage droop
control also is revised. The adaptive coordinated droop control and its analysis are discussed in
Section 3. Analysis of limitations and impacts is carried out in Section 4. Section 5 provides a small
signal analysis, which is a necessary supplement to determine the proper range of the exponent
coefficients in the AVR function in order to ensure the system stable. Simulation results are given in
Section 6 to verify the method. The conclusions are summarized in Section 7.
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2. DC Distribution Microgrid

Schematic of the DC distribution system introduced in [28] is adapted in this work as shown in
Figure 1. It is composed of a wind energy conversion system (WECS), PV arrays, distributed battery
storage systems (BESSs), super-capacitor storage, variety of loads and electronic power converters
that connect distributed generation units into DC grid. The WECS includes a wind turbine and a
permanent magnet synchronous generator connected to the DC grid through a buck converter. The PV
unit consists of a PV array and a buck converter. The super-capacitor is used to compensate fast
fluctuations by using the cache control concept [29-38]. BESSs and the super-capacitor are integrated
with the DC grid through a bidirectional buck converter. The overall presented control scheme of the
DC grid is hierarchical and divided into three layers: the primary control; the converter control system
and the distribution management system level (DSM). The primary control aims for controlling in each
distributed generation units such as the battery management system. The DSM level is to coordinate
the different operation modes and perform the optimized operation strategies. The converter control
system is composed of two control loops: the outer loop providing a current reference for the inner
one and the later regulates the output current to keep track of the reference. The scope of this paper is
to develop the adaptive coordinated droop control at the converter level.
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Figure 1. Typical loop configuration of the DC micro-distribution grid.
2.1. Conventional Droop Control Method

The DC voltage droop control is based on the droop characteristic of converter. Basically, the DC
voltage reference is changed by adjusting the virtual resistance, thus regulating the power-sharing
among distributed generation units. The concept is similar with the power-frequency droop
characteristic applied for synchronous generations in AC grids. The method takes full merit of
distribution characteristic of such DC distribution grids and has the high reliability [27-29]. Figure 2
shows the adaptive droop concept based on available state of charge of batteries. The feedback loop is
applied to provide the DC voltage reference for the inner control loop. The DC voltage reference can
be adjusted by changing the virtual resistance.

Vdcdroop = Vdcref — Ryr X Ipgss (1)

There are two special virtual resistances: the zero value corresponding to the voltage source
converter (VSC) mode and the infinite value that corresponds to the current source converter (CSC)
mode. Hence, a constant power load and constant power source are instances of the CSC mode. PV
and WECS are normally operated in the maximum power point tracking (MPPT) scheme to exploit
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maximum possible power from clean generation sources. Thus, in normal condition operation, WECS
and PV are considered as the CSC mode. Distributed BESSs are operated according to the droop
control to regulate DC voltage. The DC grid is connected to the AC grid through DC/AC converter in
interconnected mode. The virtual resistance of the grid converter is set to stabilize DC voltage when
the BESSs are not sufficient.
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Figure 2. (a) Droop control method and (b) boundary level SOC of a battery storage system (BESS).

2.2. Model of the Battery Energy Storage System (BESS)

As aforementioned in the previous section, the purpose of the research is to propose an adaptive
coordinated droop control for BESSs in dc distribution grids. Hence, a model of BESS is briefly
presented as shown in Figure 3.
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Figure 3. Simplified circuit battery model.

The battery energy storage system (BESS) is a significant component of the DC distribution
network to effectively utilize or store energy in the system. BESS is composed of the battery and a
DC/DC converter. In the research, the model in [31] is employed because this model represents most of
the important characteristics of the battery. The validated electrical circuit model reported in [31] meets
all requirements for a good battery model. In this model most nonlinear battery element characteristics
in the charging and discharging process as well as their dependence on the state of charge (SOC) of the
battery are taken into account. As a result, the model of the BESS can be expressed as follows:

Ve, (SOC) = V2 ~Ke(1-50C) )

. 1 1.1 1 1
VC: — 4

) __ClRZVCb_C_l(Rl R_Z)VC1+_C1R2Vb 3)

where VOC is the open-circuit voltage when the battery is fully charged. Meanwhile, the SOC of the
battery can be calculated as:

t

SOC;i(t) = SOC;(0) — f n

0

igr,i(T)

dt 4
Egr,i @)
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where ipr; is the battery current, SOC;(0) is the initial value SOC of BESS;, Epr; is the capacity of battery
and 1) is the charging or discharging efficiency.

