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ABSTRACT Filtration-based (FB) power/current allocation of battery-supercapacitor (SC) hybrid energy
storage systems (HESSs) is the most common approach in DC microgrid (MG) applications. In this approach,
alow-pass or a high-pass filter is utilized to decompose the input power/current of HESS into high-frequency
and low-frequency components and then assign the high-frequency parts to SC. Moreover, to avoid the state
of charge violation (SoC) of SC, this approach requires a rule-based supervisory controller which may result
in the discontinuous operation of SC. This paper first provides a small-signal stability analysis to investigate
the impact of an FB current allocation system on the dynamic stability of an islanded DC MG in which a
grid-forming HESS supplies a constant power load (CPL). Then, it shows that the continuous operation of
SC is essential if the grid-forming HESS is loaded by large CPLs. To address this issue, this paper proposes a
model predictive control (MPC) strategy that works in tandem with a high-pass filter to perform the current
assignment between the battery and SC. This approach automatically restores the SoC of SC after sudden
load changes and limits its SoC variation in a predefined range, so that ensure the continuous operation
of SC. As a result, the proposed FB-MPC method indirectly enables the MG’s proportional-integral (PI)
voltage controller to operate with higher gain values leading to better transient response and voltage quality.
The performance of the proposed approach is then validated by simulating the system in MATLAB/Simulink.

INDEX TERMS Filtration-based power/current allocation systems, battery/supercapacitor hybrid energy
storage systems, model predictive control, stability analysis, state of charge recovery.

NOMENCLATURE IAE Integral of absolute error.
A. ABREVIATIONS ISE Integral of squared error.

BESS  Battery energy storage system. LTI Linear time invariant.

CPL  Constant power load. MG Microgrid.

CPS  Constant power source. MPC  Model predictive control.

DC Direct current. MPPT  Maximum power point tracking.

DER  Distributed energy resources. PPL Pulsed power load.

ECR  Equal concern for relaxation error. PV Photovoltaic.

EMS  Energy management system. SC Supercapacitor.

FB Filtration based. SoC State of charge.

HESS  Hybrid energy storage system. SAVC  Sum of absolute voltage changes.

HPF High pass filter.

B. SYMBOLS
The associate editor coordinating the review of this manuscript and Cpus  Equivalent capacitance of the MG DC bus.

approving it for publication was Suman Maiti . Csc  Capacitance of the SC.
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Duty cycle of the BESS converter.

Duty cycle of the SC converter.
Compensation  term  added/subtracted
to/from the SC/BESS reference current.
Integral of the error in BESS current con-
troller.

Integral of the error in SC current controller.
Integral of the error in MG voltage con-
troller.

MPC control horizon.

MPC prediction horizon.

Nominal current of the HESS.

Resultant current of the CPL and CPS.
MPC compensation current.

HESS output current.

Output current of the high-pass filter.
Inductor current of the BESS.

Inductor current of the SC.

Load current.

PV output current.

Reference current of the HESS computed by
the voltage controller.

Reference current of the BESS.

Reference current of the SC.

Proportional gain of the BESS current
controller.

Proportional gain of the SC current con-
troller.

Proportional gain of the HESS voltage
controller.

Integral gain of the BESS current controller.
Integral gain of the SC current controller.
Integral gain of the HESS voltage controller.
Inductance of the BESS converter filter.
Inductance of the SC converter filter.
Nominal charge of the BESS.

Nominal charge of the SC.

Resistance of the BESS converter filter.
Resistance of the SC converter filter.
Internal series resistant of the BESS.
Internal series resistant of the SC.
Maximum allowable SoC for SC.
Minimum allowable SoC for SC.
Reference SoC of the SC.

SoC of the SC.

Sampling time of the MPC controller.
Terminal voltage of the BESS.

Reference voltage of the voltage controller.
Terminal voltage of SC.

Slack variable in MPC cost function.

ECR value.

Slack variable weight.

Time delay.

Time constant of the HPF.

Tracking’s error weight.

Manipulated variable move weight.
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I. INTRODUCTION

A. LITERATURE REVIEW

Microgrids (MGs) are independent active distribution net-
works that can enhance the performance of traditional
power systems through increasing consumer participation,
sustainable energy resources penetration, power system
stability, and grid resiliency [1], [2]. Recently, DC MGs have
gained significant attention because of their lower power
conversion losses and less control complexity compared to
the AC MGs. DC MGs can be considered as viable solutions
for rural electrification, resilience enhancement of power
grids, and supporting local energy communities [3]. However,
control of DC MGs can be challenging in the presence of
constant power loads (CPLs) and pulsed power loads (PPLs)
which require a fast dynamic response and a large stability
margin of the control system [4]-[6]. To tackle this challenge,
highly-dispatchable distributed energy resources (DERs) as
well as advanced control and management techniques are
required to improve the transient response, stability, and
flexibility of the system [7].

Battery energy storage systems (BESSs) are one of the
most popular energy storages devices for MG applications.
BESSs are dispatchable, with low energy losses, and compar-
atively low costs. Moreover, they have a high energy density
that makes them suitable for peak shaving and steady-state
power balancing [8], [9]. However, the BESSs may have rel-
atively poor transient response during fast load changes due to
their low power density [7], [10]. Consequently, grid-forming
BESSs may not provide acceptable performance and voltage
quality for a DC MG in the presence of PPLs. In addition,
BESSs have a limited lifecycle. Therefore, the instantaneous
variations of the renewable power generation or load power
fluctuations may result in frequent charge/discharge of the
batteries that lessens the BESSs’ lifetime [10], [11].

The above-mentioned limitations of BESSs can be
addressed by an effective combination of BESSs with
supercapacitors (SCs) [7], [12]. In comparison to the BESSs,
the SCs have a higher power density and faster dynamic
response. So, they can release/absorb more energy for a
significantly shorter time frame. Furthermore, they have
a much higher lifecycle than BESSs. Thus, the frequent
charge/discharge of SCs does not affect their lifetime.
However, SCs are not appropriate for long-term energy
storage applications because of their low energy density [13].
Considering the structural capabilities and limitations of
BESSs and SCs, an SC is utilized in tandem with a
BESS in battery-supercapacitor hybrid energy storage sys-
tems (HESSs) to improve the dynamic performance of the
system and expand the lifespan of the BESSs. To this end, the
BESS is used for steady-state power balancing while the SC
absorbs transient power fluctuation from loads (e.g., PPLs) or
renewable resources (e.g., PV or wind) [10].

The HESSs consisting of a BESS and SC can be designed
with different topologies including passive, semi-active, and
active topologies among which the active topologies are more
desirable because of their higher controllability. In addition,
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the full dispatch capacity of BESS and SC can be utilized
in active topologies [11]. In these topologies, each of the
HESS components (i.e., the BESS and SC) is connected to
the MG DC bus through a power electronic converter and
has an independent current control system. However, a more
advanced control and energy management system (EMS)
should be implemented to justify the additional costs of the
active components (e.g., power electronic converters) [14].

The effective and reliable operation of the HESSs requires
the design of suitable offline and online management and
control algorithms. In offline methods, different optimization
algorithms (e.g., stochastic programming or genetic algo-
rithms) can be implemented to compute the suitable size of
the SC, BESS and other DERs, based on the availability of
renewable energy sources (e.g., wind or PV), cost of system’s
equipment, and the demanded power by the loads. On the
other hand, online algorithms are necessary to ensure efficient
and reliable real-time operation of the system. The real-time
management and control strategies can be implemented in
different control layers of the MG for different purposes.
For instance, they can be implemented in the tertiary level
of the MG for the optimal (or economic) state of charge
(SoC) management of the BESSs or they can be employed
in the secondary control layer of the MG for real-time power
sharing between the HESS components (i.e., the BESS and
SC) and other DERs. They can be also implemented in the
primary control layer for effective current sharing between
the BESS and SC to improve the transient voltage stability
and voltage quality of the MG [11].

