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A B S T R A C T

DC microgrids have become a promising solution for efficient and reliable integration of renewable energy
sources (RESs), battery energy storage systems (BESSs) and loads. To simultaneously achieve average voltage
regulation, accurate current-sharing and state-of-charge (SoC) balance, at least two state variables need to be
transmitted between neighboring BESS nodes in conventional distributed secondary control. In this paper, a
simplified consensus-based distributed secondary control for BESSs in DC microgrids is proposed with only one
virtually defined state variable being transmitted, where a cascaded control framework consisting of an SoC
controller and a voltage controller is used to regulate DC bus voltages. This virtual state variable combines BESS
SoC and its converter output current, there is no need to change the control law when BESSs switch between
charging/discharging modes. Once SoCs are balanced, SoC controller works as a current controller. With the
proposed control strategy, the number of transmitted state variables and the complexity of controller design
are significantly reduced. Stability and steady-state analysis are also conducted to confirm the effectiveness of
the proposed control strategy. Finally, Simulink simulation and hardware-in-loop tests are presented to validate
the proposed control strategy.
1. Introduction

Due to the increasing demand for electricity, compounded by the
pressing need for addressing the environmental pollution and carbon
emission challenges due to substantive consumption of fossil fuels
in all sectors, distributed energy resources (DERs) using renewable
energy sources (RESs), and battery energy storage systems (BESSs)
have been intensively researched [1]. The microgrid has been widely
recognized as an effective means to integrate the RESs, BESSs and
loads [2]. Microgrids can generally be grouped to AC microgrids and
DC microgrids, the latter is drawing much attention as they can more
effectively and efficiently interface with various DC sources and loads,
such as photovoltaics (PVs), electric vehicles (EVs), BESSs [3]. Fur-
thermore, compared with AC microgrids, DC microgrids have no need
for frequency control and harmonics cancellation, and no requirement
for synchronization, etc [4], which makes them a more attractive
solution in many application scenarios. Even without suffering from
the aforementioned issues of AC microgrids, DC microgrids still need
be controlled properly. The control objectives of DC microgrids often
include average voltage regulation, current-sharing between different
DERs, state-of-charge (SoC) balance and avoidance of overcharging
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and over-discharging of BESSs if multiple BESSs are connected to
the DC microgrids [5]. To achieve these control objectives, various
control strategies have been proposed, which can be categorized as
centralized, decentralized and distributed control [6]. In centralized
control, a microgrid central controller (MGCC) monitors entire sys-
tem and dispatches loads and DERs. However, MGCC often suffers
from heavy computational burden and single-point-failure issues [7].
While the droop control is a typical and widely used decentralized
control strategy, it makes decision only using local information, hence
the aforementioned shortcomings are addressed. In the droop control,
output voltage linearly decreases as output current increases, DC micro-
grids achieve automatic voltage regulation and current-sharing based
on this principle [8]. Furthermore, SoC information sometimes is also
integrated into the droop control to achieve SoC balance, e.g., Lu et al.
set the droop coefficient proportional to the 𝑛th order of SoC in the
charging process, while set it inversely proportional to the 𝑛th order of
SoC in the discharging process [9,10]. Li et al. dynamically changes the
reference voltage of droop control according to SoC [11]. However, the
droop control has an inherent challenge for the trade-off between the
voltage regulation and current-sharing [12,13].
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To restore the voltage droop introduced by the droop control and
achieve accurate current-sharing between DERs, the distributed sec-
ondary control is widely used. In the single DC bus system, the mea-
sured common DC bus voltage is sent to DERs as feedback for voltage
restoration [14]. In the multiple DC buses system, the controller de-
sign is more complex where the average voltage of individual DC
buses needs to be calculated for global voltage restoration. Ref. [15]
proposed a dynamic consensus protocol (DCP) based distributed sec-
ondary control, where the average voltage is obtained with an average
voltage observer, and both the average voltage observer and cur-
rent controller are designed based on the consensus algorithm. In
the DCP-based distributed secondary control, DERs only communi-
cate with their neighboring DERs and only a sparse communication
network is needed for average voltage/SoC estimation, and current
controller design. Thus, new distributed secondary control strategies
have been proposed . These control strategies can be divided into two
groups, the first is voltage-shifting-based control, and the second is
voltage-shifting-and-slope-adjusting-based control.

In the voltage-shifting-based control, the reference voltages for
DERs are shifted according to the voltage regulation and power flow
requirement while the droop coefficients are kept fixed. Zhou et al. pro-
posed a resilient controller to enhance the controller resilience against
time delays and disturbances, the SoC balance of BESSs is not consid-
ered [16]. A novel secondary optimal control for multiple BESSs in DC
microgrids is proposed, where a distributed optimal voltage controller
is used and its convergence is independent of time delay [17]. Zhang
et al. proposed a distributed secondary controller with three voltage
shifting terms, the dynamic SoC equilibrium and accurate current distri-
bution are realized by the consensus iteration of the designed coupling
factor, and the bus voltage recovery is achieved by compensating for
the average output voltage [18]. Zeng et al. proposed a distributed
unified controller for parallel BESSs in DC shipboard microgrids [19],
where a dynamic diffusion algorithm is used for average information
estimation. In their follow-on two publications, two voltage-shifting
terms are produced based on three state variables for power flow regu-
lation and average voltage regulation [20,21]. Shafiee et al. presented
a distributed hierarchical control framework to ensure the reliable
operation of DC microgrids, the SoC mismatch between neighbors is
passed through a PI controller to adjust the power flow [22]. Chen et al.
proposed a distributed cooperative secondary control for batteries in
DC microgrids, a state variable related to the battery SoC is defined
and it varies when BESSs switch between charging and discharging
modes to achieve SoC balance [23,24]. Zhang et al. proposed a novel
distributed multi-agent finite-time control strategy with time delays for
the SoC balance and average voltage restoration in DC microgrids with
distributed BESSs, where a feedback linearization technique is used
to obtain a second-order consensus strategy for SoC [25]. Mi et al.
proposed a multiagent dynamic-tracking-consensus-protocol-based on
the random packet loss model to estimate the global information for the
dynamic network with lossy communication [26]. Then the adaptive
current sharing algorithm is designed to balance the SoC for BESSs with
different capacities.

In the voltage-shifting-and-slope-adjusting-based control, both the
reference voltage and droop coefficients for DERs are dynamically
adjusted. Xu et al. proposed a double-quadrant SoC consistent adaptive
droop control, and the average voltage is observed by the DCP-based
average voltage observer [27]. Similarly, Zhang et al. proposed a
distributed secondary control framework, where the droop coefficients
of BESSs are adjusted according to average SoC value and a new state
variable is defined to eliminate the influence of insistent line resistance
and DC bus voltage recovery [28]. Sahoo et al. proposed a distributed
optimal voltage controller for voltage recovery against transmission
delay, SoC balance and smooth mode transition to constant power
charging are obtained by adjusting droop coefficients with SoC [29].
In [30], the voltage droop on the droop coefficient and its integration
2

are used as two state variables for voltage recovery under time delay,
and the droop coefficients are adjusted according to battery SoC. Hu
et al. proposed a secondary control strategy with four controllers,
including a current-sharing controller, an SoC balance controller, a
virtual impedance correction controller, and a local reference volt-
age controller, they collectively achieve voltage regulation and SoC
balance [31].