3. Innovative Adaptive Droop Method

3.1. Concept of Adaptive Coordinate Droop Control

For the conventional droop control, fixed or preset values of the virtual resistances are typically
calculated according to the power ratings of BESSs, it does not consider the actual energy levels and
hence the available energy amount of BESSs for stabilizing the DC voltage during the steady state and
transients caused by different kinds of contingency. In order to solve the problem, an effective adaptive
coordinate droop control is proposed. In this novel method, the adaptive droop virtual resistance
(AVR) is automatically determined based on the actual available energy amount of BESSs.

A symmetric function determining AVR; taking into an account SOCs of batteries is expressed as.

Egr,

AVRcharge,i = Rvro ) SOCZW,I' ®)
max
Epr; -q
AVRdischarge,i = Rvro E SOCava,i ©)
max

where SOC,y, ; is the normalized available energy amount of the ith BESS, which can be determined as:

SOC; — SOCpin,;
SOClow,i - Socmin,i

Socava,i = (7)
where SOC;, SOCjyy,; and SOCyj, ; are the real-time state of charge at time ¢, the low state of charge
and minimum state of charge of the ith BEES, respectively; Rygo is the nominal virtual resistance in
the fixed droop control and Egr; and E;;,x are the nominal capacity of the ith BESS and the maximum
capacity of BESSs in the system, respectively.

The reason for using the exponential rather than linear function is to get the faster balancing for
SOCs. The exponent g in Equation (5) is determined to stabilize the DC voltage as well as adjust the
SOC-balancing speed among BESSs, which are discussed in more detail in the following subsections.
Furthermore, the BESSs with close to the permitted minimum SOC should not contribute much on DC
voltage stabilization.

It is also envisioned that if the DC distribution networks joint to the electricity market in the future,
the BESS owners may want to use an energy reserve of BESS as an ancillary service [32]. Thus the
SOC,;in can be set based on the optimal operation strategies. Therefore, due to both technical and
market aspect related limitations, the adaptive coordinate droop control scheme is of an importance
solution for DC distribution networks in the future.

The hierarchical control scheme of the ith BESS is depicted in Figure 4, in which there are three
control layers. The SOC balancing of each cell in BESS and temperature and battery voltage monitoring
are performed in the battery management system layer. The long-term operation mode and strategies
of the DC grid and change of operation modes are carried out in the distribution management system
(DSM). Depending on the operation mode and strategies, the minimum energy level of BESS can be a
SOC,;in in respect to the technical limit or a value determined according to the long-term operation
strategy for instance an energy reserve amount for ancillary services. In order to regulate the charge
and discharge processes of the BESS unit, the converter control system layer including the adaptive
droop control as shown in Figure 5 was used. In addition, the variable droop loop that generates
the voltage reference for the voltage control loop, the control scheme employs two further control
loops, which are an inner current control loop and an outer voltage control loop, both of which are a
proportional-integral (PI) controller. The equations for this control system are given as follows:

Iy_refp = Kpabr (Ve = Vicref) 8)
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I ref1 = KiaT(Vae = Vigerer) )
Io_ref = Io_refp + Lo refi (10)
dper = Kpppr (Ip_ref — Ip) (11)
dipr = Kpppr (Ip_res — I) (12)
dpr = dppr + diBT (13)

where Ij, . is the reference current achieved from the voltage control loop and dpr is the average duty
ratio of the converter; the subscript “P” and “I” represent the proportional component and the integral
component of the duty ratio, respectively.
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Figure 4. Control diagram of the ith BESS.
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Figure 5. Diagram of the proposed control system for the ith BESS.
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3.2. Effect of the Proposed Method on Stabilizing the DC Voltage

In this subsection an analytical derivation of the effect of the adaptive coordinate droop control on
stabilizing the DC voltage is presented. This analysis is also applicable for contingency such as outage
of converter connected to BESS.

The equation expressing the droop control law for the ith BESS can be written as:

1
Ipess,i = I%Ess,i - m(Vdc,z‘ -Vo) (14)
1
Alpess,i = =772 AV (15)
1
where
Algess,i = IpEss,i — I%Ess,i (16)

AVyiei = Vye,i— Vo

de,i (17)
For stabilization of the DC voltage, BESSs must compensate the fluctuation of the powers in the
system, which is caused by with the assumption increase of current Alfy,.. Using Equations (14) and

(15), the current compensation of BESSs can be described as:

n
Z Algess,i = Mrpye (18)
im1
n
Y 8avRiAVaei = ~Alpye (19)
im1
Alpess,i = & avriDlFiuc (20)
where AV
SAVR,iBV dc i
SavRi=—5————— (21)
kzl SAVRKAV ek