In DC MG applications, a HESS operates as a grid-
following unit if the DC MG is connected to the utility grid,
or it may operate as a grid-forming unit when the DC MG is
islanded. In grid-connected mode of the MG, the voltage of
the DC MG is regulated through connection to the upper hand
AC grid using a bidirectional AC to DC converter. In this case,
the HESS operates in power (or current) control mode, so its
operation does not impact the transient voltage stability of the
MG. In this operating mode, the EMS (i.e., the tertiary control
layer) of the MG computes a reference power for the BESS
and SC to charge the BESS with a steady power and absorb
the instantaneous power fluctuations by SC. To this end, real-
time optimization-based energy management strategies can
be applied at the tertiary level of the MG to perform optimal
power allocation between the HESS components as well as
minimizing the operational cost of the MG. To this end,
the real-time optimal EMS strategies usually considers the
mid-term operation of the system (e.g., within a few hours’
time interval) while the fast dynamics of the system related
to primary-level controllers and power electronic converters
are neglected [11], [15].

In grid-forming operation (i.e., the islanded mode of
the MG), the HESS module is responsible for maintaining
the dynamic stability and voltage quality of the DC MG.
In this case, the HESS receives a reference current signal
that is typically computed by a proportional-integral (PI)
voltage controller to regulate the voltage of the MG DC
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bus. So, the HESS power/current allocation system may
interact with the primary-level controllers including the
voltage controller and current regulators of the BESS and
SC converters. As a result, the HESS actions may indirectly
affect the voltage quality and transient response of the system.
Thus, compared to grid-following operation, the HESS
power/current allocation system should have a significantly
faster dynamic response to effectively share the HESS
reference current computed by the MG voltage controller
between the SC and BESS [7], [16], [17].

Filtration-based (FB) power/current allocation of HESSs
is the most common approach in MG applications that can be
implemented for both grid-following and grid-forming HESS
units. FB strategies have low computational complexity
making them a feasible solution for real-time applications,
e.g., for grid-forming HESS units [11], [18]. In this approach,
the HESS control system utilizes a low-pass, or a high pass
filter to split the HESS reference current/power into high
frequency and low-frequency components and then allocates
the high-frequency parts into SC and the low-frequency
components to BESS (i.e., “BESS-SC” operating mode).
Considering the fact that SC has a low energy density
and a small charge time (e.g., in the range of a few
seconds), it can be immediately fully charged/discharged
after a sudden load variation. However, the conventional
FB strategies cannot automatically limit the SoC variation
of SC (and its terminal voltage) in a predefined range. So,
they typically employ a rule-based supervisory controller
that may deactivate the filter and send the HESS reference
current to the BESS (i.e., “BESS-only” operation) if the SoC
of SC violates a predefined range [18]. Consequently, the
continuous operation of SC is not guaranteed, and the HESS
may frequently switch between different operating modes to
limit the SC SoC variation in a predefined range. However,
these switching instances may trigger some transient voltage
deviations during the system operation and affect the voltage
quality of MG. Moreover, this paper investigates that when
a grid-forming HESS performs the “BESS-SC” mode, the
MG voltage control system has higher marginal stability
compared to the “BESS-only” operation. Thus, because of
the destabilizing effect of CPLs, it is essential to guarantee the
continuous operation of SC, particularly, if the grid-forming
HESS is loaded by a large CPL.

In practice, to ensure the continuous operation of SC, the
size of SC should be enough large to handle the significant
power/current variations which in turn increases the initial
cost of the system; or the cut-off frequency of the filter
should be reduced, thereby decreasing the BESS’s lifetime.
To address this issue, the previous work of authors [19]
was to develop an active compensation filtering technique
that automatically recovers the SoC (or terminal voltage)
of SC to significantly reduce the required number of
switching instances. However, that approach still needs a
rule-based

EMS that may deactivate the SC to guarantee its SoC
variation in a predefined range. The proposed work in [20]
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also suggests a virtual capacitance droop method that
can automatically recover the SoC of SC to a reference
value. It is also shown that this approach can slightly
improve the marginal stability of MG given that the
droop parameters are selected appropriately. However, this
approach may cause a steady-state voltage deviation which
is one of the intrinsic limitations of the droop control
techniques [21]. Also, the right choice of droop coefficients
can be a tedious task in DC MGs with multiple loads or
DERs.

Recently, model predictive control (MPC) strategies have
gained significant attention in HESS applications. The main
idea of MPC is to utilize the dynamical model of the
system to predict the system’s outputs (i.e., prediction step)
within a moving horizon (i.e., prediction horizon) and then
compute a sequence of future control actions to minimize a
predefined cost function (i.e., optimization step) [22], [23].
One of the interesting features of MPC controllers is their
ability to directly apply the operational constraints in their
real-time optimization step. Consequently, MPC strategies
can automatically limit the SoC variation of the HESS
components in a predefined range. However, they have
considerably higher computational complexity compared to
the rule-based approaches.

In DC MGs with HESS technologies, the MPC strategies
can be applied in different control layers for different
purposes. For instance, the references [24]-[28] propose
MPC-based EMS of HESSs in which the MPC controllers
are located at the tertiary level of the MG, and they are
responsible for optimal (or economic) energy management
and scheduling of different DERs including the HESS units.
In such applications, the sampling time or action time of the
MPC controller is typically in the range of a few minutes.
So, the MPC prediction model (i.e., the prediction step)
does not consider the fast dynamics of the system (e.g.,
primary controllers, power electronic converters, and circuit
dynamics). Therefore, these methods focus on improving
the steady state performance of the system and they don’t
address the voltage stability or transient response of the
MG. In addition, at this layer, the MPC controllers typically
have centralized architectures which need the information
of all DERs to ensure the optimal operation of MG.
Alternatively, The MPC controllers can be utilized in the
primary controller layer of MG (e.g., direct MPC methods) to
control the output voltage and currents of the power electronic
converters [22]. For example, the reference [29] proposes
a finite control set MPC (FCS-MPC) approach to improve
the transient response and resiliency of a grid-forming HESS
unit in a DC MG. In this approach, the FCS-MPC is
located at the primary control layer of the MG, and it
directly manipulates the converters’ switches to regulate
the output current of the BESS and SC to their reference
values which are both computed by a FB power/current
allocation system. However, the FCS-MPC strategies may
intrinsically lead to intractable optimization problems due to
their high computational complexity [23]. They also cause
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variable frequency switching that complicates the design of
the converter’s output filters [30], [31]. Additionally, the
implementation of them for DC MG applications requires a
major reconfiguration of the inner loop converter controllers
which may not be always feasible. Fig. 1 compares the
discussed real-time control and management strategies of
HESSs concerning the standard control hierarchy of DC
MGs.

B. CONTRIBUTION AND SCOPE

To address the discussed challenges and improve the
performance of a grid-forming HESS unit in regulating the
MG DC bus voltage (i.e., enhancing the performance of
the MG primary control layer), this paper has the following
contributions:

1) This paper develops a detailed state-space dynamic
model of an islanded DC MG in which a grid-forming HESS
supplies a CPL. It is also assumed that the HESS utilizes
a conventional FB power/current allocation strategy with a
rule-based supervisory controller.

2) It provides a small-signal stability analysis to compare
the marginal stability of the MG in “BESS-SC” and
“BESS-only” operating modes of the HESS. The stability
analysis shows that the DC MG has significantly higher
marginal stability in the “BESS-SC” operating mode. This
means that if the HESS only performs the “BESS-SC”
operating mode, the MG PI voltage controller can work with
significantly larger gain values and remain stable for larger
communication delays.

3) An FB-MPC approach is proposed in which an MPC
control system works in tandem with a linear time-invariant
(LTD) filter to perform the current assignment between
the BESS and SC. In this approach, the MPC module
automatically restores the SoC of SC after sudden load
changes and ensures its SoC variation in a predefined range.
As a result, the grid-forming HESS is able to always work
in “BESS-SC” operating mode, so the continuous operation
of SC is guaranteed. Consequently, the MG’s PI voltage
controller can operate with higher gain values which results
in a better transient response and voltage quality, particularly,
if the DC MG is loaded by large CPLs.