It is well-acknowledged that the transmission delay will introduce
steady-state error and even make the whole system unstable. The con-
trol strategies considering the transmission delay have been intensively
researched. Besides the control strategies in [16,25,26], a distributed
optimal voltage controller is used in [17,29,30] for effective average
voltage regulation against time delay, where the voltage is regulated
by solving the optimization problem in a distributed way. Yu et al.
proposed a consensus-based proportional–integral predictive control
strategy, which can actively compensate for communication delays and
consecutive packet dropouts encountered by DC microgrids through the
established physical model, rather than passively tolerating communi-
cation delays [32]. To cope with the communication induced time delay
and attackers, a new time-varying sampling period and an improved
communication mechanism are first introduced within the sampling
control framework, and a resilient secondary controller is designed
Based on them in [33]. Further, some event-triggered-based control
strategies are proposed to achieve consensus under time delay [34].

The name and number of transmitted state variables in the afore-
mentioned control strategies are summarized in Table 1, where 𝑋𝑎𝑣𝑔
represents the observed average value with the average observer in
[15], e.g., 𝑣𝑎𝑣𝑔 is the observed average voltage, 𝑖𝑜,𝑎𝑣𝑔 is the observed
average converter output current. 𝑅𝑑𝑟 is the droop coefficient. These
control strategies have the following disadvantages: Firstly, at least
two or three state variables are transmitted for generating the voltage
regulation term and power flow adjusting term to achieve average
voltage regulation, accurate current-sharing and SoC balance, which in-
creases the communication burden and complexity of controller design.
Secondly, there may be a conflict between the voltage regulation term
and the power flow adjusting term, and the coordination between the
two terms is not elaborated by the authors, especially in the situation
where one of the control objectives is forced to be abandoned when
individual DC bus voltages reach to limit. Thirdly, some state variables
are designed to be very complex and are changed when BESSs switch
between charging/discharging modes, like the control strategies in [21,
23,24]. To overcome these disadvantages, a simplified consensus-based
distributed secondary control for BESSs in multiple DC bus microgrids
is proposed in this paper. The main contributions of this paper are
summarized as follows:

(1) A cascaded control framework consisting of an SoC controller
and a voltage controller is proposed with the information of only
one virtually defined state variable being transmitted, which is kept
unchanged when BESSs switch between charging/discharging modes.
Thanks to the virtual state variable and simplified controller design,
the response of state variables can be easily inferred from the transfer
function.

(2) Not only the average voltage is regulated, but the voltage
deviations between individual DC buses and nominal value are also
constrained by setting a voltage deviation limiter in the proposed
SoC controller. The average voltage regulation will be canceled auto-
matically and only power flow regulation will be enabled when the
individual DC bus voltages reach to their upper/lower limit.

(3) The stability analysis and steady-state analysis of the system con-
sidering time delays are conducted with the proposed control strategy.

The remainder of this paper is organized as follows. Section 2
presents the problem formulation and control objectives. Section 3
details the proposed distributed secondary control. The system stability
and steady-state analysis are presented in Section 4. The simulation and
hardware-in-loop (HIL) test results with the proposed control strategies

are detailed in Section 5. Finally, Section 6 concludes the paper.
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Table 1
Comparison between existing methods.

Existing
methods

Name and number of
exchange state variables

Definition of some
exchange state variables

Zhou et al
[17]

𝑣𝑢/ ∫ 𝑣𝑢𝑑t/𝑖𝑜 3 𝑣𝑢 is average voltage regulation
term

Zhang et al
[18]

𝑣𝑎𝑣𝑔/ SoC𝑎𝑣𝑔/𝜅𝑎𝑣𝑔 3 𝜅 refer to [18]

Zeng et al
[19]

𝜒/ SoC 2 𝜒 =
(

1 − △𝑢
△𝑢𝑚𝑎𝑥

)

𝑣𝑏𝑢𝑠 ,△𝑢 = 𝑅𝑑𝑟𝑖𝑜

Zeng et al
[20]

𝑣𝑎𝑣𝑔/SoC𝑎𝑣𝑔/𝑘𝑎𝑣𝑔 3 𝑘 = 𝑖𝑜∕𝐶𝑏 exp(
sgn(𝑖𝑜 )(SoC𝑎𝑣𝑔−𝑆𝑜𝐶)

|
SoC𝑎𝑣𝑔−SoC|+𝜀

)

Zeng et al
[21]

△𝑢𝑎𝑣𝑔/𝑖𝑜,𝑎𝑣𝑔/SoC𝑎𝑣𝑔 3 △𝑢 = 𝑖𝑜𝑅𝑑𝑟
𝑅𝑑𝑟 =
⎧

⎪

⎨

⎪

⎩

𝑅𝑑𝑟𝑜

𝐶𝑏

[

1 + SoC𝑎𝑣𝑔 − SoC
]𝜀 𝑖𝑜 ⩾ 0

𝑅𝑑𝑟𝑜

𝐶𝑏

[

1 + SoC − SoC𝑎𝑣𝑔
]𝜀 𝑖𝑜 < 0

Shafiee et al
[22]

𝑣𝑎𝑣𝑔/SoC 2 ∖

Chen et al
[23,24]

𝑣𝑎𝑣𝑔/𝑥 2 𝑥 = 𝑖𝑙𝑜𝑎𝑑𝑣𝑏𝑢𝑠∕𝐹SoC

𝐹SoC =

{

SoC − SoC𝑙𝑜𝑤 𝑖𝑜 ⩾ 0
SoCℎ𝑖𝑔ℎ − SoC 𝑖𝑜 < 0

Zhang et al
[25]

𝑣𝑎𝑣𝑔/SoC/
⋅

SoC 3
⋅

SoC = 𝑑SoC
𝑑𝑡

Mi et al
[26]

𝑣𝑎𝑣𝑔/SoC𝑎𝑣𝑔/𝑖𝑜,𝑎𝑣𝑔 3 ∖

Xu et al
[27]

𝑣𝑎𝑣𝑔/SoC 2 ∖

Zhang et al
[28]

𝜉𝑎𝑣𝑔/SoC𝑎𝑣𝑔 2 𝜉 =
(

1 − △𝑢
△𝑢𝑚𝑎𝑥

)

𝑣𝑏𝑢𝑠 ,△𝑢 = 𝑅𝑑𝑟𝑖𝑜

Shahoo et al
[29]

𝑣𝑢/ ∫ 𝑣𝑢𝑑t/SoC 3 𝑣𝑢 is average voltage regulation
term

Huang et al
[30]

𝑅𝑑𝑟𝑖𝑜/ ∫ 𝑅𝑑𝑟𝑖𝑜𝑑t/SoC𝑎𝑣𝑔 3 ∖

Hu et al
[31]

SoC/𝑖𝑜/𝑅𝑑𝑟,𝑎𝑣𝑔 3 ∖

The proposed
control strategy

𝜌 1 𝜌 = 𝑖𝑜∕𝐶𝑏 − 𝜃SoC
2. Problem formulation and control objectives

2.1. Configuration of DC microgrids

The configuration of DC microgrids used in this paper is illustrated
in Fig. 1, which consists of 𝑁 DC buses, where each DC bus is connected
with a BESS, a RES and a resistive load. Each BESS is connected to
the DC bus through a DC–DC converter, and converters are operated
at voltage control mode to support DC bus voltage, the DC buses are
linked through tie-lines. Besides, the resistive loads absorb power from
the microgrids while the RESs generate power for the microgrids.

