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Abstract

Direct current (DC) bus voltage stability in grid-connected microgrids with multiple en-
ergy-storage converter branches is governed by the coupled dynamics of photovoltaic
generation, heterogeneous battery storage, and the grid-connected inverter. Conventional
independent and droop control methods allocate branch power mainly from local voltage
or state-of-charge information, and therefore cannot fully account for converter limits,
battery condition, or inverter current admissibility. This paper proposes a constraint-
aware predictive energy coordination (CAPEC) method for DC bus stabilization. A DC
bus energy model with variable losses is combined with one-step disturbance prediction
and a safety governor that allocates storage power according to state of charge (SOC),
state of health (SOH), power reserve, thermal margin, current capability, and ramp limits.
The grid-connected inverter is treated as a constrained energy regulation path with active
power saturation and antiwindup correction. Small-signal and energy function analyses
show that CAPEC increases equivalent DC bus damping and yields bounded voltage re-
covery for feasible references and bounded prediction errors. MATLAB R2023b studies
for combined photovoltaic and load variation, grid interface disturbance, and heteroge-
neous storage conditions show that CAPEC limits the maximum voltage deviation to 2.86
to 6.35 V. A reduced power laboratory experiment further verifies the Case B breaker dis-
turbance and confirms stable DC bus behavior during unplanned grid interface switching.

Keywords: DC bus voltage stability; energy storage converter; constrained power
allocation; predictive coordination; grid connected microgrid

1. Introduction

The increasing penetration of photovoltaic generation, battery energy-storage sys-
tems, and power electronic loads is changing medium- and low-voltage distribution net-
works from passive radial feeders into converter-dominated microgrids [1,2]. In a grid-
connected microgrid, several direct current (DC) sources are commonly connected to a
shared DC bus through DC/DC converters, and the bus is connected to the alternating
current (AC) feeder through a voltage-source inverter [3,4]. This structure reduces con-
version stages and allows energy-storage modules with different voltage levels to partic-
ipate in the same power-exchange process. It also makes the DC bus capacitor the
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instantaneous energy buffer for source-side and grid-side power variations [5]. A disturb-
ance in any branch may therefore appear as a voltage excursion of the common DC bus
and then propagate to the inverter current loop and the point of common coupling.

Existing DC microgrid control schemes can be grouped into several representative
categories. Independent current or voltage control provides a direct local regulation struc-
ture [6], but it does not impose a physically meaningful sharing rule among parallel stor-
age branches [7,8]. Fixed droop control improves autonomous sharing by modifying the
voltage reference according to branch current or power; however, its sharing ratio is de-
termined by preset droop coefficients [8]. Adaptive droop control updates the droop co-
efficient according to loading state or state of charge (SOC) [9,10]. Consensus secondary
control improves current sharing and voltage restoration through adjacent information,
whereas model predictive control can explicitly handle constraints and predicted disturb-
ances [11,12]. Data-based power management and modified droop strategies further im-
prove hybrid storage utilization, but they generally emphasize either source-side sharing
or bus voltage restoration [13,14]. The interaction between multiple storage converters
and the grid-connected inverter is still frequently reduced to a single power-balance rela-
tion.

Such a simplification is inadequate for the studied grid-connected microgrid. The in-
verter is not only an AC-side power-tracking interface [15], but also a controllable energy
release path for the DC bus capacitor [16,17]. If the inverter maintains a scheduled active
power command during a rapid photovoltaic power reduction, a large load step, or a tem-
porary grid interface disturbance, the storage converters must compensate the resulting
mismatch through branch current variations. Conversely, an excessively fast inverter ac-
tive power correction may cause the d-axis current command to exceed its current limit,
excite the LCL filter, or induce integral windup [18,19]. Therefore, DC bus stability should
be formulated as a coordinated energy regulation problem involving source-side alloca-
tion, inverter power correction, and converter constraints.

The limitations of fixed droop control can be further interpreted from the DC bus
energy balance without introducing additional equations in the Introduction. In a fixed
droop scheme, the contribution of each branch is governed primarily by its preset droop
gain rather than by its real-time electrochemical and thermal capability [8,10]. When a
module has a low state of charge, aged cells, higher internal resistance, or reduced current
capability, fixed droop may still require a strong response to the same bus voltage devia-
tion. Dynamic coupling further increases this risk because the branch with the weakest
margin may experience the largest relative stress when the DC bus requires strong sup-
port. Recent modified droop-and-passivity-based controls improve current sharing, but
they generally still rely on local voltage to power mapping and do not fully coordinate the
inverter energy-release path [14,15].