4) Compared to the existing MPC strategies in DC MG
applications, the proposed MPC controller is unique in the
sense that it is located at the primary control layer of
the MG (i.e., interacts with voltage and current regulators
of power electronic converters) but it is not responsible
for regulating the output voltage or current of the power
electronic converters. Instead, it is responsible for managing
the SC SoC variation by computing a compensation term and
adding/subtracting that value to/from the reference current
of the BESS and SC power electronic converters. Due to
this feature, it does not require to be as fast as the direct
MPC methods (e.g., FCS-MPC). For instance, the action time
of the proposed MPC controller can be in the range of a
few milliseconds or more while the direct MPC methods
action time should be less than a millisecond. So, the
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FIGURE 1. A comparison between different real-time control and management strategies of HESSs with respect to the standard hierarchical control

structure of DC MGs.

optimization step is less complex in this method (i.e., more
suitable for real-time applications). Moreover, its prediction
model does not need the dynamics of the MG circuit model
or the power electronic converters. In addition, it does
not require the information of other DERs including their
output currents or voltages. Instead, it just requires the
filter model and the nominal current and charge capacity of
the SC. Consequently, it has a considerably less complex
prediction model. In addition, it can be easily adapted for the
multi-generation/multi-bus DC MGs due to its decentralized
architecture

It should be noted that the proposed FB-MPC approach
aims to improve the performance of the MG’s primary control
layer. Because the primary control layer of MG has very
fast dynamic responses, this work focuses on the short-term
operation of the system (i.e., in the range of a few seconds)
to study the transient response and voltage stability of the
system under rapid load changes. So, the SoC management of
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BESSs that typically requires long-term (or mid-term) EMS
and power sharing strategies and demands the appropriate
actions of the secondary and tertiary control layer of the MG,
is not discussed in this work. Fig. 1 compares the scope and
contribution of this research with the discussed literature with
respect to control hierarchy of DC MGs. The rest of this paper
is organized as follows: Section II describes the proposed
system architecture and develops the dynamical model of the
DC MG to provide a small-signal stability analysis. Next,
it discusses with detail how the conventional FB strategies
can affect the performance of the MG voltage control system
and why implementing the proposed FB-MPC method can
be advantageous. Then, section III discusses the proposed
MPC-based SC SoC restoration technique. The performance
of the proposed FB-MPC approach is then verified through
computer simulation in section IV. Section V discusses the
future research directions and section VI concludes the

paper.
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Il. SYSTEM ANALYSIS

This section investigates the impact of an FB power/current
allocation system on the dynamic stability of MG.
Fig. 2 shows an islanded DC MG containing a PV power
generation system, a HESS module, and a CPL where iggss,
iroad, and ipy represent the HESS, load and PV currents,
respectively. icp also represents the difference between the
load and PV currents (i.e., icp = iroad — ipv). The case
study system in this work is based on the standard single bus
islanded DC MG proposed in [17], [18] in which the HESS
controls the common DC bus voltage. As seen, the HESS
module contains a BESS and SC which are both connected
in parallel to the MG DC bus through bidirectional boost
converters. The CPL is considered as a DC load connected
to the MG DC bus through a power electronic converter
(i.e., a load converter) and it demands a steady power under
varying voltage at MG side. Here, it is assumed that the
PV is in maximum power point tracking (MPPT) mode and
operates as a constant power source! (CPS). The HESS also
operates as a grid-forming unit to regulate the MG DC bus
voltage.

Fig. 3 shows the equivalent circuit model of the islanded
DC MG where v, and vgc are the terminal voltages of the
BESS and SC. ir; and i;, are the output currents of the
BESS and SC, and v, is the DC bus voltage. Pcp is also
the difference between the demanded power by the CPL

'In MPPT mode, the PV module generates its maximum available power
regardless of the varying voltage at MG DC bus. So, it performs as a constant
power source at each operating point.
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TABLE 1. System parameters.

Symbol Quantity Value
Vs reference or nominal voltage of the DC bus 200 V
kpyskeps proportional gains of the current regulators 200
kypokyy integral gains of the current regulators 500
L,L, inductance of the converter filter 200 pH
R, R, resistance of the converter filter 4 mQ
Cous total capacitance of the MG DC bus 800 uF
v, terminal voltage of BESS 50V
Ve terminal voltage of SC 40V

(i.e., Proaq) and the generated power by the CPS (i.e., Ppy).
Consequently, when the PV power generation becomes larger
than the demanded power by the load (i.e., Pcp < 0), the
grid-forming HESS module charges by a CPS. On the other
hand, if the demanded power by the load converter is higher
than the PV generation power (i.e., Pcp > 0) the HESS is
loaded by a CPL. It is worth noting that CPLs may degrade
the dynamic stability of DC MGs due to their negative
incremental resistance [32], [33]. Consequently, the DC MGs
that contain large CPLs require high marginal stability of
control system to ensure the reliable operation of them.

Fig. 4 illustrates the conventional FB power allocation
strategy in a grid-forming HESS unit. In this structure, the
voltage regulator is a proportional-integral (PI) controller
that computes a reference current (i.e., i,,r) for the HESS
module to regulate the DC bus voltage. Next, the HESS power
allocation module extracts the high frequency components
of the HESS reference current (i.e., irs) using a high-pass
filter (HPF). Then, to ensure the safe and reliable operation
of system, the HESS current allocation system performs two
modes of operation called “BESS-SC” and “BESS-only”.
During the “BESS-SC” operating mode (i.e., S = 1), the
system allocates the high frequency components of the HESS
reference current (i.e., igpr) to the SC (i.e., lfgc = igpr)
and the remaining low frequency components to the BESS
(.e., ifef = iIrf — igpr). On the other hand, to avoid SC
SoC violation, the supervisory controller may deactivate the
filter (or SC) and switch to the “BESS-only”” operating mode
(i.e., S = 0). In this case, the system allocates all the
reference current to the BESS (i.e., ilr’ef = lref, lfgc = 0).
So, the HESS operates like a single BESS when the power
allocation filter is deactivated (i.e., “BESS-only” mode).
The simplified logic of the rule-based supervisory controller
for SC SoC management is represented in Fig. 5. Finally,
at each operating mode, the current controllers calculate the
duty of cycle of BESS and SC converters, i.e., d; and d,
to regulate their output currents to their reference values, i.e.,
ifef and lfec

In what follows, section II.LA develops the state space
dynamical model of the closed-loop system. Then, using
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FIGURE 4. The structure of a grid-forming HESS with the conventional FB power/current allocation strategy adopted from [17], [18].

the developed dynamical model, section II.B analyzes the
small-signal stability of the system to compare the marginal
stability of DC MG in the two different modes of operation,
i.e., “BESS-SC” and “BESS-only”. It will also discuss the
impact of the filter’s time constant (or bandwidth) on the
stability of the closed-loop system.

A. DYNAMICAL MODELING

Based on the circuit model shown in Fig. 3, and dynamic
equation of single-bus DC MGs with CPLs proposed in [34]
the state space averaged dynamic model of the open-loop
system (i.e., the islanded single-bus DC MG) is obtained as

dip )
L — = —R — vy (1 —d
1 Vb 1iL1 — Vae( 1)
dip> .
L27 =vsc — Raipo — vic(1 — dp) ()
dvg . . Pcp
Cous—— = ip1(1 —dy) + ip2(1 — da) —
dt Vdc

where Cy,; is the total capacitance of the MG DC bus. d; and
d, are the duty cycle of the BESS and SC boost converters
that are calculated by the PI current regulators. Pcp is also
the difference between the generated power by the CPL and
CPS (i.e., Pcp = Proaa — Ppy). Considering the proposed
control structure in Fig. 4, d and d; are derived as

ein1 = [ (ifef —ipp)dt
ey = [ (ing — ir2)dt

2
b

where 7, and zfec are the reference values of the current
regulators. (kpy, k1) and (kpa, k72) are the proportional and
integral gains of the BESS’s and SC’s PI current controllers,
respectively. ej,;1 and ej,» represent the integral of the
errors (i.e., ilr’ef — i1 and 1‘55( — ir2), respectively. Assuming
power/current allocation module utilizes a first order linear

d = kpl(if’ef —ir1) + kri€in1s
dy = kpa (i3S — i12) + ke,
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FIGURE 5. The simplified discrete logic of the HESS supervisory controller
for SC SoC management. S = 1 indicates the “BESS-SC” operating mode
and S = 0 indicates the “BESS-only” operation.

time invariant (LTI) filter ilr’ef and zfe‘; are derived in Laplace
form as

b _ 1 :

lref(s) = —1 F s lref(s)

, Tf s . 3
lfgc(s) = (Trfs) Iref (8) )

5+ =iy
where 17 is the filter’s time constant and i,r is the HESS
reference current. Based on (3), the performance of the
current allocation system can be also explained as: If 77 =
(we)~ ! the filter will pass the reference current (i.e., iyer)
from a high-pass filter with w. cut-off frequency to absorb
the high frequency components by SC and send the remaining
low-frequency components to BESS. Equation (3) can be also
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represented in a state space form as
dxy .
Uy T TN T
b
lref =X