Replacing AVR from the Equation (6), the Equation (21) can be rewritten as

050C! AV,

ava,i

S Avr; = (22)

n
EBT,z‘kzl $9S0CT  AVir/Eprk

k avak

where ¢’ 41/ ; is the modified virtual conductance for the ith BESS, g? and g4vr; are the defined as the
inverse of the virtual resistance in the fixed droop control and the adaptive droop control respectively.
Substitute Equation (22) into Equation (20) the actual compensation of the ith BESS can be
determined as
950CT AVy,

ava,i

Alpgss,i = Al (23)

ava,k

n
EBT,ikzl &SOC! AV /Eprx

If it is assumed that there is lossless or the common voltage feedback signal used instead of local
voltages, as in (22) the relative virtual conductance of the ith BESS for stabilizing DC voltage can be
written as

8 ?SOCZW i
: (24)

n
EBT,ik;1 §¥s0C! . /Eprk

’ —_—
8 AVRi =

avak
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Neglecting the losses, it is drawn from Equation (23) and Equation (24) that for a fixed droop
control and BESSs with equal ratings (it leads to equal virtual resistance or equal conductance) the
compensates from all the BESSs are equally by Alpgss; = Alpy,./n. According to the above analysis
derivations, it can be concluded that the actual compensation of the ith BESS depends on the available
energy levels in BESSs. The participation of the BESS; on DC voltage stabilization is therefore dependent
on the available energy levels, which impedes a straightforward analysis.

Let us consider an important contingency case for instance an outage of converter connected to
BESS;, it is assumed that in the steady state before the outage, the BESS; supplies the current of I%Es 57
hence the participation of the other BESSs into power redistribution, which can be described as

Alpess,j = g/AVR,jIgESS,i (25)
h
here g9s0C!  AVy. i
j ava,j ,
8§ avrj = TR (26)
EBT,jkg1 8] SOC,;W,]'AVdc,j/EBT,k
ki
in case of the general case
gisocy,,
’ s
Or8 Avr,j = o g 27)
EBT,ij1 8750C 4,/ ETk

k#i

in case of lossless or the common voltage feedback signal used.

Now, let us consider how the adaptive coordinate droop scheme works for the whole DC
distribution system. The DC system equations describing the relation between the current and the
node voltage can be written in a matrix form as

YacVie = Iac (28)

where Ij. = [Iwr, Ipv, I1oad, Lac, IBeSs1, IBESSD, - - -] T containing the currents flowing into the DC network;
V. is the DC bus voltage vector and Y, is the DC network admittance matrix. The current and voltage

vector can be rewritten as
Vie = V9 + AVq (29)

lie = g + Algc (30)
Then the DC network equations can be expressed as
YaeAVae = Alge = I = YacVy, (31)

where “0” indicates the steady state of the DC system before disturbances.
According to Equation (19), we have

Aly. = —GAVy, (32)
where G is the diagonal matrix composed of the conductance g; and can be expressed as

G = ding([gWT, §PV/, SAG, §Loads SAVR1, - - - SAVRn) (33)

Replacing the current and voltage Vgc and Igc with the values corresponding to the situation before
the disturbance, and substituting Equation (31), the DC network equation becomes:

(Yge +G)AV4 =0 (34)
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So (34) is the DC system equation describing the DC system after disturbance. There is only trivial
solution AV, = 0 for Equation (34) provided that det(Y;. + G) # 0. When a distributed generation
unit for example WT, PV block will be controlled under the constant current method, the conductance
of these distributed units will equal zero. Therefore, the matrix G can be rewritten as:

0 0 0 0
| 0 gavr1 O 0
C= 0 0 ... 0 (35)
0 0 0 gAvRn
So, the matrix G after disturbances can be expressed as
G = dmg([g,AVR,lf o 8 AVR s g'AVR,n] (36)
Similarly, in case of an outage of the BESS;, the matrix G can be defined as
G = diag([g'AvR,lf e g’AVR,i—lf 0, g’AVR,i+1/ ey g,AVR,n]) (37)

Applying the superposition principle, the voltage deviations after disturbances can be calculated
by solving the equation as:
(ch + G,)Avdc = Idc,Pluc (38)

where the matrix Y’y is a modified admittance matrix and along with the current disturbance vector
Lic Fruc can be defined as

Y,dc =Yg+ G (39)
Idc,Fluc = [0/ Ry AIFluc,ir Sy 0] (40a)

in case of a power change at node i
Idc,Pluc = [0/ ceey _IgESS,i’ ceey O] (40b)

in case of an outage of the BESS;
The matrix G’ expresses the effect of the adaptive virtual resistance on the voltage deviations caused
by disturbances. Hence, the change of the output currents in BESSs can thereafter be calculated from

Algpss = YacAVge = =G’ AV (41)
where the redistributed output current vector of the BESSs is