Although advanced methods introduce additional communication or optimization
layers, practical implementation details are often insufficiently specified. Comparative re-
views of DC microgrid power management show that source-side coordination, inverter
regulation, and converter constraints are frequently handled in separate layers [20,21].
Recent distributed and cooperative secondary controls improve voltage restoration and
sharing accuracy, but their interaction with the grid-connected inverter is usually not the
main design object [22,23]. Distributed model predictive control and cooperative second-
ary control can handle constraints, yet their computational burden and parameter tuning
become nontrivial when storage modules are heterogeneous [12,24]. Operating con-
straints related to battery state, aging, and DC link fluctuation are also important for prac-
tical hybrid storage systems [25,26]. These gaps motivate constraint-aware predictive en-
ergy coordination (CAPEC) as a constraint-aware predictive energy coordination
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framework in which DC bus energy, branch safety, and inverter admissibility are inte-
grated within a physically interpretable control structure.

The main contributions of this paper are as follows: First, a DC bus energy coupling
model with variable loss terms is established for a grid-connected microgrid containing
photovoltaic generation, heterogeneous energy-storage modules, bidirectional DC/DC
converters, and a grid-connected inverter. Second, CAPEC is proposed as a constraint-
aware predictive energy coordination method. Short-horizon disturbance prediction is
combined with a safety governor so that storage branch power references are allocated
within SOC, state of health (SOH), power, ramp rate, current, and thermal limits. Third,
the grid-connected inverter is formulated as a constrained DC bus energy actuator with
energy feedback, feedforward disturbance compensation, saturation, and antiwindup
correction. Fourth, small-signal and energy function analyses clarify the damping mech-
anism and provide practical tuning conditions. Fifth, the simulation design and the sup-
plementary laboratory experiment verify the proposed method under renewable power
variation, grid interface disturbance, and heterogeneous storage operating conditions rel-
evant to modern grid-connected PV systems [27,28].

The remainder of this paper is organized as follows: Section 2 describes the microgrid
topology and establishes the DC bus energy coupling model. Section 3 formulates the sta-
bility control problem under converter constraints and positions the proposed method
against representative control schemes. Section 4 develops the proposed CAPEC method.
Section 5 presents stability analysis and parameter design. Section 6 describes the simula-
tion platform, physical experimental verification, benchmark methods, and performance
evaluation. Section 7 concludes this paper.

The principal abbreviations and symbols used throughout this paper are listed as
Table 1.

Table 1. The principal abbreviations and symbols. A superscript * is a reference value, and A is a

perturbation or deviation.

Abbreviation or

Definiti
Symbol efinition

CAPEC Constraint-aware predictive energy coordination
ICM; FDC Independent control method; fixed droop control

Energy-storage system; point of common coupling; photovoltaic
source

ESS; PCC; PV

SOC; SOH State of charge; state of health

N Number of energy-storage branches
Ve, Vac * Measured and rated DC bus voltages
Cac, Edc Equivalent DC bus capacitance and capacitor energy
b, pi* Actual and reference power of storage branch i
Ppv, Pinv, Ploss PV power, inverter DC-side power, and equivalent loss
Proad,dc, Pgo DC-side equivalent load demand and scheduled grid active power

. Unsaturated, final, and current limited inverter active power refer-
Pgu,Pg ,Pglim

ences
Qg™ Reactive power reference of the grid-connected inverter
P4, Pap Observed and predicted power disturbance
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1d, 1g, Imax dq axis inverter currents and current limit
Wb, 1i, Li Storage terminal voltage, branch current, and branch inductance

i T Equivalent resistance, duty ratio, efficiency, and power-tracking
o O T time constant
Pichmax, Pidismax ~ Maximum charging and discharging powers of branch i
Ri, At Branch ramp limit and coordination sampling period

Charge capability score, discharge capability score, and prelimi-

Sich, Sidis, Pi .
t Sid nary allocation factor
O ol Feasible power interval, priority factor, and ramp penalty coeffi-
v cient
a1 to as, ya Capability score weights and disturbance prediction coefficient

K, Ki, Ke, Kai, Kr,  Energy feedback, integral, inverter, feedforward, and antiwindup
kaw gains

Storage integral state, inverter integral state, and DC bus energy er-
ror

ze, EE, €E

Maximum voltage deviation, recovery time, sharing error, and grid

AVmax, trec, €share, €g . .
active power-tracking error

2. System Description and DC Bus Energy Coupling Model

Figure 1 presents the studied grid-connected microgrid. A photovoltaic source and
N energy-storage modules are connected to the common DC bus through individual bi-
directional DC/DC converters. The DC bus is connected to the AC feeder through a grid-
connected inverter and an LCL filter. The AC feeder contains local loads, distribution
transformers, and the point of common coupling to the utility grid. The energy-storage
modules may be homogeneous or heterogeneous in rated power, capacity, internal re-
sistance, SOC, SOH, and allowable ramp rate.

For terminology consistency, an energy-storage module is the battery pack, an en-
ergy-storage converter is the bidirectional DC/DC converter interfacing the module with
the DC bus, and an energy-storage branch is the combined module and converter. The
term grid-connected inverter is the DC/AC converter between the common DC bus and
the AC feeder. These terms are used consistently in the following sections, tables, and
figure captions.