SC __ .
lref = lref — Xf

“

where x; is the dynamical state of the LTI filter. The reference
current, i.e., iry, is calculated by MG voltage controller and
it can be represented as

€int3 = f (Vreff — Vge)dt ®)
where v,,r is the reference voltage of the MG DC bus and
einr3 1s the integral of the voltage error. kp3 and k;3 are the
proportional and integral gains of the PI voltage controller.
Vac is also the measured DC bus voltage at the feedback
loop. By assuming the feedback loop has t; time delay and
considering a first order Padé approximation of the delay [35]
(ie., e ~ (1 —0.5tys) / (1 + 0.5745)), V4. is obtained as
1 dxy
Sy T T + Vdc )
Vde = 2X4 — Ve

{iref = kp3(Vies — Vac) + kizein3

where vg,. is the MG DC bus voltage. Thus, based on (1) to
(5), the nonlinear dynamical model of the closed-loop system
can be obtained as

X =f(x, u (N
where x represents the dynamic states of the MG (i.e., x =
liL1, 012, Vdes Xd» Xf» €int1, €int2, €ine3]7 ) and u = [vyer, Pcpl?
is the input vector of the system. f € R® is a vector
showing the evolution of states, and it is defined as f =

Lifis 32 eyals gl s wfs fou o Js)T where fi. fo. f3. fa.
f5, fe, f7 and fg are defined in (8) to (15).
fi = vb — Riit — Vde + kp1vaexy — kp1vacir1 + ki1vaceins
3
P =vsc — Raira — vac + kpakpaviervae — 2kpakp3vacxa
+hpokyp3vi, + kpakizvaceins — kpavacxy
—kpavaciL + kiavacein2 )
f3 =ip1 — kprip1xy + kp1i2 | — kriipiein + ir2
—kpokp3vyeripo + 2kpakp3xairs — kpokpavacirz
—kpokyzipzein3 + kp2ipoxy + sziiz

—kp2ipzeins — (Pcp/Vace) (10)
fo = —xq +va (11)
fs = —xF + kp3vrer — 2kp3xq + kp3vac + kizeins3 (12)
Jo = xr —ip1 (13)
f1 = kp3vier — 2kp3xg + kp3vae + kizeinss — xp — iz (14)
S8 = Vrep — 2x4 + Ve (15)

Equations (7) to (15) represent the nonlinear dynamical
model of the closed-loop system in a state space form which
will be used for analytically evaluating the system’s stability
in different modes of operation.
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B. STABILITY ANALYSIS

This section analyzes the small-signal stability of the MG
based on the Eigen-value analysis of the linearized sys-
tem [35]. The mathematical proofs of the eigen value analysis
of time-delay systems are also discussed in [36]. To this end
the linearized model of the closed-loop system is obtained
at each equilibrium point (i.e., Jacobian linearization). The
choice of this method is justified due to high complexity of
the nonlinear model. Using the nonlinear state-space equation
of the system defined in (7) to (15), the stationary point of the
system (i.e., (X, u#)) is obtained as

x=0s f(X,0)=0 (16)

Then, by using a first order Taylor series expansion of f and
defining Ax = x — x and Au = u — u, one can obtain:

Ak =% —X =f(x,u) 2 Az.pAx + BicnAu  (17)

where A and B are defined in (18) and (19), respectively.

8 ’
Al = AR (18)
’ 8)( (.)_C,L_t)
8f (x, u)
Bz = fau . (19)
X, U

Consequently, to find the closed-loop poles of the linearized
system at each operating point, it is required to calculate the
eigenvalues of the Jacobian matrix, i.e., A, which is obtained
as:

Eig(A) = {A|det(Al —A) =0} (20)

In this section, firstly the marginal stability of the DC
MG in “BESS-SC” and “BESS-only” operating modes is
evaluated, then the reason that the system has more stability
margin in “BESS-SC” operation will be discussed. To this
end, two different test cases are evaluated. The parameters
of the case study system are shown in Table 1. In the first
test case, it is assumed that the grid-forming HESS supplies
50kW constant power load (i.e., Pcp = 50kw). Then, the
closed-loop poles of the system are obtained with respect to
different values of proportional and integral gains of the MG
PI voltage controller (i.e., kp3, and k73). As seen in Fig. 6, the
closed-loop poles of the MG are very sensitive kp3 value when
the DC MG is in “BESS-only”’ operating mode. In addition,
the DC MG will be destabilized if kp3 > 0.49.0n the other
hand, the MG remains stable for significantly larger values of
kp3 in “BESS-SC” operation (see Fig. 6(b)).

Fig. 7 also represents the closed-loop poles of the system
with respect to k73 changes. As seen, the dominant poles of
the closed-loop system are not very sensitive to k;3 values
in both of the operational modes. However, the DC MG will
be unstable for relatively large value of integral gain (i.e.,
ki3 > 44.3) in “BESS-only” operation while the system
remains stable in “BESS-SC” for notably larger gains (i.e.,
ki3 >~ 120) (see Fig. 7(b)).

Fig. 8 represents the closed-loop poles of the system
with respect to communication delay (i.e., 77). As seen,
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FIGURE 6. Dominant poles of the closed-loop system with respect to the
proportional gain of the MG voltage controller (i.e., kp3). Also,

ki3 =20, 75 = 25, 74 = 1ms, and Pcp = 50kW. (a) “BESS-only” operation;
(b) “BESS-SC” operation.
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FIGURE 7. Dominant poles of the closed-loop system with respect to the
integral gain of the MG voltage controller (i.e., k;3). Also,

kp3 = 0.38, 15 = 25,74 = 1ms, and Pcp = 50kW. (a) “BESS-only” operation
(b) “BESS-SC” operation.

by increasing the communication delay the dominant poles
of the closed-loop system move to the unstable region in
both “BESS-only”” and “BESS-SC” operation of the HESS.
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Pcp = 50kW. (a) “BESS-only” operation (b) “BESS-SC"” operation.

Asseen in Fig.8(a), the DC MG will be unstable for the delays
larger than 5 milliseconds (i.e., 7z > 5Sms) in “BESS-only”
operation and it will be destabilized for delays larger than
13.5 milliseconds (i.e., T; > 13.5ms) in “BESS-SC” oper-
ation. Consequently, compared to “BESS-only” operation,
the DC MG can tolerate considerably larger communication
delays in “BESS-SC” operation due to its higher marginal
stability at this mode.

The reason that the MG voltage controller has higher
marginal stability in “BESS-SC” operating mode is directly
related to the impact of current decomposition filter (i.e., the
HPF) and SC operation. As seen in Fig. 4, when the HESS
performs the “BESS-SC” operation, the SC is responsible for
absorbing the transient power/current fluctuations to regulate
the MG DC bus voltage while the BESS absorbs/releases
the steady state power. To this end, the reference current
calculated by the voltage controller firstly passes from the
HPF, then it is sent to the SC current regulator. The HPF
causes a positive phase shift (e.g., like a lead compensator)
that pushes the closed-loop poles of the system to the left-side
of the jw axis (i.e., the stable region). As a result, the current
decomposition filter (i.e., the HPF) improves the marginal
stability of the system by acting like an active compensator.
Fig. 9 illustrates the impact of the HPF time constant (i.e.,
77) on the dynamic stability of the MG given that the HESS
is loaded by a large CPL (i.e., Pcp = 50kw). In this case,
based on equation (3), when the filter time’s constant is very
small (i.e., 7 2 0), the current allocation filter (i.e., the HPF)
is approximately deactivated, hence all the HESS reference
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FIGURE 9. Dominant poles of the closed-loop system in “BESS-SC”
operation with respects to filter's time constant (i.e., 7f). Also

kp3 = 1.8, kj3 =20, 74 = Ims, and Pcp = 50kW.

current is absorbed by the BESS and the SC reference current
is approximately zero (ifef > et ’fgc =~ 0). So, the HESS
operation is similar to the “BESS-only” operating mode.
On the other hand, when the filter’s time constant increases,
the HPF provides a wider positive phase shift, and the SC
absorbs a larger portion of the HESS reference current.
As seen in Fig. 9., the closed-poles of the system are pushed
to the stable region and the marginal stability of system is
improved by increasing the time constant of the HPF.