2.2. Electric network model

In Fig. 1, 𝑣𝑏𝑢𝑠𝑖 represents 𝑖th DC bus voltage, 𝑖𝑜𝑖 is the 𝑖th converter
output current, which is positive when BESS is discharging, while
negative when the BESS is charging. Based on the Kirchhoff’s law, the
voltage and current relationship of whole system can be expressed as
follows

𝒊𝒐 + 𝒊𝐑𝐄𝐒 = 𝒀 𝒗𝒃𝒖𝒔 (1)

where 𝒗𝒃𝒖𝒔 =
[

𝑣𝑏𝑢𝑠1, 𝑣𝑏𝑢𝑠2....., 𝑣𝑏𝑢𝑠N
]T is the DC bus voltage vector,

𝒊𝒐 =
[

𝑖𝑜1, 𝑖𝑜2....., 𝑖𝑜N
]T is the converter output current vector. 𝒊𝐑𝐄𝐒 =

[

𝑖RES1, 𝑖RES2....., 𝑖RESN
]T, where 𝑖RES𝑖 is the RES current fed into 𝑖th DC
3

bus. 𝒀 represents the nodal admittance matrix of DC microgrids, and it
can be calculated according to

𝑌𝑖𝑗 =

{

𝑦𝑖 +
∑

𝑗∈N𝑒
𝑖
𝑦𝑖𝑗 if 𝑖 = 𝑗

−𝑦𝑖𝑗 if 𝑖 ≠ 𝑗
(2)

where N𝑒
𝑖 denotes the set of DC buses which are electrically connected

to the 𝑖th bus, 𝑦𝑖 is the admittance of resistive load connected to the 𝑖th
bus, 𝑦𝑖𝑗 is line admittance between the 𝑖th bus and the 𝑗th bus, these
elements are none zero only when the corresponding buses are physical
connections.

2.3. Primary droop control and control objectives

In DC microgrids, the droop control is widely used due to its
simplicity and effectiveness. In the droop control, the converters are
controlled at voltage mode to support DC bus voltage, and the reference
of DC bus voltage decreases with converter output current

𝑣𝑟𝑒𝑓𝑖 = 𝑣∗ − 𝑅𝑑𝑟𝑖𝑖𝑜𝑖 (3)

where 𝑣∗ is the nominal DC voltage, 𝑣𝑟𝑒𝑓𝑖 is the reference of DC bus
voltage and 𝑅𝑑𝑟𝑖 is the droop gain for the 𝑖th converter.

The primary droop control can achieve automatic current-sharing
and voltage regulation only with local information. However, the 𝑅𝑑𝑟𝑖
will cause a voltage deviation from its set-point 𝑣∗, and precise current-
sharing is also unachievable due to the existence of the line resistance.
Furthermore, for the health of BESSs, the SoCs of BESSs should be
balanced, i.e., maintaining the SoCs of all BESSs at almost the same
level during BESSs charging and discharging. Thus, SoC estimation
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Fig. 1. Configuration of DC Microgrids.
is essential, and it is usually updated with the Coulomb Counting
method [35]

SoC𝑖 = SoC𝑖𝑛𝑖𝑡_𝑖 −
1
𝐶𝑏𝑖 ∫

𝑖𝑜𝑖𝑑𝑡 (4)

where SoC𝑖 and 𝐶𝑏𝑖 are the SoC and capacity of BESS𝑖, respectively.
SoC𝑖𝑛𝑖𝑡_𝑖 is the initial SoC value of BESS𝑖. In summary, the following
three objectives, i.e., accurate current-sharing, SoC balance, average
voltage regulation, should be achieved in the DC microgrids opera-
tion, and the proposed distributed secondary control is introduced in
Section 3 to achieve following objectives

𝑙𝑖𝑚
𝑡→∞

(𝑖𝑜𝑖∕𝐶𝑏𝑖 − 𝑖𝑜𝑗∕𝐶𝑏𝑗 ) = 0 ∀𝑖, 𝑗 (5a)

𝑙𝑖𝑚
𝑡→∞

(

SoC𝑖 − SoC𝑗
)

= 0 ∀𝑖, 𝑗 (5b)

𝑙𝑖𝑚
𝑡→∞

1∕N
N
∑

𝑖=1
𝑣𝑏𝑢𝑠𝑖 − 𝑣∗ = 0 (5c)

2.4. Graph theory

To achieve the aforementioned objectives in the DC microgrids
operation, a communication network is needed in the proposed dis-
tributed secondary control. As illustrated in Fig. 1, the communication
network topology can be modeled as an undirected graph, where each
BESS and converter are represented as a node and these nodes are
connected by a communication digraph represented by edges. Their
connections can be represented by an adjacency matrix 𝑨 =

[

𝑎𝑖𝑗
]

∈
𝑅N×N, where the communication weights are given by:

𝑎𝑖𝑗 =
{

1 if 𝑗 ∈ N𝑐
𝑖

0 otherwise
(6)

N𝑐
𝑖 denotes the set of nodes that have a communication links with 𝑖th

node. Further, the incoming cyber information matrix can be denoted
by 𝒁𝒊𝒏 = diag{𝑑𝑖}, 𝑑𝑖 =

∑

𝑗𝜖N𝑐
𝑖
𝑎𝑖𝑗 , In this paper, all communication

links are bidirectional and the Laplacian matrix 𝑳, 𝑳 = 𝒁𝒊𝒏 − 𝑨, is
balanced [36] .