DC
DC “\

DC /|-« Ry Ly | =
I Uy {L\(‘L _:]TM\ || :xxg *@

Cr Breaker  power
Grid-connected :_[ grid

DC inverter - |
DC Load

PV

?ﬁ

L
Lo

P

—9
3=

[
T

DC

;\

ﬁrb

I
T

https://doi.org/10.3390/electronics15153406



Electronics 2026, 15, 3406

5 of 21

Figure 1. Topology of the grid-connected microgrid with multiple energy-storage converter

branches.

The energy stored in the DC bus capacitor is written as follows:
1
Eo= G2 M

where Ea. is the capacitor energy, Ca. is the equivalent DC bus capacitance, and Vac is the
measured DC bus voltage. Differentiating (1) yields the energy balance of the common
DC bus:

dE, &
7; = Zlfl) +va _Env _fl)oss (2)

where Piis the power injected from storage branch i to the DC bus, Ppv is the photovoltaic
power injected into the DC bus, Pinv is the active power absorbed by the grid-connected
inverter from the DC bus and delivered to the AC side, and Pioss is the total converter and
line loss referred to the DC side. Positive Piis discharging from the corresponding storage
module to the DC bus, and negative Pi is charging from the DC bus to the module. This
energy balance is consistent with the power flow convention adopted in the simulation
and experimental validation.

Unlike the simplified constant loss model, the loss term is represented as a voltage-
and current-dependent expression:

_ in D
S _[()) +’{nv V2v + }';li (3)
d i=1

where Po is the no load equivalent loss, rinv is the equivalent conduction resistance of the
inverter path, riis the equivalent resistance of DC/DC branch i, and ii is the branch current.
In severe transients, (3) captures the fact that losses increase with current and therefore
slightly reduce the effective damping available for DC bus voltage recovery. If detailed
semiconductor loss data are unavailable, Po, rinv, and r: can be identified from steady-state
operating points or set from manufacturer efficiency curves.

From (1) and (2), the voltage dynamic equation is:

e Ye_Spip _p _p
ch/dc dt _; [+ pv_ Linv ™ Yloss (4)

Equation (4) indicates that Vuc is not a local variable of a single converter. It is the
common energy state of the DC subsystem. Variations in Pi, Ppv, Pinv, Or Pioss directly alter
the capacitor charging power and subsequently affect all controllers that use the DC bus
voltage as feedback. This coupling explains why DC bus voltage stability, branch-level
power sharing, and inverter active power correction should be treated within one coordi-
nated energy framework [7,23].

2.1. Energy-Storage Converter Model

Each energy-storage module is interfaced by a non-isolated bidirectional buck boost
DC/DC converter. This topology is widely used when the storage terminal voltage may
be lower or higher than the DC bus voltage and galvanic isolation is not required [4,5].
For systems requiring isolation, a dual active bridge can be used, and the outer power
coordination layer proposed in this paper remains applicable after replacing the inner
plant model. Under continuous conduction mode, the averaged branch dynamics are:

di ]
L?j;:%,i_(l_di)r{ic Ik ©)

where Li is the inductor of branch i; Vb, is the storage terminal voltage; d: is the duty ratio;
and r1iis the inductor and switch-equivalent resistance. The average DC bus power of the
branch is:
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P=n

i d

V, i
b (6)
where 7 is the conversion efficiency of branch i. In the simulation and controller design,
the inner current loop is much faster than the outer energy coordination loop. Therefore,
the current-tracking dynamics can be approximated by:
dP ;

T—+P=F 7

1 dt 1 1 ( )
where Pi" is the branch power reference produced by the coordination layer and 7 is the

equivalent power-tracking time constant of branch i. The value of 7i is determined by the
current loop bandwidth, digital sampling delay, and converter filter parameters.

2.2. Grid-Connected Inverter Model

The grid-connected inverter is modeled in the synchronous dq reference frame
aligned with the PCC voltage vector. This representation follows common DC link voltage
and grid-connected inverter control practice [16,17]. Its current dynamics are:

di . .

L./'jj =u, =V, — R, +ali, ®)
di, . .

L o =u,—v,—Ri —alL,i, 9)

where Lrand Ry are the filter inductance and resistance; is and i; are the dg axis currents; ua
and u, are the inverter output voltages; vs and vy are the PCC voltages; w is the synchro-
nous angular frequency. When the dg frame is aligned with the PCC voltage, v, = 0, and
the active and reactive powers are:

3 .
inv =§vdld (10)
3 .
an :_Evdlq (11)

Equations (10) and (11) indicate that inverter active power is mainly regulated
through is, whereas reactive power is mainly regulated through i;. However, both current
components share the same current capacity. Therefore, the DC bus voltage correction
loop must respect the inverter current constraint, especially when LCL filter dynamics
and power quality limits are considered [18,19].