Regarding the provided results by small-signal stability

analysis of the system one can conclude:

1) The current decomposition filter (i.e., the HPF) acts
like an active compensator that improves the marginal
stability of system when the HESS performs the
“BESS-SC” operation. In another word, the HPF not
only performs the current assignment between the
BESS and SC but also improves the marginal stability
of the system.

2) The system has considerably higher stability margin
when SC is active (i.e., in “BESS-SC” operating
mode) compared to the “BESS-only” operation. How-
ever, to ensure the voltage stability during the entire
system operation, the gains of MG voltage controller
should be small; otherwise, the MG may experience
an unstable DC bus voltage after switching to “BESS-
only” operation. On the other hand, the very low gains
of the MG voltage controller may adversely affect the
transient response of the system and reduce the voltage
quality. Thus, the discontinuous operation of SC limits
the marginal stability of the voltage controller and
indirectly declines the transient response of the system.

Based on the provided results, this paper proposes an MPC
strategy that works in tandem with an FB current allocation
system (i.e., an HPF) to improve the performance of a grid-
forming HESS. In this method, the HPF performs the current
assignment between the BESS and SC as well as improving
the marginal stability of the system and the MPC controller
recovers the SoC of SC after sudden load changes and
guarantees the continuous operation of SC. As a result, the
HESS will always operate in “BESS-SC” operating mode,
so the MG voltage controller can operate with higher gain
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values that results in a better transient response and voltage
quality. Fig. 10 illustrates the justification of the proposed
FB-MPC approach.

lil. THE PROPOSED FB-MPC METHOD

Fig. 11 shows the proposed FB-MPC technique. In this
method, similar to the FB approach, the voltage controller
located at the primary control layer of the MG computes
a reference current to regulate the MG common DC bus
voltage. This reference current is then sent to the FB-MPC
power/current allocation system. In the proposed method, the
rule-based supervisory controller used in the conventional FB
approach (see Fig. 3) is replaced by an MPC module (see
Fig. 11), so that guarantee the continuous operation of the
SC and filter. In this approach, the MPC module regulates
the SoC of SC to a reference value while considering the SoC
constraints of the SC. To this end, at each time step, the MPC
controller employs the discretized dynamical model of the
system to predict the future error between the SoC of SC and
its reference value within a moving horizon, i.e., prediction
horizon. Then, to minimize the error, it computes a sequence
of compensation currents (i.€., i¢on,) Within a moving horizon
(i.e., control horizon) and applies the first one. As a
result, based on the SoC variation of SC and the HESS
reference current (i.e., irer), the MPC compensator sends a
compensation term to the HPF. After passing from the HPF,
the compensation term is added to the reference current of the
SC and subtracted from the reference current of the BESS.
As a result, the MPC compensator provides an additional
coordination between the BESS and SC in which the
BESS gradually charges/discharges the SC. Consequently,
the proposed FB-MPC can control the SoC variation in
a predefined range which in turn ensures the continuous
operation of the SC and filter. In what follows, section III.A
develops the prediction model of the MPC controller, section
III.B introduces the MPC objective function, section III.C
discusses the MPC tunning parameters, III.D discusses the
functionality of the MPC compensator, and IILE discusses
the dynamic stability of the MG under the proposed FB-MPC
approach.

A. PREDICTION MODEL

The prediction model represents the dynamical relationship
between the HESS refence current (i.e., i) and the SoC of
SC. The percentage value of SC’s SoC can be represented as

—1001,
o5

where Qﬁc is the nominal capacity of the SC. Also, I,, and
isC(p.u) are the nominal and per unit value of SC’s discharge
current, respectively. This per unit representation is applied
here for better scaling the model parameters. Assuming there
is no leakage current and considering the circuit model of
the system shown in Fig. 3, the discharge current is equal to
the inductor current of the boost converter, i.e., isc = ir>.
In addition, knowing the fact the power electronic converter

SoCsc(t) = / iscpudt + SoCsc(tp)  (21)

0
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FIGURE 11. The structure of a grid-forming HESS unit with the proposed FB-MPC power/current allocation system.

and the current regulator has by far faster dynamics than
SoCsc, ir2 can be considered equal to its reference value, i.e.,
i[p > zfe? So, (21) can be reformulated as

—1001, [ .
SoCsc(t) = QTC" /t ivpuydt +SoCsc (o) (22)
n 0

where ife?(p.u) is the per unit value of the SC’s reference
current. Assuming the HESS uses a first order LTI filter,

25410

ifejcf(p' « can be represented in Laplace form as

1 TrS TrS
SC N fS . fS .
lref(p.u)(s) = <In> s+ lref + o Lcom (23)

where 17 is the filter’s time constant and ic, is the
compensation current applied by the MPC compensator (see
Fig. 11). Equation (23) an be also represented in a state space
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form as
dx]i o 1\
sz =X + lcom + (E) Lref

. LY. .
iw = () iom
n

where x, represents state variable of the filter’s model.
Using (22) and (24), the dynamical model of SC’s SoC is
obtained as

(24)

dSoCsc _ 1001, ¢, _ 100
dr s \'y T teom) T gscine
n
s, 1, 1 )
d (xf - lc””’) + il tref

The MPC compensator is naturally a discrete-time con-
troller. So, it utilizes the discretized dynamical model of
the SC’s SoC. Based on (25), the MPC prediction model is
represented as

Xm(k +1) = (I 4 TsA) xu(k) + TyBru(k) + TsBod (k)
Ym(k) = Cxm(k)

(26)

where x,,(k) = [SoCSC(k),x;-(k)]T are the states of the
prediction model, u(k) = icm(k) is the manipulated
variable (i.e., control input), d(k) = iy /I, is the measured
disturbance, 7 is a 2 by 2 identity matrix, and 7Ty is the
sampling period of the MPC. Matrices A, By, and B, and

vector C are
e _ el
A= 0 1004,/0; . B =By = 1001,/0;, ,
0 —1/7r /%
C =1[1,0] 27

B. OBJECTIVE FUNCTION
In optimization step, the MPC compensator solves a quadratic
programming (QP) problem to compute the manipulated
variable (i.e., compensation current) using an active set
optimization method. In this QP formulation, the cost
function is quadratic while the constraints have to be linear.
The MPC objective function is defined as

HP

. . . 2
min : Z Ve (SoC,ef(k + ilk) — ym(k + l|k))
i=1
H.
+ D e (ulk + k) — ulk + i — 11K)* +pek)* (28)
i=1
S0Crin—Ae(k) <ym(k + ilk)
< S0Crax+2e(k),

ie{l...,Hp}

subject to the constraints:

(29)

where u is the manipulated variable, y,, is the model’s output
represented in (28), and ¢ is the slack variable for constraint
softening. ¥, and v, are the tunning weights on the tracking
error and manipulated variable move, and p is constraint
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violation penalty weight. H), and H, are the prediction and
control horizons and A is equal concern for relaxation (ECR)
value. It is assumed that A > 0, H, > H. and u(k + ilk) —
utk +i—1lk) =0fori > H,.

C. TUNNING THE MPC PARAMETERS

The desirable operation of the MPC compensator requires
appropriately tunning the MPC parameters. In (28), the first
term penalizes the deviation of the SC’s SoC (i.e., SoCsc)
from its reference value (i.e., SoCyer) and the second term
penalizes the rapid changes on the control input (i.e., icom)-
The third term also penalizes a tolerable soft constraint
violation compared to the other cost function terms. The
tracking error has the minimum priority compared to the other
terms. So, 1, should be considered much smaller than the
Y. and p. Although a relatively large value of p increases
the likelihood of having a very small optimal slack variable
(e(k)), it may result in significantly rapid manipulated
variable move if the SoC constraints are violated. This rapid
manipulate variable move can cause a relatively large voltage
sag on the MG DC bus. Also, it may put a high stress on the
BESS for charging the SC when a violation of constraints is
predicted. So, the weights on the manipulated variable move
should be much larger than the other cost function terms (i.e.,
Ve K p K Y.). Consequently, in contrast to the rule-based
SC SoC compensation methods, the proposed approach can
guarantee the continuous operation of SC without affecting
the transient voltage of the MG (i.e., no voltage sags) by
effectively tunning the MPC parameters.