Algpss = [Alpgssa, - -, Alggss,i, - - -, AlpEss (42)

It is seen from Equation (24) that with the lossless assumption, the matrix G is independent of
the DC grid topology. However, with DC line voltage drop consideration the analytical derivations
are obviously more accurate and provide the impact of the prosed method on the interaction among
BESSs. It is noted that with decreasing the available energy levels will lead to a more uniform voltage
deviation profile but larger voltage deviation. It can be seen that when the higher q is chosen, the faster
equalization of SOC can be achieved. However, for the influence of q into the DC voltage deviation, it
is more complicated: it is remarked from Equation (15) and Equation (25) that increasing the exponent
coefficient ¢ when the SOC is higher than SOCj,,, results in smaller DC voltage deviation but increasing
the g when the SOC in range of SOC,,;, to SOCjyy,, the DC voltage deviation is larger. However, it could
adversely cause the system to be unstable as discussed later in Section 5.
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3.3. Effect of the Proposed Method on the State of Charge Balance

In this subsection, the influence of the proposed method on power sharing and state of charge
balancing speed among BESSs in long-term operation is discussed.

It is obviously seen that the value of AVR should be inversely proportional to the output power of
BESSs. Hence, when the AVR jischarge,i is formulated to be inversely proportional to the available energy
amount SOCZW,Z., the output power of each BESS will be proportional to the SOCZW,Z..
consideration, AVR iy e is formulated to be proportional to the SOCZW,l.. In other words, with the
AVR; concept the BESS with a higher available energy amount will discharge more power and charge
less power, while the ones with lower SOCZW. will discharge less power and charge more power.
As a consequence, after a dynamic process the SOC balancing among BESSs is achieved. Therefore,
the proposed method makes the SOC-balancing speed faster. The SOC balancing speed can be adjusted
by changing the exponent coefficient g in Equation (5) and Equation (6).

The output currents of the BESSs follow the relationship:

In contrary

Z IBESS,i = I10ad + T1oss (43)

. PL . Vdc,L
ILoad - ﬂ R_L - RL (44)

where I} ;4 is the required load current and is equal the aggregated exchange current of the all BESSs
minus the total loss in the dc grid Ij,ss; Py is the load power demand and V1 is the voltage of load.
It is assumed to model the load as the resistance R; .

By combining Equation (18), Equation (43) and Equation (44), we have:

- VieL
c,
8av,ihVye;i = = (45)
: L
i=1
g?SOCZm iAVdC/i Vdc L
Ipr,;i = - : X RL, (46)
Epr; Y. (8950C!  AViuex/Epri)
k=1 -

Therefore, the aggregated required load can be dynamically shared according to available energy
amount SOCyy, ; of the BESSs. Considering Equation (46), Equation (4) can be rewritten as:

9s0CT AV,

ava,i

Vdc,L
Ry

t
SOC;i(t) = SOC;(0) — f n dt (47)
0

n
E%T’ikzl (g?SOCq AVer/Eprk)

ava,k

4. Limitation and Impact of the Exponent Coefficient

As discussed in the previous sections, the SOC-equalization speed as well as the dynamic deviation
of the DC voltage during transients can be regulated by adjusting the exponent coefficient 4. In order
to determine the accepted range of the exponent coefficient, the following constraints must be satisfied.

(1) The output currents of BESSs must be smaller than the maximum permitted output current of
each BESS, it is hence expressed as:

IBESS,i(t) < Imax,i (48)

Due to the limitation of the maximum permitted output current of each DESS, it is obtained as

ava,i

§950CT AV, _ R

n = Vd leux,i (49)
EBT,ik21 8950C! ' AV /Epri “

avak
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Inequality (49) will determine the first limitation of the exponent coefficient. If g is larger than its
upper limit, the output current of the BESS will exceed its maximum permitted current of the converter.
It is noted that the upper limit value is dependent on the load condition as well as the available energy
levels in all BESSs. In this paper, all analytical derivations are established with consideration that
there will be n DBESSs in DC distribution grids. However, in order to get an illustrative example, it is
assumed two BESSs with the same power ratings and capacities connected to the DC grid. Figure 6
shows the relationship between the output currents and their exponent 4. The system parameters are
listed in the Appendix A.

Initial output powers of BESS 1&2
450 : : : : :

< 350

Active power (kW

time(s)

Figure 6. The relationship between the coefficient g and the output powers of BESSs.

(2) The second constraint that determines the exponent coefficient is the maximum permitted DC
voltage deviation due to the droop control. Neglecting the lossless, the DC voltage deviation in charge
and discharge respectively can be acquired from Equation (5), Equation (6) and Equation (45) as.