2, 2 2
ld +lq SImax (12)

where Imax is the maximum admissible inverter current. This constraint is essential during
deep photovoltaic drops or grid interface disturbances because an unconstrained DC volt-
age PI controller can otherwise request an infeasible active current command.

3. Control Problem Formulation

The control objective is to maintain DC bus voltage stability while respecting the
physical limits of each DC/DC converter and the grid-connected inverter. The DC bus
energy error is defined as follows:

=B, ~E =G| V-() (13)

where Ed." is the reference capacitor energy and V' is the DC bus voltage reference. Near
the rated voltage, energy feedback and voltage feedback are locally equivalent; however,
energy feedback provides a clearer physical interpretation under large voltage deviations.

The instantaneous power imbalance to be compensated by the storage system and
the inverter correction is:
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AP 2}1)»/ _Road,dc _};0 -R (14)
where Pioad.dc is the DC-side equivalent of the internal load demand seen by the common
DC bus, and Pg0 is the scheduled active power delivered by the grid-connected inverter.
In practical implementation, Pload.dc does not need to be measured directly. It can be ob-
tained from measured inverter power, a local load estimator, or a recursive power imbal-
ance observer based on (4).

Each storage branch has a time-varying feasible power interval:

where Pichmax and Pidismax are the maximum charge and discharge powers of branch i. They

depend on the state of charge, SOC;, of the module. The following ramp rate limit is also
imposed:

P (5)—P (k-1|<RAt (16)

where Ri is the power ramp rate limit and At is the outer coordination sampling period.
Equations (15) and (16) restrict excessive current steps that may increase semiconductor
thermal cycling or battery current stress.

The coordination objective is therefore to minimize the bus energy error, deviation
from the scheduled grid power, branch stress, and SOC imbalance subject to the con-
straints (12), (15), and (16). The proposed method differs from conventional MPC because
it does not solve a repeated full-order receding horizon optimization at the converter
switching frequency. Instead, it uses one-step disturbance prediction and a low-dimen-
sional projection on the storage branch feasible set. It also differs from adaptive droop
control, which modifies local voltage to power slopes but does not explicitly coordinate
inverter active power saturation. Consensus secondary control relies on graph-based in-
formation exchange and convergence, whereas CAPEC uses common DC bus energy
measurements and branch capability information in a supervisory allocation layer. Table
2 summarizes these distinctions.

Table 2. Technical comparison of representative control strategies for the studied grid-connected

microgrid.
Technical Distincti f
Method Main Mechanism Limitation in the Studied System echnica’ istnction o
CAPEC
No branch-level energy coordina- CAPEC uses a common DC

Independent con-
trol method (ICM)

Each converter followsa  tion is imposed. The inverter fol-

bus energy observer and allo-

local current or voltage lows its scheduled power and
. . cates storage references accord-
reference. cannot relieve DC bus energy im- . o
ing to branch feasibility.
balance.

Fixed droop con-

Preset voltage-to-power
droop coefficients deter-

Power sharing is governed by

fixed gains rather than real-time CAPEC replaces fixed slopes

with safety-constrained alloca-

trol (FDC) . SOC, SOH, thermal, power, and . ) L.
mine branch response. . tion and feasible projection.
ramp margins.
Droop gains are updated  Local slope adaptation improves

. b8 paate L SOP P P CAPEC couples branch capa-

Adaptive droop  according to SOC, loading sharing but does not solve in- . . .
. . bility scores with bounded in-

control state, or bus voltage con-  verter saturation or multi-con-

dition.

. - verter active power correction.
straint branch feasibility. P
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Consensus sec-
ondary control

Neighbor information is
exchanged to restore volt-
age and improve current
sharing.

Performance depends on commu-
nication graph convergence and
branch references are not explic-
itly projected onto electrothermal
limits.

CAPEC uses supervisory en-
ergy coordination based on
common measurements and lo-
cal constraints; graph consen-
sus is not required in the core
allocation.

Conventional
model predictive
control (MPC)

A receding horizon opti-
mization predicts states
and computes constrained
inputs.

Full model optimization can be
sensitive to model size, solver
time, and tuning when storage
branches are heterogeneous.

CAPEC uses one-step disturb-
ance prediction and low-di-
mensional projection, retaining
explicit constraints with lower
real-time burden.

Data-based or re-
inforcement learn-
ing control

A control policy is ob-
tained from historical
data or online interaction.

Safety near operating points not
covered by data is difficult to
guarantee without an additional
feasibility layer.

CAPEC retains a physical en-
ergy model and hard feasibility
bounds.

Proposed CAPEC

Energy observer, disturb-
ance prediction, safety
governor, feasible projec-
tion, and inverter satura-
tion with antiwindup.

Reliable branch measurements
and bounded communication de-
lay are required.

Storage converters and the
grid-connected inverter are co-
ordinated under SOC, SOH,
thermal, current, power, and
ramp constraints.