D. FUNCTIONALITY OF THE MPC COMPENSATOR

As seen in Fig. 11, the MPC compensator receives the HESS
reference current (i.e., ir) that is computed by the voltage
controller as well as the SoC of SC (i.e., SoCsc) to control
the SC SoC variation in a predefined range. To this end, at the
prediction step, the MPC controller employs the dynamic
model of the FB current allocation system and the dynamic
relationship between the SC’s current and its SoC value.
In this respect, the MPC controller applies the dynamic model
of FB current allocation system to estimate how much of the
HESS reference current will be allocated to the SC and then
predicts the SC SoC variation during its prediction interval
(i.e., the prediction horizon). Then, at the optimization step,
the MPC controller computes a sequence of compensation
terms, i.e., icom (see (25) to (29)), in order to minimize the
error between the SoC of SC (i.e., SoCsc) and its reference
value (i.e., SoCy.r) by considering the SC SoC constraints
defined in (29). Then, the MPC controller applies the first
value in the sequence and goes for the next time step. The
flowchart of the MPC compensator is shown in Fig. 12.

The compensation term is then sent to the HPF. Accord-
ingly, by assuming the DC MG including the HPF and MG
voltage controller have similar dynamics to the examined
case study system in section II, the reference currents of the
BESS, and SC represented in (3), are reformulated in the

25411



IEEE Access

S. A. Ghorashi Khalil Abadi et al.: Model Predictive Control Strategy for Performance Improvement of HESSs

Build The Prediction Model
(i.e., Equations (22) and (23))

!

Read Inputs at k :
(g k), S0C 5 (K))

| Predict Values ,,(k +1|k) to y, (k+ H k) |
Go for the " o

.e., Pt ti te

Next Time Step e Prediction step) |

‘ Future
Inputs

Calculate The Cost Function in Equation (24)

Constraints
(i.e., QP Formulation)

in Equation (25)

! '
Find the Best Sequence of Actions (i.e., u(k+1|k) to u(k+ H |k) )
(i.e., QP Solver)

'

Apply the First Action in the Sequence
(ie., u(k+1))

FIGURE 12. The flowchart of the proposed MPC strategy for SC SoC
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FB-MPC method as

1
i}r)ef(s) = (1 n ‘L’fs) irqf(s) — dcom

i$®=<tﬁﬂywm+¢m G0
i (8) + 10,0 () = res
where i, is defined in (5). dcom is also obtained as
mmﬂm(qsym G31)
I+ 1y

where i.,;, iS the compensation term computed by the
MPC controller. As a result, the MPC controller adds a
compensation term to the reference current of the SC and
subtract that value from the BESS reference current. (Note:
sum of the BESS and SC currents should be always equal to
HESS reference current. Please also compare (3) and (30)).
Consequently, the proposed FB-MPC method provides an
additional coordination between the BESS and SC in which
the BESS can gradually charge/discharge the SC based on the
compensation term (i.e., dcyp) that is adjusted by the MPC
compensator.

It should be also noted that, fundamentally, the MPC
controllers have an interesting feature which is their ability in
applying the input and output constraints in their optimization
step (see [22] and [23]). So, they can certify that the
output or input constraints will not be violated. However,
this interesting feature is not available in classical linear or
nonlinear controllers. So, they cannot be as functional as
the MPC methods for this application. For instance, in the
proposed FB-MPC method, if the MPC compensator predicts
a violation of constraints (i.e., SC SoC violation) during its
prediction horizon (e.g., the MPC computes a nonzero slack
variable), it can quickly adjust the d,,;, to prevent the SC
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SoC violation in a switching-less manner. Thus, the MPC
compensator can guarantee the continuous operation of the
SC and filter. In addition, the MPC compensator can limit
the fast movement of the manipulated variable (i.e., icom),
so that reduce the stress on the BESS for charging the SC if a
violation of constraints is predicted (see (28)). Consequently,
from the voltage controller point view, the compensation term
(i.e., dcom) has very slow and smooth variations which does
not affect the transient voltage quality of the system.

E. VOLTAGE STABILITY OF MG WITH THE FB-MPC
METHOD

As discussed in section II, the conventional FB power/current
allocation strategy cannot guarantee the continuous operation
of the SC and filter. Hence, the HESS may switch between
two modes of operation, i.e., “BESS-only”” and “BESS-SC”.
Then, the proposed small-signal stability analysis in II.B
shows that the MG voltage control system has significantly
higher marginal stability in “BESS-SC” operating mode
compared to the “BESS-only” operation. Consequently, to
guarantee the continuous operation of the SC and filter,
an MPC controller is utilized that limits the SoC variation
of SC in a predefined range. As a result, the HESS will
always operate in “BESS-SC” operating mode. To this end,
the MPC controller computes a compensation term (i.e., icom)
and sends it to the HPF (see Fig. 11). Accordingly, the MPC
controller provides an additional coordination between the
BESS and SC by adding the d.., to the reference current of
the SC and subtract that value form the reference current of
the SC (please see equation (30) and (31)).

Practically, due to the fact that the SC SoC variation has
significantly slower dynamics compared to DC bus voltage,
the MPC action time (or MPC sampling time) is significantly
larger than the MG voltage controller (e.g., the MPC sampling
time can be twenty to fifty times larger than the sampling
time of the voltage controller). In addition, the variation
of the MPC compensation current (i.e., the manipulated
variable move) is limited in the MPC cost function (see
equation (28)). As a result, from the point of view of MG
voltage controller, the compensation term (i.e., dcyp) 1S seen
as a small disturbance that has extremely slow variations.
Consequently, d.,, does not directly change the dynamic
model (e.g., the close-loop poles of the linearized model) of
the MG voltage control system. Hence, in terms of dynamic
stability, under the proposed FB-MPC technique, the system
behaves similar to the discussed case study system in II
(i.e., a grid forming HESS with conventional FB current
allocation), but it always works in “BESS-SC” operating
mode. In another word, the MPC compensator just ensures
the continuous operation of SC (i.e., “BESS-SC” operation)
in which the system has a higher marginal stability, and it does
not directly affect the dynamics of the MG voltage control
system.

It is also worth mentioning that the MPC control system
regulates the SoC variation of the SC that impacts the terminal
voltage of the SC (i.e., vsc). Hence, the MPC controller may
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slightly change the stationary operating point of the system
(see (16) to (19)) for a specific load condition. However,
vsc does not appear in the small-signal model of the system,
so the Jacobian Matrix and Eigen-values at similar stationary
points remains unchanged. Consequently, because the range
of stationary points (e.g., the allowable range for SoC of SC
and vgc variation) is equal in the FB-MPC and FB methods,
the proposed stability analysis related to the “BESS-SC”
operation of the HESS in FB approach (see section II.B),
will be also valid for the FB-MPC method. Therefore, in the
FB-MPC method, the voltage control system has the same
stability margin compared to the “BESS-SC” operation in
FB approach.

IV. SIMULATION RESULTS

This section evaluates the performance of the proposed
FB-MPC technique and compares it with the conventional
FB current allocation strategy by simulating these systems in
MATLAB/Simulink. To this end, two test systems are com-
pared with each other in three different load change scenarios.
The test case systems have the following characteristics:

o The first system (i.e., Case 1) utilizes a conventional FB
strategy represented in Fig. 4.

o The second system (i.e., Case 2) employs the proposed
FB-MPC technique. The control structure of this system
is illustrated in Fig. 11. The parameters of the MPC
compensator are also shown in Table 2.

e The circuit parameters and the gain of PI current
regulators are similar to the test cases in section II (see
Table 1). Also, they use a similar LTI filter with 7y = 2s
and the communication delay is 1ms. In addition, the
MG PI voltage controllers in both cases have 0.1ms
sampling time while the MPC compensator has 2ms
sampling time.

« For both systems, the BESS is a Lithium-Ion type. Also,
the SC consists of an ideal capacitor with a series internal
resistance. It is assumed that the SC has no leakage
current. Also, it is assumed that the HESS components
(i.e., SC and BESS), and PV are efficiently sized. The
parameters of BESS and SC are represented in Table 3.
In this experiment, the BESS has 2 hours charge time
and SC’s charge time is 2 seconds.

o In both test cases, it is assumed that the PV module is
in MPPT mode, and it operates as a CPS. Moreover,
it is assumed the DC MG supplies a power electronic
load (i.e., aload converter) that demands constant power
under the varying voltage at MG side, so it operates
as a CPL. Thus, the difference between load and PV
power (i.e., Pcp = P; — Ppy) represents the equivalent
CPL/CPS (or the net power) that is supplied/absorbed
by the HESS. Hence, Pcp > 0 implies that the HESS
is loaded by an equivalent CPL that demands identical
power to Pcp and tends to destabilize the system [34]
(see the dynamics of the MG in (1) and (10)).

o It is assumed that the HESS nominal power and
maximum Pcp are both 20kW (i.e., PFp* = 20kW).
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TABLE 2. MPC parameters.