V
AV = — ! x ;C'L (50)
q . L
= SOCavu,i/ml
in case of the discharge progress
1 1%
AV = — x ;C'L 1)
-1 . L
P Socaw,i/ml
in case of the charge progress, where
Epgr,i
m; = RVROE (52)
max

Additionally, it can be assumed that the load current is caused by the increase load represented by
the resistance R; in the discharge progress or the resistance connected parallel with the current source,
which represented for the charge progress. Hence V. in discharge and charge can be rewritten
respectively as:

Vie L = Vdcref - AV (53)
Vdc,L = Vdcref + AV, (54)

Therefore, the limitation of the maximum permitted DC voltage deviation can be expressed as

1 % Vicre f AV
n
Y, soc! /m; Re

; ava,i
i=1 !

< AVdclower (55)



Energies 2020, 13, 2983 12 of 24

1 Vdcref + AV,

< Avdcupper (56)
z soc ! /m; Re

aoa, i
=1

where AV jcoper and AV jeypper are the maximum deviation of the DC voltage in the discharge and
charge process respectively, and can be calculated as:

AV actower = Vicre f Viemin (57)

AVdcupper = Viemax = Vicre f (58)

From Inequality (55) and Inequality (56), it yields:

n
Vicre f + AV acupper
q PP
Z‘ 5O Caun/ i 2 RLAV jeupper 9
n
1%
SOCT /> — deref (60)

aoa, i

X —_—
P} RL AValclower

It is obviously seen that ), SOCq ; is a decreasing function of g, when other parameters are
assumed as constant. Thus, inequality (59) and (60) will pose the upper and lower limit for the exponent
coefficient. It is understandable because of the functions determining the AVR in charge and discharge.
It is seen that when g increases the AVR in discharge will increase, thus it leads to larger DC voltage
deviation. In contrast, when q decreases the AVR in the charge will increase, thus also leading to larger
DC voltage deviation. This makes two objectives conflicted. Hence, the tradeoff can be made to choose
the coefficient 4.

(3) On other hand, the lower limit of the exponent coefficient is determined by minimizing the
difference of SOCs within the acceptable time duration. Generally, it is assumed that the SOC; and
SOCy are the highest SOC and lowest SOC among all BESSs respectively. From (4), taking the derivative
of SOC; and SOCy, it can be derived as.

9S0C, 1 _ dSOCg wkx L (61)
ot 7ot q
SOCM " sOC,,, f
where K is expressed as:
R .
K — MIRVRO,i (62)
MmRyR

It is noted that g is chosen larger than 1 because of improving the SOC-balancing speed. Hence,
by solving the differential Equation (61), it yields

— q
(SOCWWX )1 q — K4 (SOCavaa K% Socamﬁ)|t 0 (63)

5OCoun,p soC!1

ava,f

It is desired that after the scheduled time duration T, the difference between SOC; and SOC; is
smaller than ¢. In other word, ¢ is the variable representing the SOC-balancing accuracy. The acceptable
SOC-balancing accuracy ¢ should be obtained within the time duration T. Then, it yields:

(SOCavu,a/SOCava,ﬁ)|t:T <1+ 5 (64)
From Equation (64) it can be rewritten as

((SOC; = SOCpin) — (SOCk = SOCpmin) i1 < € (65)
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S OCuva,i

— |, < 1
SO0 T <1te (66)

It is also noted that
(SOCava’a /SOCuz}a,ﬁ)lt:T > 1 and 1 - q < O (67)

Therefore, from Equation (63) and Inequality (66), it can be drawn that

(SOCH1 —KxSOCY1 )i—o

ava,x ava,f

1+&)" <K+

= (68)
SOC, =1

Consequently, the lower limitation of the g can be achieved by solving the constraint (68).

A case study is presented as an instance of determining the limitation range of the exponent
coefficient g. The parameters of the case study are listed in the Appendix A. It is assumed that SOC;
and SOC; are initially at 0.9 and 0.8. Two BESSs supply the load of 600 kW. The desired time to get
the equalization of SOCs is: T = 5000 s with the error of € = 0.01. As a result, the lower limit of the g
achieved from solving inequality (68) is 0, while considering the constraint (59) causing by maximum
voltage deviation is 1. The upper limit of the g considering the constraint (60) is 7, while considering
the constraint (49) is 9. Therefore, the proper range of the gis 1 < g < 7. It should be noted that the
BESSs should operate with SOC in the proper range from SOCjy, to SOCpigy. Due to the proposed
method, the BESSs will automatically avoid to conflicting the technical limit.