4. Constraint-Aware Predictive Energy Coordination

Figure 2 presents the information flow of the proposed CAPEC method. The meas-
ured DC bus voltage, branch currents, storage terminal voltages, SOC, SOH, and inverter
current are first sent to the energy observer and disturbance predictor. The predicted im-
balance and the DC bus energy error are then converted into a total storage support de-

mand and processed by the safety governor.
The safety governor constructs branch capability scores and sends preliminary
power shares to the projection block, which enforces SOC, power, current, thermal, and

ramp constraints before the local current controllers receive their references. In parallel,
the inverter correction path computes an active power reference from the same energy
error and predicted disturbance. This reference is saturated by the inverter current limit,
and the antiwindup feedback returns the saturated error to the integral state. The archi-
tecture therefore links prediction, constrained allocation, inverter saturation, and anti-

windup correction through a single DC bus energy variable.
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Figure 2. Control architecture and information flow of the proposed CAPEC method.

4.1. Power Imbalance Observer and Short-Horizon Prediction

The measured DC bus voltage and converter powers are used to estimate the un-
measured disturbance acting on the DC bus. From (4), the observed disturbance is defined
as follows:

P=CV, Tk
d de” dc dt -

where P represents the residual power caused by load variation, measurement error, un-

N
T 2 R=B P +R,, (17)
i=1

modeled converter loss, and grid interface disturbance. A first-order prediction is
adopted:

P k) =B+ [ (O~ (kD) a8)
where Par(k + 1) is the predicted disturbance for the next coordination step and pd is the
prediction coefficient. A smaller pud provides conservative filtering, whereas a larger ud
improves anticipatory response under rapid photovoltaic or load variations. To avoid
noise amplification, ud is limited within 0 < pa < 1, and the derivative of Vdc in (17) is
obtained through a low-pass differentiator.

The total storage support demand is then generated from energy feedback and pre-
dicted disturbance compensation:

B =sat, [‘KEeE —Kiz,—F ] (19)
where Pess" is the total power required from all storage branches; Kk is the proportional
energy feedback gain; Kr is the integral energy feedback gain; zt is the integral state of the
energy error; and sat(.) is saturation by the total available charge and discharge capability
of all storage branches. Positive Pess" corresponds to discharging support.

4.2. Safety Governor for Heterogeneous Storage Modules

For each module, a capability score is constructed from energy availability, power
reserve, state of health, and thermal margin. In the discharge mode, the score is:

dis SOC -SOC .. Piis,max _p
= +a,SOH,
S =4 SocC.. —-SOC,,. ) [i,ated a A (20)

where si¥is is the discharge capability score; SOCmin and SOCmax are the allowable SOC lim-
its; Pirated is the rated power; SOHi is the state of health; and a1 to a3 are non-negative nor-
malized weights satisfying a1 + a2 + a3 = 1. The four terms, respectively, quantify the SOC-
associated discharge margin, unused branch discharge capability, degradation-related
support reduction, and converter thermal derating requirement.
In the charging mode, the score is:
h,max
e et SOl @)

where sih is the charge capability score. This definition reduces the charging allocation

assigned to modules with high SOC. To prevent division by zero, each score is lower-
bounded by a positive constant smin.
The normalized allocation factor is:

N

i

5 2

pi=

where siis selected as sidis when Pess” > 0 and as sich when Pess” < 0. The preliminary branch
reference is denoted by pi and is then projected onto the feasible set defined by (15) and
(16).

https://doi.org/10.3390/electronics15153406
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4.3. Constrained Allocation by Projection

The final branch power reference is obtained by the following quadratic projection:

R
P —-pP.
min,_, 31721 5) +h(F ~F-D) 23)
N
subject to » =P, PeQ (24)

i=l

where gi is a positive priority factor, hi is a ramp penalty coefficient, and Qi is the feasible
interval of branch i given by (15) and (16). If the equality constraint cannot be satisfied
because the total demand exceeds the available capability, the equality is relaxed to the
nearest feasible total power, and the residual is passed to the inverter correction and grid
exchange supervision layer. For N = 3 to 6 storage branches, the projection can be imple-
mented by analytical saturation and redistribution. For a larger storage cluster, a low-
dimensional quadratic programming solver may be executed at the slower coordination
sampling rate.

Compared with a pure SOC-based allocation, (23) and (24) explicitly include con-
verter power limits, ramp limits, thermal limits, and heterogeneous ratings. Compared
with full model predictive control, the prediction horizon is short and the optimization
dimension is low, which reduces real-time computational burden while preserving the
feasibility protection required by the storage branches [12].