Symbol Quantity Value
P, tracking error’s weight 8%10~°
P, manipulated variable move’s weight 0.1

p slack variable’s weight 0.002
H, prediction horizon 50

H, control horizon 10

A ECR value 1

T, sampling time 2 ms
SoC.. minimu_m allowable SoC of SC (output 20%

min constraint)
maximum allowable SoC of SC (output
SoC, ..  constraint) 80%
TABLE 3. HESS parameters.

Symbol Quantity Value
o charge capacity of the SC 022 Ah
Qf charge capacity of the BESS 800 A.h
Cee capacitance of the SC 421F
I, nominal current of the SC and BESS 400 A
R internal series resistance of the SC 2 mf)
R, internal series resistance of the BESS 5.3 m)
v nominal terminal voltage of the BESS 55V
Vi nominal terminal voltage of the SC 190V

Accordingly, based on the stability analysis provided
in section II, in Case 1, the MG voltage controller
suffers from low-marginal stability when it operates
the “BESS-only” operation. So, the gains of the MG
voltage controller are selected as kpz = 0.75,k;3 =
35 to guarantee the stability of the MG at the nominal
CPL (ie., PZ5). However, based on the stability
analysis in section I, the gains of MG voltage controller
can be larger in Case 2 (i.e., FB-MPC), so they are
defined as kp3 = 1.9, kj3 = 72.

As discussed in section I, the sudden load variations or
rapid PV power fluctuations (i.e., fast Pcp changes), adds a
considerable stress on the grid-forming HESSs which may
cause over charging/discharging of the SC. So, to evaluate
the performance of the FB-MPC method and compare it with
conventional FB power allocation strategies, the dynamical
behavior of Case 1 (i.e., FB) and Case 2 (i.e., FB-MPC)
systems are assessed in three different rapid load (or Pcp)
variation scenarios. The first scenario contains a sharp shift
of Pcp from 10kW to 15kW at + = 10s and then sharp
load reduction from 15kW to 10kW at + = 25s. In the
second situation, the DC MG experiences a fast and periodic
pulsed-shape variation of Pcp. In the last condition, Pcp
sharply increases from 10kW to 19kW at + = 70s and then
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FIGURE 14. The output power of the HESS components in the test cases (a) Casel (i.e., conventional FB), (b) Case 2 (i.e., the proposed FB-MPC).

decreases from 19kW to 10 kW at # = 90s. Fig. 13. illustrates
the Pcp profile in these three load scenarios. It should be
noted that, practically, the first and the third load change
scenarios may happen during adding/losing a load/source
converter and the second load change scenario is caused by
the PPLs (e.g., electric propulsion or laser guns) inside the
DC MG.

Fig. 14. shows the output power of the BESS and SC in
Case 1 (i.e., FB) and Case 2 (i.e., FB-MPC) systems during
the discussed load change scenarios where Psc > 0 means
that the SC is discharging and Psc < 0 shows that the SC
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is charging. As seen in Fig. 14 (a) and (b), the output power
of BESS is smoothed and the high frequency variations of the
Pcp are allocated to the SC in both FB and FB-MPC methods.
Also, the HESS output power (i.e., Pyess = Pp + Psc)
is equal to the Pcp (i.e., Pyess =~ Pcp) in both cases that
indicates the balance between power generation and load.
However, the BESS and SC have slightly different output
power profiles in FB-MPC method compared to the FB
approach, due to the impact of the MPC compensator.

Fig. 15 represents the transfer power between the
BESS and SC in FB-MPC approach due to MPC actions
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FIGURE 16. The SC and BESS SoC variation (a) SoC of SC, (b) SoC of BESS.

(i.e., compensation power). Fig. 16 also illustrates the SC and
BESS SoC variation in Case 1 and Case 2 systems. As seen in
Fig. 16(a), in FB-MPC method, MPC compensator provides
an additional coordination between BESS and SC in which
the BESS gradually charges/discharges the SC and controls
its SoC variation in a predefined range. Due to the significant
Pcp changes in the third load change scenario (see Fig. 13 and
Fig. 14), a high amount of power is sent to the SC. So, in FB
method, the SoC of SC reaches to its minimum allowable
value at ¢ 73.1s (see Fig. 16(a)). Thus, the rule-based
supervisory controller deactivates the SC and allocates Pygss
power to the BESS (i.e., “BESS-only” operation). Then,
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at t = 90s, the load power suddenly decreases, so the output
of the HPF becomes negative (i.e., igpr < 0). Consequently,
the rule-based supervisory controller activates the SC and
the HESS switches back to “BESS-SC” operating mode
(see logic of the rule-based supervisory controller in Fig. 5).
In addition, as it can be seen in Fig. 14, deactivating the SC
(i.e., switching to “BESS-only” mode) forces the BESS to
suddenly change its output power which puts a large stress
on the BESS and MG voltage control system. On the other
hand, in Case 2 (i.e., FB-MPC), because of the sudden load
change at t = 70s, the SoC of SC approximately reaches to
its minimum value at + = 74.3s. At this moment, the MPC
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FIGURE 17. The performance of the current allocation systems in the case study MGs (i.e., Casel and Case 2). (a) HESS reference current (i.e., ijef),

(b) The SC and BESS currents (i.e., i 1, if5)-

compensator predicts that there will be a constraint violation
in its prediction horizon. So, it shifts the compensator term
(i.e., dcom), so that force the BESS to react more quickly and
charge the SC. This relatively faster movement of the dcom
(or the BESS output power) at t = 74.3s is clearly illustrated
in Fig. 14 (b). Consequently, the MPC compensator prevents
the SC SoC violation in a switching-less manner. In addition,
it can be observed that due to the significantly larger charge
time of the BESS (i.e., 2hours), the SoC of BESS remains
approximately unchanged during the simulation interval in
both cases.

Fig. 17 compares the current allocation performance
of the conventional FB (i.e., Case 1) with the proposed
FB-MPC technique (i.e., Case 2) in which Fig. 17(a)
represents HESS reference currents computed by MG voltage
controllers and Fig. 16(b) illustrates the output currents of
the HESS components in Case 1 (i.e., FB) and Case 2
(i.e., FB-MPC) systems. As seen, the HPF assigns the high
frequency components (i.e., sharp changes) of the reference
current to SC, so that smooth out the reference current of
BESS. In addition, it can be observed that high frequency
pulsed-shape load variations in the second scenario are
completely absorbed by the SC in both cases (i.e., Case 1 and
Case 2).

In the third load scenario, as discussed before, the SC
(or filter) is deactivated at ¢ 73.1s in Case 1 and the
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HESS switches to the “BESS-only” operation to avoid SC
SoC violation. As a result, the SC current is swiftly shifted
to zero which can cause a considerable transient voltage
sag. However, the proposed FB-MPC method guarantees
the continuous operation of SC during the entire system
operation by adding a compensation current (i.e., deom
defined in equation (31)) to the SC and subtracting that
value from the BESS reference current. This value (i.e.,
dcom) 1s illustrated in Fig. 18. As seen, the d.,;, experiences
a relatively fast move when the SoC of SC reaches to its
minimum value at ¢t = 74.3s. The reason is that, at r = 73.1s,
the MPC predicts that its output constraint (i.e., the SC SoC
allowable range) is going to be violated which results in a
small nonzero slack variable (i.e., ¢ # 0) in MPC cost
function defined in (28). Considering a large slack variable
weight (i.e., p), this nonzero slack variable causes a large
value in the third term of the MPC cost function. Thus, the
MPC compensator quickly reduces the compensation current
to minimize the cost function. As a result, the output current
of BESS rapidly increases to charge the SC and control its
SoC variation.

Fig. 19 depicts the BESS and SC terminal voltages during
the simulation interval. As seen, due to the fact that the BESS
has significantly larger charge time (i.e., 2hours), the terminal
voltage of the BESS (i.e., v,) remains relatively unchanged
during the simulation interval. It is also worth mentioning
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FIGURE 19. The output power of the HESS components in the test cases (a) Casel1 (i.e., conventional FB), (b) Case 2 (i.e., the proposed FB-MPC).

that the proposed FB-MPC technique causes different SoC
variation in Case 2 compared to the FB method (i.e.,
Case 1) that results into a different terminal voltage of the
SC (i.e., vsc). Thereby, the reference currents of HESSs in
Case 1 and Case 2 computed by the MG voltage controller,
have relatively different profiles during the system operation
(see Fig. 17(a)).