3. Proposed control strategy for DC microgrids

3.1. Secondary control term generation

To achieve objectives in Eq. (5), the distributed secondary control
is usually used to generate a secondary term 𝑢 , which is added to the
4

𝑖

droop expression Eq. (3), it yields

𝑣𝑟𝑒𝑓𝑖 = 𝑣∗ − 𝑅𝑑𝑟𝑖𝑖𝑜𝑖 + 𝑢𝑖 (7)

In the proposed control strategy, the detail control algorithm for 𝑢𝑖
is presented in Fig. 2, where a cascaded framework consisting of an
SoC controller and a voltage controller is proposed and a virtual state
variable 𝜌𝑖 combing current and SoC information is defined

𝜌𝑖 = 𝑖𝑜𝑖∕𝐶𝑏𝑖 − 𝜃SoC𝑖 (8)

𝜃 is an SoC balance index, a greater 𝜃 causes faster SoC balance
speed, the influence of 𝜃 to SoC balance speed will be discussed in
the Section 5. In the SoC controller, BESS𝑖 compares its local 𝜌𝑖 with
neighbors’ 𝜌𝑗 then the difference is sent to PI controller to generate a
voltage correction term 𝛿𝑖

𝛿𝑖 = 𝑘𝑝
∑

𝑗𝜖N𝑐
𝑖

𝑎𝑖𝑗 (𝜌𝑗 − 𝜌𝑖) + 𝑘𝑠 ∫
∑

𝑗𝜖N𝑐
𝑖

𝑎𝑖𝑗 (𝜌𝑗 − 𝜌𝑖)𝑑𝑡 (9)

where 𝑘𝑝 and 𝑘𝑠 are proportional gain and integral gain, respectively.
In the voltage controller, 𝛿𝑖 is added to nominal voltage 𝑣∗ to modify
DC bus voltage. As elaborated in Eq. (10), the 𝑢𝑖 is expressed as

𝑢𝑖 = 𝛾 ∫ 𝑣∗ + 𝛿𝑖 − 𝑣𝑏𝑢𝑠𝑖 𝑑𝑡 (10)

where 𝛾 is the voltage regulation index. With the proposed control strat-
egy, the voltage deviation between 𝑣∗ and 𝑣𝑏𝑢𝑠𝑖 is 𝛿𝑖. In some situation
that the RESs and loads are uneven distributed in different DC buses, to
achieve accurate current-sharing and average voltage regulation, some
DC buses have to largely deviate to the nominal voltage, which will
deteriorate the bus voltage quality. Hence, a voltage deviation limiter
is introduced to constrain the voltage deviation between 𝑣∗ and 𝑣𝑏𝑢𝑠𝑖.

3.2. Control objectives achievement discussion

The SoC controller is designed based on consensus protocol, hence,
this protocol drives all states to the same consensus value [36], i.e.,

𝜌𝑖 = 𝜌𝑗 → 𝑖𝑜𝑖∕𝐶𝑏𝑖 − 𝑖𝑜𝑗∕𝐶𝑏𝑗 = 𝜃 △ SoC𝑖𝑗 ∀𝑖, 𝑗 (11)

where △SoC𝑖𝑗 = SoC𝑖 − SoC𝑗 .
This virtually defined state variable helps SoC balance no matter in

BESSs charging or discharging mode, and the process of SoC balancing
is elaborated below. Combining Eq. (4) and Eq. (11), it yields
𝑑SoC𝑗 −

𝑑SoC𝑖 = 𝜃 △ SoC (12)

𝑑𝑡 𝑑𝑡 𝑖𝑗
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Fig. 2. The proposed distributed secondary control framework.
For the simplicity, the following scenarios are used to demonstrate
the SoC balancing process based on the assumption that SoC𝑖 > SoC𝑗 ,
i.e, △SoC𝑖𝑗 > 0. It is worth noting that the dynamics of the output
current is much faster than the SoC, hence, △SoC𝑖𝑗 can be considered
as unchanged.

Scenario 1: Both BESS𝑖 and BESS𝑗 are discharging
Eq. (4) indicates that 𝑑SoC

𝑑𝑡 < 0 in BESSs discharging process. As
△SoC𝑖𝑗 > 0, it is easy to infer that |

𝑑SoC𝑖
𝑑𝑡 | > |

𝑑SoC𝑗
𝑑𝑡 |, which indicates

that SoC decrease speed of BESS𝑖 is quicker than BESS𝑗 , thus BESS𝑖
and BESS𝑗 will be gradually balanced.

Scenario 2: Both BESS𝑖 and BESS𝑗 are charging
Eq. (4) indicates that 𝑑SoC

𝑑𝑡 > 0 in BESSs charging process. As
△SoC𝑖𝑗 > 0, it is easy to infer that |

𝑑SoC𝑗
𝑑𝑡 | > |

𝑑SoC𝑖
𝑑𝑡 |, which indicates

SoC increase speed of BESS𝑗 is quicker than BESS𝑖 so that BESS𝑖 and
BESS𝑗 will be gradually balanced.

Scenario 3: BESS𝑖 is discharging and BESS𝑗 is charging
In this scenario, BESS𝑖 and BESS𝑗 will be gradually balanced.
The steady-state analysis presented in Section 4 will further demon-

strate that the SoC balance is achieved with the proposed control
strategy.

Based on above analysis, the control objectives of accurate current-
sharing and SoC balance are achieved with the proposed secondary
control. As demonstrated in Table 1, to restore the average voltage to its
nominal value, the average voltage observer proposed in [15] is widely
used in previous study, and it is expressed as

𝑣𝑎𝑣𝑔𝑖 = 𝑣𝑏𝑢𝑠𝑖 − ∫
∑

𝑗𝜖N𝑐
𝑖

𝑎𝑖𝑗
(

𝑣𝑎𝑣𝑔𝑖 − 𝑣𝑎𝑣𝑔𝑗
)

𝑑𝑡 (13)

where 𝑣𝑎𝑣𝑔𝑖 and 𝑣𝑎𝑣𝑔𝑗 are observed average voltages at BESS𝑖 and
BESS𝑗 . In these average voltage observer based (AVOB) methods, in-
formation of voltage state variable 𝑣𝑎𝑣𝑔 needs to be transmitted to
their neighbors for average voltage observation, which introduces an
extra state variable. In the proposed control strategy, the average
voltage observer is removed. Due to 𝑳 is balanced, the average voltage
regulation is achieved automatically when output current is regulated,
it will be demonstrated in the stability and steady-state analysis in
Section 4.

In summary, only the state variable 𝜌 need to be exchanged between
neighboring BESSs and the average voltage observer is removed, the
average voltage regulation, accurate current-sharing and SoC balance
are achieved with the proposed control strategy. The reduction of ex-
changed state variable and the simplicity of 𝜌 design (no need to change
when BESSs switch between charging/discharging) makes the proposed
control strategy more straightforward and simplified compared with
existing methods.