4.4. Constrained Inverter Active Power Correction

The grid-connected inverter is controlled as a constrained actuator for DC bus energy
release. Its unsaturated active power reference is:

}Z :};)go +Ke; +I<G[§E +K B (25)

where Pg* is the unsaturated inverter active power reference, Py is the scheduled grid ex-
change power, Kg is the inverter energy feedback gain, Kar is the integral gain, &k is the
inverter energy integral state, and Kr is the disturbance feedforward gain. When the DC
bus energy exceeds the reference, the inverter increases active power export within its
current capability. When the DC bus energy is below the reference, the inverter reduces
active power export to mitigate capacitor discharge stress.

The admissible active power range is determined from the inverter current limit and

<P =15y, (i) (26)

where Py"is the final saturated active power reference; Py is the active power limit under

the reactive power demand:

£

the required reactive current 7;’, and va is the PCC d axis voltage. The saturated reference
is:

Pt

F, :satﬂ;m( ) 27)

To avoid integral windup during large disturbances, the integral state is updated by:

aw

dé, '
%:wk (P-P) (28)

where kaw is the antiwindup gain. When the inverter reference is not saturated, Ps" = Pg,
and (28) reduces to standard integral control. When saturation occurs, the correction term
drives the integrator toward a feasible value.

The inverter current references are:

;= 29
1, =—
=3, (29)
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*

A (30)

3v,

where Q" is the reactive power reference. If the current magnitude obtained from (29) and
(30) exceeds Imax, active power correction is limited after satisfying the selected priority. In
this paper, DC bus protection is assigned higher priority than reactive power support only
when V. violates the emergency band; otherwise, reactive power support at the PCC is
maintained according to the grid code requirement.

4.5. Local Converter Current Control

The branch current reference is computed from the power reference as follows:

&

._ P
i (31)

where ii" is the current reference of branch i. A first-order filter is used to avoid abrupt

reference changes:
o
i

T,
f dt

4=l (32)

where i is the filtered current reference and s is the reference filter time constant. The
averaged duty ratio command is generated by:

d=sat, [ d'+k,(if i) +k J(i =i ot (33)

where d? is the feedforward duty ratio; kyi and kii are the current PI gains; and dmin and dmax
are the duty ratio limits. The saturation in (33) is consistent with the branch feasible set in
the coordination layer.

5. Stability Analysis and Parameter Design

Figure 3 illustrates the coordinated damping mechanism of CAPEC. The storage path
supplies synthetic damping through the feasible branch references Pi*, whereas the in-
verter path supplies an additional damping path through Pg*. These two paths act on the
same DC bus energy state but are constrained by different physical limits.

The storage path receives the predicted imbalance, passes it through the safety gov-
ernor, and projects the branch references onto the admissible set. The inverter path re-
ceives the same energy error, applies current-based saturation, and returns the saturation
mismatch to the antiwindup loop. Their stable interaction is supported by time scale sep-
aration, positive energy feedback gains, and feasible reference projection. The resulting
structure clarifies why CAPEC remains robust to bounded prediction error. It also toler-
ates moderate parameter uncertainty while avoiding infeasible converter commands.

5.1. Small-Signal Model

Linearizing (4) around an operating point Vac = Vuc', Pi = Pio, and Pinv = Pinvo yields:
N
VZZH=ZAE+A@V—AP —AP

c inv loss
dt i=l

where AV is the small-signal DC bus voltage deviation. The aggregated response of the

G (34)

storage allocation loop is approximated as follows:

N

Y AP=-DAV+GAP, (35)

i=l
where D:s is the equivalent source-side damping produced by storage power feedback,
and G: is the disturbance feedforward gain assigned to the storage side. The inverter cor-
rection is expressed as follows:

AP

inv

=DAV+GAP, 36)
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where Dy is the equivalent inverter-side damping and Gy is the inverter disturbance feed-
forward gain. The loss perturbation is approximated by APiss = GussAV, where Gios is the
equivalent voltage sensitivity of losses. Substituting (35) and (36) into (34) yields:

dAV
dcl/;;c?:_(Ds +Dg+Gloss)AV+(Gs_Gg +1)ABZ' (37)
The dominant DC bus voltage pole is therefore:
D +D,+G
__ s g loss
4 A (38)

Equation (38) demonstrates the damping effect of the proposed method. Fixed droop
control increases only Ds and maintains D; close to zero because the inverter active power
command is not coordinated with DC bus energy [8,10]. CAPEC increases both Ds and Dy
while constraining their commands within the feasible converter set. The voltage mode is
locally asymptotically stable when Ds + Dy + Gioss > 0.