Fig. 20 represents the transient variation of the MG DC
bus voltage (i.e., v4.) during the three load change scenarios.
As seen, because the MG voltage controller has higher
marginal stability and higher gain values in Case 2 (i.e.,
the FB-MPC method), it can provide faster responses to the
load changes which in turn reduces the transient voltage
deviations and enhances the MG’s voltage quality. In addi-
tion, it can be seen that at the switching instance in Case 1
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(i.e., t = 73.1s ), the MG DC bus experiences a significant
voltage sag. However, this large transient voltage sag is
avoided in the proposed FB-MPC technique, due to its
switching/less performance. Instead, under the FB-MPC
method, the MG DC bus experiences a very small voltage
sage (i.e., 1.7 V) at t = 74.3s because of the relatively quick
adjustment of d..,;. This voltage sage is 90% smaller than
the voltage sag in FB method and it is fairly negligible.
Consequently, the MG DC bus experiences smaller voltage
sags (smaller peak and shorter duration) at sudden load
changes showing the improvement of the MG voltage quality
with the proposed FB-MPC method [37].

Table 4 also compares three voltage quality indexes
including the sum of absolute value of voltage changes
(SAVC), the integral of the square error (ISE), and the integral
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TABLE 4. Voltage quality indexes.

Index FB (Case 1) FB-MPC (Case 2)
ISE 235 (VD) 552 (V)
IAE 38.52 (V) 22.46 (V)
S4vVe 0.80 (V) 0.38 (V)

of absolute value of error (IAE) which are obtained as

ISE = / (Vref — Vdc)zdt

IAE = / |Vief — Vae| dt (32)
SAVC = Z WaekT + T) — vge(kT)|, T = 0.1ms
k

In (32), the lower value of ISE and IAE shows the better
voltage regulation performance of the MG voltage control
system. In addition, the lower SAVC shows the smaller
voltage ripples and flatter voltage profile at MG DC bus.
As seen in Table 4, all the indexes (i.e., IAE, ISE, and
SAVC) are considerably lower in FB-MPC which indicates
the higher voltage quality of MG and better performance of
the MG voltage control system under the proposed FB-MPC
method.

V. DISCUSSION AND FUTURE RESEARCH

A. THE FB-MPC METHOD IN MULTI-BUS MGS

The simulation results and small-signal stability analysis of
this work demonstrates that the proposed FB-MPC approach
improves the performance of the primary control layer of a
single bus DC MG that contains a grid-forming HESS unit.
Consequently, the MG voltage controller can regulate the MG
DC bus voltage to its reference (i.e., vyer) value with less
transient voltage oscillations at rapid load changes. In this
work, the reference voltage for the MG primary controller has
a constant value which is exactly equal to the nominal voltage
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of the single bus DC MG. However, in multi-bus/multi-
generation DC MGs, the reference voltages for the primary
controllers are typically computed by the secondary control
layer of the MG. In such systems, the secondary control
layer adjusts the reference voltage of the grid-forming DERs
to ensure proportional power sharing between them as well
as restoring the steady state voltage of the MG (see the
objectives of secondary control layer in Fig. 1). Consequently,
reference voltages of the primary controllers may slightly
change during the system operation. Nevertheless, the
secondary control layer has by far slower dynamics compared
to primary control layer (see Fig. 1) which indicates that
the secondary control layer does not considerably impact
the transient response of the primary controllers or transient
voltage stability of the MG. Consequently, the advantages of
the proposed FB-MPC method (i.e., improving the transient
response of the primary control layer) will be still valid in a
DC MG with multiple grid-forming DERs.

Moreover, due to very fast dynamic response of the primary
control layer, typically, there is not any communication
between primary controllers of grid-forming DERs in a multi-
bus/multi-generation MG. In other words, based on the the
standard control structure of DC MGs [38], the primary
controllers (i.e., convert controllers) just use their local
information as well as a reference voltage that is adjusted
by the secondary control layer. Consequently, the effective
coordination (e.g., power sharing) between the DERs can
be provided through the suitable actions of the secondary
control layer which may have a centralized or a distributed
control architecture [38]. As discussed in section III, the
proposed real-time FB-MPC system is located at the primary
control layer of MG (i.e., converter controllers) and it does not
need the information of other DERs (e.g., PV). Consequently,
similar to the conventional control structure of DC MGs, the
primary control layer of the HESS unit just requires its local
information including the local DC bus voltage, and SC SoC
variation. Therefore, the proposed FB-MPC is compatible
with the conventional hierarchical control structure of DC
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FIGURE 21. The suggested control structure of a DC MG with multiple
DERs including a grid-forming HESS with the proposed FB-MPC current
allocation system.

MGs, so it can be easily extended into multi-bus/multi-
generation systems.

Fig. 21 shows the suggested hierarchical control structure
of a DC MG that contains multiple grid-forming DERs
including a grid-forming HESS unit. In this structure, the
grid-forming HESS utilizes the proposed FB-MPC current
allocation system discussed in section III (see Fig. 11).
As seen, similar to the conventional hierarchical control
structure of MGs [38], the secondary controller selects the
reference voltage of the primary controller of DERs including
the grid-forming HESS (i.e., vy) by adjusting the droop
gains and adding a voltage restoration term for each DER
(i.e., 6v)).

It should be noted that in multiple bus DC MGs, the line
impedance (i.e., the impedance of the DC links between
DERs) may slightly affect the marginal stability of the system
as well as the choice of appropriate gains for PI voltage
controllers. In addition, the number of grid-forming HESS
units inside the MG, the topology of the DC MG, and types
of power electronic converters (e.g., boost, buck, buck-boost)
can also alter the dynamic model of the system and slightly
impact the marginal stability and transient response of the DC
MG.

Consequently, based on the application and the topology
of the DC MG, developing a detailed dynamic model
of the system and applying further stability analysis can
be beneficial. Consequently, a future research direction of
this work is to investigate the impact of the discussed
parameters (e.g., the line-impedance, MG topology, and
the number of grid-forming HESS units with FB-MPC
method) on the dynamic stability of a DC MG with multiple
DERs.
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B. ACTIVE DAMPING OF CPLS WITH FB-MPC METHOD
The stability analysis results of this paper can be discussed
from a different perspective. These results show that when
the FB current assignment system and SC are activated,
the DC MG has higher marginal stability in the presence
of CPLs. In addition, increasing the time constant of the
filter can improve the transient voltage stability of the DC
MG. This means that the instability effect of the CPLs that
typically requires active or passive stabilization techniques or
more advanced voltage controllers, can be easily addressed
by a grid-forming HESS unit in which the size of the
filter is appropriately selected, and the continuous operation
of SC and filter is guaranteed. Consequently, the other
future research direction is to compare the performance
of proposed FB-MPC technique with the existing active
stabilizers in terms of stability improvement and cost-
efficiency for different MG applications.

VI. CONCLUSION

FB strategies are widely used in HESS applications to
perform the power/current allocation between the BESS
and SC. In these methods, typically, an LTI filter is
utilized that splits the HESS reference power/current into
high-frequency and low-frequency components and then
allocates the high-frequency parts to SC. This paper firstly
provides a small-signal stability analysis to investigate the
impact of the HESS current assignment filter on the dynamic
stability of a single bus DC MG in which a grid-forming
HESS supplies a CPL. The stability analysis shows that the
current assignment filter improves the marginal stability of
the MG. So, the continuous operation of the SC and filter
enables the MG PI voltage controller to operate higher gain
values as well as tolerating higher communication delays.
However, the conventional FB strategies cannot ensure the
continuous operation of the SC and filter during the sudden
load variations. To address this challenge, this paper proposes
an MPC-based SC SoC restoration technique that works in
tandem with an LTI filter to perform the current allocation
between the BESS and SC. In this method, the MPC
controller maintains the SoC of SC in a predefined range,
so that ensures the continuous operation of the SC and
filter. As a result, the proposed approach indirectly improves
the transient response and voltage quality of the system by
enabling the MG voltage controller to work with higher gain
values. The performance of the proposed FB-MPC method
is then validated by simulating a case study DC MG in
MATLAB/Simulink.
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