3.3. Design of control parameter 𝜃

As aforementioned, a larger 𝜃 leads to a faster SoC balance speed,
but its value has a limit. The design of 𝜃 can be referred to Eq. (11).
For simplicity, the power mismatch between the loads and RESs is
represented by equivalent load 𝐼𝑒

𝐼𝑒 =
N
∑

(

𝑖𝑙𝑜𝑎𝑑𝑖 − 𝑖RES𝑖
)

(14)
5

𝑖=1
where 𝑖𝑙𝑜𝑎𝑑𝑖 is the current drawn by the 𝑖th load. Assuming two BESSs
are connected in the system, it yields

𝑖𝑜1∕𝐶𝑏1 − 𝑖𝑜2∕𝐶𝑏2 = 𝜃 △ SoC12 (15a)

𝑖𝑜1 + 𝑖𝑜2 = 𝐼𝑒 (15b)

It is worth noting that 𝑖𝑜1∕𝐶𝑏1, 𝑖𝑜2∕𝐶𝑏2 are the charging/discharging
C-rate for two BESSs. In the microgrid application, BESSs charging/
discharging current is usually smaller than 1C, i.e., 𝑖𝑜1 < 𝐶𝑏1 and
𝑖𝑜2 < 𝐶𝑏2. Combining Eq. (15), it yields

−1 < 𝑖𝑜1∕𝐶𝑏1 =
𝐼𝑒 + 𝜃𝐶𝑏2 △ SoC12

𝐶𝑏1 + 𝐶𝑏2
< 1 (16a)

−1 < 𝑖𝑜2∕𝐶𝑏2 =
𝐼𝑒 − 𝜃𝐶𝑏1 △ SoC12

𝐶𝑏1 + 𝐶𝑏2
< 1 (16b)

Based on Eq. (16), the feasible range for 𝜃 can be expressed as

0 < 𝜃 <
𝐶𝑏1 + 𝐶𝑏2 − 𝐼𝑒
𝐶𝑏2 △ SoC12

if 𝐼𝑒 > 0 (17a)

0 < 𝜃 <
𝐶𝑏1 + 𝐶𝑏2 + 𝐼𝑒
𝐶𝑏1 △ SoC12

if 𝐼𝑒 < 0 (17b)

If the circulating current between BESSs is not allowed, i.e., the BESSs
are always working at same mode (charging/or discharging), another
constraints should be applied

𝜃 <
𝐼𝑒

𝐶𝑏1 △ SoC12
if 𝐼𝑒 > 0 (18a)

𝜃 <
−𝐼𝑒

𝐶𝑏2 △ SoC12
if 𝐼𝑒 < 0 (18b)

The above analysis can also be extended to a system with 𝑁 BESSs,
then the feasible range for 𝜃 can be calculated accordingly.

3.4. Complete control block for BESSs

With the primary droop control and the proposed distributed sec-
ondary control, the detailed control algorithm and power electronics
circuit for BESS𝑖 are illustrated in Fig. 3, where ±𝑖𝑙𝑖𝑚𝑖𝑡 is the charging
and discharging current limit for all converters, and 𝐿 and 𝐶𝑏𝑢𝑠 are
induction for all converters and capacitance for all DC buses, respec-
tively. The BESS𝑖 is connected to the DC bus through a bidirectional
buck-boost converter, and it is operated in voltage control mode. The
𝑣𝑟𝑒𝑓𝑖 is generated according to Eq. (7), the voltage loop tracks 𝑣𝑟𝑒𝑓𝑖 and
generates the 𝑖th converter output current reference 𝑖𝑟𝑒𝑓𝑖. Similarly, the
current loop tracks 𝑖𝑟𝑒𝑓𝑖 and generate two complementary Pulse Width
Modulations (PWMs).

4. Stability and steady-state analysis

This section presents the stability and steady-state analysis to
demonstrate the effectiveness of the proposed control strategy and
investigate the influence of system parameters on the system stability
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Fig. 3. Complete control block and power electronics circuit for BESS𝑖.
and steady-state performance. To research the impact of communica-
tion delay on the system stability and steady-state performance, the
adjacency matrix 𝑨 is modified in to 𝑨′ =

[

𝑎′𝑖𝑗
]

∈ 𝑅N×N

𝑎′𝑖𝑗 =
{

1∕ (1 + 𝜏𝑠) if 𝑗 ∈ N𝑐
𝑖

0 otherwise
(19)

where 𝜏 is the communication delay between neighboring nodes. The
self communication delay is introduced and set to 𝜏 in the proposed
control strategy, then the incoming cyber information matrix can be
denoted by 𝒁′

𝒊𝒏 = diag{𝑑𝑖}, 𝑑𝑖 =
∑

𝑗𝜖N𝑐
𝑖
𝑎′𝑖𝑗 , and the modified Laplacian

matrix becomes 𝑳′ = 𝒁′
𝒊𝒏 −𝑨′.

Combining Eq. (7), Eq. (9) and Eq. (10), the system voltage refer-
ence can be expressed as

𝒗𝒓𝒆𝒇 = 𝒗∗ −𝑹𝒅𝒓𝒊𝒐 + 𝛾 ∫

(

𝒗∗ − 𝑘𝑝𝑳′𝝆 − 𝑘𝑠𝑳′
∫ 𝝆𝑑𝑡 − 𝒗𝒃𝒖𝒔

)

𝑑𝑡 (20)

where 𝒗𝒓𝒆𝒇 =
[

𝑣𝑟𝑒𝑓1, 𝑣𝑟𝑒𝑓2,… , 𝑣𝑟𝑒𝑓N
]T is the reference voltage sector,

𝒗∗ = 𝑣∗𝟏𝐍 is the nominal voltage sector and 𝟏𝐍 is N-th order vector
with all elements equal to 1. 𝑹𝒅𝒓 = diag

{

𝑅𝑑𝑟𝑖
}

is droop coefficient
matrix. And

𝝆 = 𝑪−𝟏
𝒃 𝒊𝒐 − 𝜃𝐒𝐨𝐂 (21)

𝐒𝐨𝐂 =
[

SoC1,SoC2...,SoCN
]T is SoC vector, 𝑪𝒃 = diag

{

𝐶𝑏𝑖
}

is battery
capacity matrix. Combining Eq. (20) and (21) and applying Laplace
transform

𝑽 𝒓𝒆𝒇 = 𝑽 ∗ −𝑹𝒅𝒓𝑰𝒐 +
𝛾
𝑠

[

𝑽 ∗ −
(

𝑘𝑝 +
𝑘𝑠
𝑠

)

𝑳′ (𝑪𝒃
−1𝑰𝒐 − 𝜃𝐒𝐎𝐂

)

− 𝑽 𝒃𝒖𝒔

]

(22)

where 𝑽 ∗ = 𝑣∗

𝑠 𝟏𝐍 is the Laplace transform of 𝒗∗, similarly, 𝑽 𝒃𝒖𝒔,
𝑽 𝒓𝒆𝒇 , 𝑰𝒐 and 𝐒𝐎𝐂 are the Laplace transform of 𝒗𝒃𝒖𝒔, 𝒗𝒓𝒆𝒇 , 𝒊𝒐 and 𝐒𝐨𝐂,
respectively.

Applying Laplace transform to Eq. (1) and Eq. (4)

𝑰𝒐 + 𝑰𝐑𝐄𝐒 = 𝒀 𝑽 𝒃𝒖𝒔 (23)

𝐒𝐎𝐂 = −𝑪𝒃
−1𝑰𝒐∕𝑠 (24)

where 𝑰𝐑𝐄𝐒 =
[

𝑖RES1∕𝑠, 𝑖RES2∕𝑠,… , 𝑖RESN∕𝑠
]T is the Laplace transform of

𝒊𝐑𝐄𝐒.
As illustrated in Fig. 3, the speed of the inner loops (voltage loop and

current loop) are usually much faster than the reference voltage update,
thus, the inner loops can be viewed as ‘1’ [37], i.e., 𝑽 𝒓𝒆𝒇 = 𝑽 𝒃𝒖𝒔 is
assumed in the following analysis. Combining Eq. (22) to Eq. (24), the
closed loop transfer function of DC bus voltages with input 𝑽 ∗ and 𝑰
6

𝐑𝐄𝐒
Table 2
System and control parameters used in stability and steady-state analysis.