5. Small Signal Analysis

In order to study the effects of the adaptive control method on the stability of the system, it is
necessary to firstly linearize the nonlinear models such as WECS, BESS including the adaptive droop
control before analysis. The small signal model of the DC distribution as is taken on [38]. The state
equations of the system in Figure 1 can be properly written in term of the matrix form as in Equation (69)
and the output of the system is defined as Equation (70) bellows:

x = f(x,u,t) (69)

y=g(x,u,t) (70)

It is supposed that the DC grid is operating at a steady-state point where two BESS discharge the
load of 400 kW. Linearizing the state equations of the system including the proposed method applied
for BESS around the steady-state operating point, the small-signal model of the system can be defined
as follows: .

X =Ax+Bu (71)

7 =Cx+Du (72)

wherex = x — x5; u = u —us and ¥ = y — ys and where the subscript “s” denotes the steady-state values
and matrix A, B, C and D are defined as:
= g—ﬁlxs,us; B = %lxs,us; C = g—flxs, us and D = %lxs, us. Based on matrix A, B, C and D,

the eigenvalues of the system can be calculated. The characteristic equation of A is defined as:
det(A-AI) =0 (73)

where [ is an identity matrix of appropriate dimensions and A is the system eigenvalues of the matrix A.

In order to observe the influence of the proposed method on the stability, two cases are analyzed,
which are shown in Figure 7. Figure 7a shows the dominant eigenvalue locus when the coefficient
g increased from 1 to 7 as in the proper range found in the previous section. It can be seen that the
movement of the most critical pole is toward the right plane. The stable margin of the system is thus
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decreased. However, it is noted that this does not cause further oscillations. The impact of different
SOCs on the stability is depicted on Figure 7b. It is obviously seen that when the SOCs decrease,
the stability margin is also deceased due to the increase of the AVR in the discharge progress.

Dominant Eigenvalues of the system when q changes from 1 to 7

05" q increases ]
® <
X
<
g 0o ® ® x xom 2
c
)
©
E
-O 5 q:7 7

_1 1 1 1 | 1 1 1
-1800 -1700 -1600 -1500 -1400 -1300 -1200 -1100 -1000

Real Axis
(@)
Dominant Eigenvalues of the system when SOC reduces from 0.9 to 0.5
0.5 SOC decreases 1
2 >
x
<
=
s 0 ® R IR {¢. 9 i
k=)
©
E
05t ,
SOC1=0.5
SOC1=0.9
-1 | | | |
-3000 -2500 -2000 -1500 -1000 -500
Real Axis
(b)
Figure 7. Dominant eigenvalues of the system. (a) Root locus with change of g and (b) root locus with

change of SOC.
6. Simulation Results and Discussion

The proposed adaptive droop method was realized by simulation in Matlab and PSCAD [39].
The parameters of the system as in Figure 1 are provided in the Appendix A. The long-term operation
of the system is performed in Matlab. The transient responses during contingency were simulated
in PSCAD.

For the conventional droop control, the AV gcmax of all BESSs were £10 V. The AC grid converter
was activated when the voltage deviation within +9 V + 19 V. The permitted minimum SOC and
SOCjyy in this operation period of all BESSs was 0.2 and 0.5 to get an illustrative example. Other
parameters of the system are given in the Appendix A. From case 1 to case 4, only two BESSs were
considered. In case 5, three BESSs were considered.
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6.1. Performance of the Proposed Control Method in Long-Term Operation
Case 1: Performance of the adaptive control with a different exponent coefficient

The SOCs and output powers of BESSs are shown in Figure 8 with the assumption that two BESSs
discharge the load of 400 kW. The real-time SOC; and SOC; at the starting point were 0.9 and 0.8
respectively. It means that the corresponding available energy levels of BESS; and BESS, were 0.7 and
0.6. It is seen that larger g led to shorter time for achieving the SOC-balance, thus faster equalization of
the output powers of BESSs.

SOCs in BESS 1&2

0.9
| | — q=2
0.8~z T - g~ R ——- =61
|
S R ——— o
| | I
o 06F------ el 4+ - - == - - -
S | BESS2 | } }
S 05—~ T T e e
: | | | |
O 04~ BESSAL -~ -l - .
(@) | | | |
(D 03r------ Lo - - 4 - - — R - — — — — — —
} Difference of SDC1&2 |
02F----~ 7 e - - - - -~ [ |
| | | |
m———— —
OO 10‘00 20‘00 30‘00 4000 5000
time(s)
(a)
Output powers of BESS 1&2
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N
[«2]
o

Active power (kW)
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time(s)
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Figure 8. SOC and power sharing waveforms for the adaptive control with different 4. (a) Waveforms
of SOCs and (b) waveforms of output powers of BESSs.