DC bus energy state and power balance layer
(

r

PV variation Common DC bus capacitor
AP,, R 1 ) Energy error observation
i Disturbance E, = ECch;c o o —E.—E
Lt E~ Ldc T Lde
Load/grid disturbance power C.v vy _ zp WP —_P —_P Measured: Ve, Pi, Py
AP, L de” de dt “1 pv iny Ioss) L
Storage support Controlled energy release
Source side synthetic damping path [ Inverter side constrained damping path
Short horizon Safety governor Feasible projection Energy feedback Current limit Anti-
prediction SOC, SOH, power, current, and feedforward satura_tion windup
P/ k+1) thermal, reserve ramp limits B 12 fim correction
T
7 * M\ I
: \ Integrator reset
E[DC/DC 1] [DC/DC 2] [DC/DC N] : |:>[ 2P; }_ y under saturation
E~ i % Lif ' Dy AV path " Grid connected inverter
P, | Py,
L Dy AV path
Stable interaction and tuning conditions
- - N Command /
Time scale o . Feasible references| | Bounded recovery —> feedback
. Positive damping . . L. Legend ceedbac
separation Dy+ Dyt Gy > 0 proj ectlog before with prediction 3 Saturation
, < w;< g, tracking error correction

Figure 3. Coordinated damping paths and stability conditions of CAPEC.

5.2. Energy Function Analysis

To analyze large disturbance behavior before saturation is reached, the following
candidate energy function is selected:

1 1 1
W=§€Z- +§CZZ§ +§C§§L2- (39)

where W is the storage function; c: and cs are positive constants; and zt and &k are the
integral states of the storage and inverter correction loops. If the allocation projection is
feasible and the current loops have higher bandwidth than the energy coordination loop,
substituting (19) and (25) into the energy dynamics yields:

W <—gé-azi-ag+fleln-1 (40)
where at, az, at, and fa are positive constants determined by controller gains and con-
verter-tracking bandwidth. Equation (40) indicates input-to-state stability with respect to
prediction error. If the disturbance prediction error is bounded, the DC bus energy error
is also bounded. If the prediction error converges to zero and the references remain feasi-
ble, ee converges to a neighborhood of zero determined by measurement noise and loss
modeling error.
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5.3. Tuning Principles

The weighting coefficients in (20) and (21) are not empirical fitting parameters. They
are selected according to the physical stress component to be prioritized. For lithium bat-
tery modules with similar age, a1 and a2 are assigned larger values because SOC and the
power reserve determine the immediate support capability. When modules have different
ages or cooling conditions, a3 and a3 are increased to prevent aged or thermally stressed
modules from being overused. The recommended initial setting is a1 = 0.35, a2 = 0.35 and
a3 = 0.15, followed by sensitivity verification under the maximum credible PV drop and
load step.

The gains Ke and K are selected so that the desired voltage pole in (38) is slower than
the inner current loop but faster than the dominant disturbance time scale. A practical
condition is:

Sm<a, 0<@<0.2a, (41)

where wv is the desired outer voltage energy bandwidth; wi is the inner current loop band-
width; and wsw is the switching angular frequency. The integral gains Ki and Ker are in-
creased only after the transient response is sufficiently damped because excessive integral
action may conflict with current limits during severe disturbances. Table 3 summarizes
the physical meanings and recommended design rules of the key CAPEC parameters, in-
cluding capability weighting factors, energy damping gains, prediction coefficient, branch
ramp limit, and antiwindup gain.

Table 3. Parameter design guidance for CAPEC.

Parameter Physical Meaning Recommended Design Rule
SOC participation
am partielp Increase when energy balance among modules is the priority
weight
a2 Power reserve weight Increase when transient voltage support is the priority
a3 State of health weight Increase for aged or heterogeneous battery modules

Kk, Kc Energy damping gains

Select from the target pole in (38) and keep the outer loop slower than current

loops
Ki, Kar Integral recovery gains Use small values and enable antiwindup correction under saturation

. - Set close to zero for noisy measurements and close to one for fast repetitive

d Prediction coefficient .
disturbances
Ri Branch ramp limit Determine from battery current limit and semiconductor thermal rating
. . Choose to discharge the integrator within one to three outer loop time con-

kaw Antiwindup gain

stants

6. Case Study
6.1. Simulation System Configuration

For the executable simulation, three benchmark methods are retained to directly ex-
amine the incremental effect of the proposed controller. Method A is independent control
(ICM), in which each energy-storage branch tracks a local reference and the grid-con-
nected inverter follows the scheduled active power command without DC bus energy co-
ordination. Method B is fixed droop control (FDC), in which the branch power references
are generated from the DC bus voltage deviation by constant droop gains. Method C is
the proposed CAPEC, in which short-horizon disturbance prediction, safety-constrained
branch allocation, and bounded inverter active power correction are simultaneously acti-
vated. The same converter ratings, current limits, DC bus capacitance, and disturbance
profiles are used for all methods. Table 4 lists the main simulation parameters, initial op-
erating conditions, and case definitions to improve reproducibility.
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Table 4. Main simulation parameters, initial operating conditions, and case definitions.

Item

Parameter or Event

Value or Description

Simulation plat-

Software and solver

MATLAB R2023b fixed step EMT model; simulation time 0 to 8

form s; integration step 50 us.
13.8 kV distribution feeder; 0.48 kV inverter side; 60 Hz nomi-
AC system Feeder and transformer
nal frequency.
DC bus Rated voltage and capacitance ~ Vac'=800 V; Cac =20 F.
PV source Initial operating power 3.0 MW before the disturbance sequence.