Parameters Value Parameters Value

𝑦1 0.1 Ω−1 𝑦𝑖 , (𝑖 = 2, 3, 4) Not Connected
𝑦12 , 𝑦14 10 Ω−1 𝑦23 5 Ω−1

𝑦34 2 Ω−1 𝐶𝑏𝑢𝑠 0.1 F
𝑖RES3 50 A 𝑖RES𝑖 , (𝑖 = 1, 2, 4) Not Connected
𝐶𝑏𝑖 , (𝑖 = 1, 2, 3, 4) 50 A h 𝛾 1
𝑘𝑖 50 𝑘𝑝 50
𝜃 2 𝑣∗ 380 V

can be expressed as by Eq. (25), where 𝐈𝐍 is N-th order identity matrix.
Given Eq. (25), the dynamics of DC bus voltages can be calculated
directly.

𝑽 𝒃𝒖𝒔 =
𝑨𝒏𝑠3 + 𝑩𝒏𝑠2 + 𝑪𝒏𝑠 +𝑫𝒏

𝑨𝒅𝑠3 + 𝑩𝒅𝑠2 + 𝑪𝒅𝑠 +𝑫𝒅
(25)

where

𝑨𝒅 = 𝐈𝐍 +𝑹𝒅𝒓𝒀 𝑩𝒅 = 𝛾𝐈𝐍 + 𝛾𝑘𝑝𝑳′𝑪𝒃
−1𝒀

𝑪𝒅 =
(

𝛾𝑘𝑠 + 𝛾𝜃𝑘𝑝
)

𝑳′𝑪𝒃
−1𝒀 𝑫𝒅 = 𝛾𝜃𝑘𝑠𝑳′𝑪𝒃

−1𝒀

𝑨𝒏 = 𝑰𝐑𝐄𝐒𝑹𝒅𝒓 + 𝑽 ∗ 𝑩𝒏 = 𝛾𝑘𝑝𝑳′𝑪𝒃
−1𝑰𝐑𝐄𝐒 + 𝛾𝑽 ∗

𝑪𝒏 =
(

𝛾𝑘𝑠 + 𝛾𝜃𝑘𝑝
)

𝑳′𝑪𝒃
−1𝑰𝐑𝐄𝐒 𝑫𝒏 = 𝛾𝜃𝑘𝑠𝑳′𝑪𝒃

−1𝑰𝐑𝐄𝐒

4.1. Stability analysis

Based on closed loop transfer function of DC bus voltages in Eq. (25),
the stability analysis of DC microgrids with the proposed control
strategy is shown in Figs. 4 and 5. For simplicity, a four-bus system
is used, and the system and controller parameters used in the stability
and steady-state analysis are given in Table 2.

Fig. 4 illustrates the movement of poles as 𝛾 and 𝜃 increase, the
blue stars represent the location where the poles move from while the
red stars show the location where the poles end. The poles in the red
cycle are related to the battery SoCs. In Fig. 4(a), 𝛾 increases from
0.1 to 10, while the other parameters used in the analysis are kept
same as shown in Table 2. It is shown that all the poles are located
in the left half of s-plane, which shows that DC microgrids with the
proposed control strategy are stable. The poles related to the battery
SoCs are kept unchanged as 𝛾 increases, which confirms that the SoC
balance speed is not affected by 𝛾. And the other poles move towards
left as 𝛾 increases, demonstrating that a greater 𝛾 leads a faster voltage
regulation speed.

As illustrated in Fig. 4(b), 𝜃 increases from 0.1 to 10, similarly, it
can be observed that all the poles are located in the left half of s-plane.
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Fig. 4. Root locus with the proposed control strategy (a) as 𝛾 increases (b) as 𝜃 increases.
Fig. 5. Root locus as 𝜏 increases from 0.02 s to 2 s in the proposed control strategy.
The poles related to the battery SoCs moves towards left while the other
poles are almost kept unchanged as 𝜃 increases, which demonstrates
that a greater 𝜃 leads a faster SoC balance speed.

In the communication-based control strategy, a large communica-
tion delay will inevitably make the system unstable. Fig. 5 illustrates
the locus of poles as the communication delay 𝜏 increases, and it is
evident that the system response slows down with the increase of 𝜏,
and it is shown in the enlarged figure that the poles move to the right
half of s-plane when 𝜏 is greater than 1.2 s, which implies that the
system will become unstable.

4.2. Steady-state analysis

Based on Eq. (22), the system DC bus voltage can be rewritten as

𝑽 𝒃𝒖𝒔 = 𝑽 ∗ −𝑹𝒅𝒓𝑰𝒐 +
𝛾
𝑠
(

𝑽 ∗ − 𝑽 𝒃𝒖𝒔
)

− 𝑳′
( 𝛾𝑘𝑝

𝑠
+

𝛾𝑘𝑠
𝑠2

)

(

𝑪𝒃
−1𝑰𝒐 − 𝜃𝐒𝐎𝐂

)

(26)

As the Laplacian matrix 𝑳′ is balanced, 𝟏𝐓𝐍𝑳
′ = 0 [36]. By multiplying

𝟏𝐓𝐍 at both sides of Eq. (26), it yields

𝟏𝐓𝐍𝑽 𝒃𝒖𝒔 = 𝟏𝐓𝐍
[

𝑽 ∗ −𝑹𝒅𝒓𝑰𝒐 +
𝛾
𝑠
(

𝑽 ∗ − 𝑽 𝒃𝒖𝒔
)

]

(27)

Based on Eq. (27), it is evident that

lim(𝟏𝐓𝛾 + 𝑠𝟏𝐓 )𝑠𝑽 + 𝑠2𝟏𝐓𝑹 𝑰 = lim𝑠2𝟏𝐓𝑽 ∗ + 𝑠𝟏𝐓𝛾𝑽 ∗ (28)
7

𝑠→0 𝐍 𝐍 𝒃𝒖𝒔 𝐍 𝒅𝒓 𝒐 𝑠→0 𝐍 𝐍
Applying the final value theorem [38], then

𝒗𝒔𝒔𝒃𝒖𝒔 = lim
𝑠→0

𝑠𝑽 𝒃𝒖𝒔 (29a)

𝒊𝒔𝒔𝒐 = lim
𝑠→0

𝑠𝑰𝒐 (29b)

𝐒𝐨𝐂𝒔𝒔 = lim
𝑠→0

𝑠𝐒𝐎𝐂 (29c)

where 𝒗𝒔𝒔𝒃𝒖𝒔 =
[

𝑣𝑠𝑠𝑏𝑢𝑠1, 𝑣
𝑠𝑠
𝑏𝑢𝑠2,… , 𝑣𝑠𝑠𝑏𝑢𝑠N

]