Case 2: Performance of the adaptive control with different initial SOCs

In the first test case, the difference between SOC; and SOC,; was 0.1. In order to validate the
proposed method with range of difference SOCs, the initial SOC; was fixed 0.9 and the initial SOC, was
changed from 0.8 to 0.4. Difference initial SOCs will lead to different available energy levels of SOCs.
As seen in Figure 9, the validation of the adaptive droop control was realized with various available
energy levels. It is seen that equalization of SOCs could be achieved with this method. Additionally,
the power sharing of BESS 1 and 2 was consistent with the available energy levels in each BESS.
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Figure 9. Waveforms of the SOC difference and output power difference with various initial SOCs.

(a) Waveforms of the SOC difference and (b) output power difference.

Case 3: Validation of the adaptive control with consideration of the estimated errors

It is reported that there is error in the estimation of SOC [33]. Therefore, the method should be
tested with consideration of an estimated error of SOC. In Figure 10, the waveforms of SOCs and
output powers of BESSs are depicted. It is seen that the proposed method was valid for different errors.
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Figure 10. SOC and power sharing waveforms with consideration estimated errors. (a) Waveforms
of SOC estimated and with errors; (b) waveforms of SOCs with errors and (c) waveforms of output
powers with estimated errors.

Case 4: Validation of the adaptive control with different loads

Figure 11 shows the power sharing and SOC waveform of BESSs with various loads. It is assumed
that the initial load of the system was 200 kW and at the time of 6000 s, the load was increased to
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400 kW. At the beginning, the SOC; and SOC, were 0.9 and 0.8 respectively. The output powers of
BESS; and BESS, were 111 kW, 89 kW. After the change of load, the output powers of BESS; and BESS,
were 221.6 kW and 178.4 kW, which it is noted that the power sharing of BESSs was consistent with the
analytical derivation (46). The dynamics of the system when changing the load were also investigated
in real-time simulation, which will be presented in Section 6.2. It is also noted that the results obtained
from this case in the long-term operation would be used for real-time simulation.

Output powers of BESS 1&2
300

| | | - |—BESS1
250l - - S L .| _|=—BESS2
e l l ‘ l l
| | | |
53 SR ——
o) l l l
= d t--—-——F-——a-—---- T---—-—
[@] | |
(o8 ] |
[ | |
> T T T T T T T T T
'-6- |
R S R N S
l
|

I
0 2000 4000 6000 8000 10000 12000

time(s)
(@)
SOCs in BESS 1&2
! | I [==s0C1

=-—=S0C2

0 2000 4000 6000 8000 10000 12000
time(s)

(b)

Figure 11. SOC and output power waveforms in case of a change of load at a time of 6000 s.
(a) Waveforms of SOC and (b) waveforms of output powers.

Case 5: Validation of the adaptive control considering disturbance happening suddenly in the grid

It was chosen that the system had three BESSs in order to get an illustrative example for verification
of the proposed method. It was assumed that there would be an outage of BESS; at a time of 2000 s.
Figure 12 depicts the waveforms of SOC and power sharing of BESSs. At the time occurring outage,
the SOC 1 and 2 and 3 were 0.829, 0.747 and 0.576 and the output powers of BESS 1, 2 and 3 were
190, 143 and 67 kW correspondingly. After the outage of BESS;, the power sharing between BESS;
and BESS; were 272 kW and 128kW, which were also consistent with the analytical derivation (46).
It is also noted that the results obtained from this case in long-term operation would be used for
real-time simulation.
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Figure 12. SOC and output waveforms in case of outage of BESS;. (a) Waveforms of SOCs and
(b) waveforms of output powers.

6.2. Validation of the Proposed Control Method on DC Voltage Stabilization during Dynamics

The DC microgrid as shown in Figure 1 was simulated in two representative cases to validate the
proposed adaptive control on stabilizing the DC voltages during disturbances for instance a sudden
increase of load and an outage of BESS;. For the adaptive control, g was chosen as 2. The super-capacitor
was used to catch fast fluctuations of power by using the cache control as detailed in [34].

Case 1: Change of load from 200 to 400 kW

In order to observe the real-time performance of the presented method, 20 s around the time of
6000 s in case 4 in the long-term operation were run. All parameters were kept the same. The transients
of the system are depicted in Figure 13. Before the time of 20 s, with the adaptive droop control,
the SOC; and SOC, were 0.692 and 0.675, which means the available energy levels of BESS; and BESS,
were 0.492 and 0.475 respectively, while the output power of BESS; and BESS; were 111 kW and 89 kW.
These results were also consistent with (46). After the change of load happening, the output powers of
BESS 1 and 2 were 221.6 kW and 178.4 kW respectively, which were also consistent with the simulation
results in long-term operation and analytical derivations (46). It is drawn that the simulation results in
PSCAD were consistent with those in the long-term operation. It can be seen from Figure 13 that the
proposed adaptive control provided a slightly better DC voltage profile. The power from PV was kept
constant during the 20 s period. The WECS was operated in the MPPT scheme, thus the wind power
could be exploited. Due to the supercapacitor, the fast fluctuations could be compensated.
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Figure 13. Transients of the system when the load is changed from 200 to 400 kW. (a) Output power of
BESS;; (b) Output power of BESS;; (c) Output power of Supercapacitor; (d) DC voltage; (e) Output
power of wind unit and (f) Load profile.