, is the DC bus voltage vector at
steady-state, 𝒊𝒔𝒔𝒐 is the converter output current vector at steady-state,
𝐒𝐨𝐂𝑠𝑠 is the SoC vector at steady-state. At the left side of the Eq. (28),
lim
𝑠→0

𝟏𝐓𝐍𝛾𝑠𝑽 𝒃𝒖𝒔 = 𝛾
∑N

𝑖=1 𝑣
𝑠𝑠
𝑏𝑢𝑠𝑖, lim

𝑠→0
𝑠𝟏𝐓𝐍𝑠𝑽 𝒃𝒖𝒔 = 0, lim 𝑠𝟏𝐓𝐍𝑹𝒅𝒓𝑠𝑰𝒐 =

lim 𝑠𝟏𝐓𝐍𝑹𝒅𝒓𝒊𝒔𝒔𝒐 = 0. At the right side of the Eq. (28), lim
𝑠→0

𝑠𝟏𝐓𝐍𝑠𝑽
∗ = 0,

lim
𝑠→0

𝛾𝟏𝐓𝐍𝑠𝑽
∗ = 𝛾N𝑣∗. Hence, Eq. (30) is established based on (28)

1∕N
N
∑

𝑖=1
𝑣𝑠𝑠𝑏𝑢𝑠𝑖 = 𝑣∗ (30)

Hence, the proposed control strategy achieves average voltage regula-
tion.

Combining Eq. (24) and (26), it yields

𝑳′𝑪−𝟏
𝒃 𝑰𝒐 =

(

𝑠3 + 𝛾𝑠2
) (

𝑽 ∗ − 𝑽 𝒃𝒖𝒔
)

− 𝑠3𝑹𝒅𝒓𝑰𝒐
2

(31)

𝛾𝑘𝑝𝑠 + (𝛾𝑘𝑠 + 𝛾𝜃𝑘𝑝)𝑠 + 𝛾𝜃𝑘𝑠



International Journal of Electrical Power and Energy Systems 155 (2024) 109627J. Su et al.
Fig. 6. Test results before and after the secondary control activated.
Combining Eqs. (31) and ((29)ab), it yields

𝑳′𝑪−𝟏
𝒃 𝒊𝒔𝒔𝒐 = lim

𝑠→0

(

𝑠3 + 𝛾𝑠2
) (

𝑠𝑽 ∗ − 𝒗𝒔𝒔𝒃𝒖𝒔
)

− 𝑠3𝑹𝒅𝒓𝒊𝒔𝒔𝒐
𝛾𝑘𝑝𝑠2 + (𝛾𝑘𝑠 + 𝛾𝜃𝑘𝑝)𝑠 + 𝛾𝜃𝑘𝑠

= 0 (32)

It is easy to infer that the numerator approaches to 0 when 𝑠
approaches to 0 in Eq. (32). Hence, 𝑳′𝑪−𝟏

𝒃 𝒊𝒔𝒔𝒐 = 0, which indicates
𝑪−𝟏

𝒃 𝒊𝒔𝒔𝒐 is the right eigenvector of 𝑳′ associated with zero eigenvalue.
According to the property of 𝑳′ [36]

𝑪−𝟏
𝒃 𝒊𝒔𝒔𝒐 = 𝜆1𝟏𝐍 (33)

where 𝜆1 is a positive value, and 𝜆1𝑪𝒃 is a vector that the converter cur-
rent vector 𝒊𝒐 will finally converge. Hence the accurate current-sharing
among BESSs is achieved with proposed control strategy.

Eq. (26) can be rewritten as

𝑳′𝐒𝐎𝐂 =

(

𝑠2 + 𝛾𝑠
) (

𝑽 𝒃𝒖𝒔 − 𝑽 ∗) + 𝑠2𝑹𝒅𝒓𝑰𝒐

𝛾𝜃𝑘𝑝𝑠 + 𝛾𝜃𝑘𝑠
+ 1∕𝜃𝑳′𝑪−𝟏

𝒃 𝑰𝒐 (34)

Combining Eq. (34) and Eq. (29) , it yields

𝑳′𝐒𝐨𝐂𝑠𝑠 = lim
𝑠→0

(

𝑠2 + 𝛾𝑠
) (

𝒗𝒔𝒔𝒃𝒖𝒔 − 𝑠𝑽 ∗) + 𝑠2𝑹𝒅𝒓𝒊𝒐𝒔𝒔

𝛾𝜃𝑘𝑝𝑠 + 𝛾𝜃𝑘𝑠
+

𝑳′𝑪−𝟏
𝒃 𝒊𝒐𝒔𝒔

𝜃

= lim
𝑠→0

𝑳′𝑪−𝟏
𝒃 𝒊𝒐𝒔𝒔

𝜃

(35)

lim
𝑠→0

𝑳′𝑪−𝟏
𝒃 𝒊𝒐𝒔𝒔 = 0 based on Eq. (32), thus 𝑳′𝐒𝐨𝐂𝑠𝑠 = 0, which indicates

𝐒𝐨𝐂𝑠𝑠 is the right eigenvector of 𝑳′ associated with zero eigenvalue.
According to the property of 𝑳′

𝐒𝐨𝐂𝒔𝒔 = 𝜆2𝟏𝐍 (36)

where 𝜆2 is a positive value, the SoC vector 𝐒𝐨𝐂 will finally converge
to this value. Hence the SoC balance among BESSs is achieved with the
proposed control strategy.

5. Results and discussions

5.1. Simulink test results and discussions

To validate the proposed control strategy, a four-bus system with
five case studies is tested in Maltab/Simulink environment. The 𝑖RES3
changes with time, and the parameters for the system and controller
used in the tests are same with that in Table 2.

A. Test Results Before and After Secondary Control
In this case study, the test results with the proposed control strategy

before and after the secondary control activated are illustrated in Fig. 6.
From 0 s to 5 s, the DC microgrid is controlled only by the droop
control, and the average DC bus voltage is stabilized at a value less
8

than 380 V, the BESSs converters output currents are significantly dif-
ferent from each other due to uneven distribution of load, besides, the
mismatch of line resistance also has an impact on the current-sharing.

To achieve accurate current-sharing and average voltage regulation,
the proposed secondary control is activated at 5 s, the output currents
of all converters converge to about 10 A, achieving even current-
sharing among BESSs, and the average DC bus voltage is restored to the
nominal value of 380 V. The 𝑖RES3 increases to 10 A at 10 s, the accurate
current-sharing and average voltage regulation can still be maintained
after RES perturbation.

B. SoC Balance Speed Study
In this case study, SoC balance speed with different 𝜃 is investigated.

The initial SoCs of the four BESSs are set 0.8, 0.7, 0.6, 0.5, respectively.
And to fully investigate the SoC balance dynamics, the 𝐶𝑏 of all BESSs
is scaled down from 50 Ah to 0.2 Ah.

The SoC balance trajectory with 𝜃 = 2 is illustrated in Fig. 7. From 0
s to 10 s 𝑖RES3 is set to 0 A, four BESSs inject power to the DC microgrid
to support the load, the output currents of four BESSs converters are
slightly different where the BESSs with higher initial SoC values inject
more power to the DC microgrid to achieve SoC balance. From 10 s to
20 s, 𝑖RES3 is set to 75 A, four BESSs work in charging mode, BESSs with
higher initial SoC values absorb less power to achieve SoC balance. The
case study shows that no matter BESSs work in charging or discharging
mode, the difference of SoCs will gradually narrow down with time.

The SoC balance with 𝜃 = 10 is illustrated in Fig. 8, it shows
a greater difference between the output currents of BESSs compared
with the situation where 𝜃 = 2, and a quicker SoC balance process
is achieved. Once SoCs converge, they will keep consensus in the
following time.

C. Average Voltage Regulation Speed Study
Fig. 9 illustrates the voltage regulation speed with different 𝛾. To

achieve accurate current-sharing between four BESSs, the four DC bus
voltages are stabilized at different values. It takes about 3 s and 1 s for
the average DC bus voltage to be restored to its nominal value 380 V
with 𝛾 = 0.5 and 𝛾 = 2, respectively. It is evident that a greater 𝛾 leads
a faster voltage regulation speed.

D. Comparison With AVOB Control Strategy

Scenario 1: Under individual DC bus voltage deviation limit
In the situation where the RESs and loads are uneven distributed

in different DC buses, some DC buses have to largely deviate to the
nominal voltage to achieve accurate current-sharing and average volt-
age regulation, which will deteriorate the voltage quality. To avoid
that, the average voltage regulation function should be abandoned in
that situation. To validate the performance of the voltage deviation

limiter in the proposed control strategy under uneven load distributed,
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Fig. 7. SoC balance study with 𝜃 = 2 (a) 𝑣𝑏𝑢𝑠 (b) 𝑖𝑜 (c) SoC values.

Fig. 8. SoC balance study with 𝜃 = 10 (a) 𝑣𝑏𝑢𝑠 (b) 𝑖𝑜 (c) SoC values.

Fig. 9. DC bus voltages with different 𝛾 (a) 𝛾 = 0.5 (b) 𝛾 = 2.
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Fig. 10. Performance under DC bus voltage deviation limit (a)/(b) 𝑣𝑏𝑢𝑠/𝑖𝑜 with the proposed strategy (c)/(d) 𝑣𝑏𝑢𝑠/𝑖𝑜 with AVOB methods.
Fig. 11. DC bus voltage regulation when BESS4 is not connected (a) the proposed control strategy (b) the AVOB control strategies.
𝑦1 is set to 0.25 Ω−1 while other parameters are kept unchanged in
Table 2. A strict voltage deviation limiter where 𝜀 is set to 10 V
is introduced. Fig. 10 illustrates that voltage regulation and current-
sharing with the proposed control strategy and AVOB control strategy.
It can be observed that the average voltage is less than 380 V and
all individual DC bus voltages are constrained between 370–390 V
with the proposed control strategy. In the AVOB control strategy, the
coordination between the voltage regulation and power flow term
cannot be achieved, both the average regulation and current-sharing
are deteriorated.

Scenario 2: When BESS is not available at 4-th bus
The aforementioned analysis and simulation are based on that each

DC bus is supported by a BESS, where the average voltage regula-
tion, accurate current-sharing, and SoC balance is achieved. In this
scenario, BESS is not connected to 4-th DC bus, thus 𝜌 does not
10

4 4
exist consequently, the communication topology with the proposed
control strategy is modified according to Fig. 11, while 𝑣𝑎𝑣𝑔4 is still
transmitted and the communication topology is kept unchanged in the
AVOB control strategies. It can be easily calculated that the average
voltage of first, second and third DC bus equals to 380 V with the
proposed control strategy, however, the average voltage of all 4 DC
buses is lower than 380 V. In the AVOB control strategies, the average
voltage of 4 buses still can be achieved.

In summary, the average voltage regulation can be achieved with
the proposed control strategy when each DC bus is supported with a
BESS, the AVOB control strategies are preferred to achieve average
voltage regulation when BESS is not available.

E. Comparison With Ref. [22]
In this subsection, the comparison between the proposed control

strategy and the control strategy in Ref. [22] is presented. As listed in



International Journal of Electrical Power and Energy Systems 155 (2024) 109627J. Su et al.
Fig. 12. SoC variations with (a) the proposed control strategy (b) Ref. [22].
the Table 1, the SoC is chosen as a state variable directly in Ref. [22]
to adjust the power flow among different BESSs. Fig. 12 illustrates that
SoCs of four BESSs with the proposed control strategy are kept consen-
sus after they reach same value at about 5 s. However, the consensus of
SoCs are not achieved with the control strategy in Ref. [22], although
SoC difference among four BESSs narrows down.

5.2. Hardware-in-loop test results and discussions

To further validate the proposed control strategy, the HIL real-time
tests are conducted using the Typhoon HIL-604 platform. This ultra-
high fidelity HIL device consists of 8-core processors able for real-time
emulation of up to 8 converters, and can test the controller with 20 ns
PWM resolution. It can also emulate power stage with up to 2 MHz
update rate. This device can interface to external hardware controllers
via its 64 analog outputs, 32 analog inputs, 64 digital inputs, and 64
digital outputs. As illustrated in Fig. 13, the whole system (converters,
BESSs) is emulated by typhoon HIL-604, while the controller for the
real-time emulated system is implemented using a Texas Instruments
TI LaunchPad (LAUNCHXL-F28069M), which is interfaced with the
typhoon HIL device through a Launchpad interface. The controller
communicates the emulated system through 16-ADC channels, then
sends PWM signals back to typhoon HIL device.

The HIL test results with the proposed control strategy are illus-
trated in Fig. 14, and a perturbation is applied to 𝑖RES3 at 5s. It can
be observed that the average voltage regulation and accurate current-
sharing are achieved. Fig. 15 shows the HIL test results with SoC
balance, where four BESSs have different initial SoCs. The difference
between SoCs is gradually narrowed down with time.

6. Conclusions

In this paper, a simplified consensus-based distributed secondary
control for BESSs in DC microgrids has been proposed with the infor-
mation of only one virtually defined state variable being transmitted,
where a cascaded control framework consisting of an SoC controller
and a voltage controller is used to regulate DC bus voltages. This virtual
state variable combines the BESS SoC and its converter output current,
there is no need to change the control law when BESSs switch between
charging/discharging modes. Once SoCs are balanced, SoC controller
works as a current controller. With the proposed control strategy, the
number of transmitted state variables and the complexity of controller
design are significantly reduced. Stability and steady-state analysis are
also conducted to confirm the effectiveness of the proposed control
11
Fig. 13. HIL tests (a) Experimental set-up (b) Device operation details.

strategy. Finally, Simulink simulation and HIL tests are presented to
validate the proposed control strategy.

The performance of the proposed control strategy is affected by
voltage regulation index 𝛾 and SoC balance index 𝜃. The test results con-
firm that a greater 𝛾/𝜃 lead to a faster average voltage regulation/SoC
balance speed. The comparison with other existing methods further
validates the effectiveness of the proposed control strategy.
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