Case 2: Outage of BESS;

In this case, the DC system was simulated during 20 s around the time of 2000 s in case 5, in the
long-term operation of the previous Section A. Before the outage of BESS;, the SOC;, SOC; and SOC3
were 0.829, 0.747 and 0.576 respectively and it led to the output powers of BESS1, BESS, and BESS; are
190 kW, 143 kW and 67 kW according to the adaptive control. The outage of BESS; was assumed to be
happening at a time of 20 s because it would be the worst case. It is obviously seen in Figure 14 that
with the fixed droop control, the output powers of all BESSs were equal. However, it can be seen that
with the adaptive droop control, the post-disturbance output powers of BESS,, BESS; were 272 kW
and 128 kW respectively because the power sharing was dependent on the available energy levels
of each BESSs, which in this particular case were 0.547 and 0.376 corresponding to BESS; and BESS;
respectively. It is also seen that the DC voltage profile with the adaptive control was much better than
that of the conventional droop control. This is due to large available energy amounts in BESS, and
BESS;. It is noted that in this case, the available energy levels were higher than those in the first case
with an increase of load, thus it resulted in the much tighter DC voltage.
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Figure 14. Transients of the system when an outage of BESS; happens.
7. Conclusions

An available energy level-based adaptive coordinated droop control approach was proposed.
This led to the optimal utilization of BESSs for DC grid application. The merit of the adaptive
control was established through analytical derivations and validated by simulations for long-term
and transient responses. Those simulation results were consistent with those derived analytically.
Furthermore, the SOC-balancing speed was also increased due to using the exponent function and
automatically adjusted according to the real-time SOC. With this method, the BESS with a higher
available energy level will dispatch more power and absorb less power, while the ones with a lower
energy level will deliver less power and absorb more power corresponding to the discharge and charge
process respectively. The small signal model considering the adaptive coordinated control method
was developed to analyze the stability of the system. The proper selection of the exponent coefficients
will be analyzed according to the limitations with respect to the maximum permitted current of each
converter, the maximum acceptable DC voltage deviation and the small signal analysis. It is shown
that there were some conflict criteria for choosing the exponent g. It might be that optimization routine
should be performed to select the optimal q. The proposed droop method is effective due to the dual
goals, which are the stabilization of DC voltages especially through disturbance for instance outage
of BESS and increase of SOC-balance speed among BESSs, thus optimal utilizing of each BESS. This
method can be applied for AC grids with multi-BESSs.
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Appendix A
Table Al. Parameters of the DC microgrid (as shown in Figure 1).
Notation Value Notation Value Notation Value
Parameters of DL block
Rip 0.064 ) Lip 0.255 mH Cip 10.7 nF
R23 0.064 () L23 0.255 mH C23 10.7 nF
R34 0.064 OO L34 0.255 mH C34 10.7 nF
Ry 0.064 O) Ly 0.255 mH Cyp 10.7 nF
Parameters of PV block
depv 1ImH CchV 5mF KpV OOl/V
Vicref 380V
Parameters of WT block
Ry 5m/s p 1.205 kg/m? Vwrated 12 m/s
Kpopt 7.87 W/(rad/s)? Comax 0.4412 Poenrated 36 kW
Wrrated 16.6 rad/s P 2 H 0.05s
Yy 90 Wb Ly 0.334 H Ling 0.217H
Ly 0.0344 H R 0.08 O Kp1 1.01/A
K1 221/A.s Kpoa 5 Ajrad Kin, 150 A/rad.s
Kpop 1.01/A Kiop 221/As Kp3 2 deg/rad
Kis 4 deg/rad.s Caewt 5mF
Parameters of BT + SC block
deBT 120 mH CchT 5mH RlBT 010
Ropr 0.075 O) Rypr 25 x 100 O CiBT 500 F
CoBr 300 (F) KpaaBT 1A/NV KigaBr 5A/Vs
Kpapr 0.3/A KiappT 2/A.s Vicref 380V
Egr 1000 kWh PateBT 400 kW Patese 200 kW
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