Storage branch 1

Battery and converter rating

Bidirectional DC/DC converter module; 1.0 MW, 2.0 MWHh, ini-
tial SOC 80%, SOH 98%.

Storage branch 2

Battery and converter rating

Bidirectional DC/DC converter module; 0.8 MW, 1.6 MW, ini-
tial SOC 65%, SOH 92%.

Storage branch 3

Battery and converter rating

Bidirectional DC/DC converter module; 0.7 MW, 1.4 MWHh, ini-
tial SOC 50%, SOH 86%.

Storage limits

Operating bounds

SOC range 20% to 90%; ramp limits 1.0, 0.8, and 0.6 MW/s for
branches 1 to 3.

Grid-connected

Rating and current limit

3.0 MVA. The d axis active current is limited by Imax, and active
current priority is used only when the DC bus enters the emer-

i t
fverter gency band.
. Lo Coordination period At =10 ms; pa=0.6; a1 =0.35, 12=0.35, a3 =
CAPEC control- Sampling and principal param- o 5 3, 30 1~ 6.0, Ko = 1.2, Kai = 2.0, Ke = 0.35, and kus = 8.0
ler eters . o .
in the per unit implementation.
PV power changes from 3.0 MW to 1.8 MW and then to 2.6
Case A PV and load disturbance MW; a representative feeder load increases by 30% and later re-
turns to its initial value.
The scheduled grid exchange is changed over a short interval
Case B Grid interface disturbance to emulate breaker operation or an abrupt external grid power
request.
Case C Heterogeneous storage condi-  Rated power, initial SOC, SOH, and ramp limits differ among

tion

the three storage branches.

6.2. Evaluation Indices

The maximum DC bus voltage deviation is defined as follows:

AV =max, |V () -V, (42)

where AVmax measures the worst transient voltage excursion. The recovery time is:
trec =inf{t:‘1{k(2’)—Vd; SSV:C, VTZt} (43)

where ¢ is the allowable voltage recovery band. The power sharing error is:
2
1 P B

- = i 44
Ghare \/ Ni Pi-ated Igated) ( )

where Psx is the total storage power and Prrd is the total storage rated power. This nor-

malized definition is suitable for heterogeneous storage modules. The grid active power-

tracking error is:
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17 2
¢, =J; [ (RO-By@) di (45)

where T is the evaluation window. In Table 5, e; is normalized by the rated inverter active
power and reported in percent. A lower e; is desirable, but CAPEC does not treat grid
power-tracking as the sole objective. During DC bus emergencies, the inverter may tem-
porarily deviate from Py within its current limit to protect the DC bus energy state. Con-
sequently, a nonzero grid active power-tracking error under CAPEC does not indicate
inferior performance; it reflects the intended priority assigned to DC bus energy protec-
tion when inverter current constraints are active.

Table 5. Quantitative performance indices for the three simulation cases.

Case Method AVmax (V) Viin (V) Vimax (V) trec (S) share (%) eg (%)
ICM 88.06 711.94 800.00 6.002 30.84 0.000

A FDC 73.68 726.32 800.00 6.002 2.95 0.000
CAPEC 6.35 793.65 806.12 2.772 1.05 3.818

ICM 16.72 783.28 800.00 3.476 28.13 9.068

B FDC 16.23 783.77 801.68 3.198 2.27 9.068
CAPEC 2.86 797.70 802.86 0.000 2.11 8.612

ICM 60.16 739.84 800.00 6.002 23.06 0.000

C FDC 50.48 749.52 800.00 6.002 10.24 0.000
CAPEC 494 795.06 804.93 2.092 2.87 2.664

6.3. Simulation Results and Discussion

Case A combines photovoltaic fluctuation and load step disturbance. The photovol-
taic output decreases from 3.0 MW to 1.8 MW and then recovers to 2.6 MW, while a rep-
resentative feeder load increases by 30% and subsequently returns to its initial value. This
case verifies whether the storage allocation layer and inverter correction layer can jointly
suppress the power deficit caused by simultaneous source-side reduction and AC-side
demand increase. Figure 4 reports the DC bus voltage, total storage support power, and
branch powers under CAPEC.

Case B considers a grid interface power disturbance. The disturbance is imposed by
changing the scheduled grid exchange power over a short interval, which emulates
breaker operation or an abrupt external grid power request. This case evaluates the effects
of inverter current limitation and antiwindup correction. Figure 5 uses the same three
waveform groups as Case A, allowing for a consistent comparison of DC bus response,
total storage support, and branch-level allocation.

Case C considers heterogeneous storage operation. Three storage modules are as-
signed different rated powers, initial SOC values, SOH values, and ramp limits. This case
verifies whether the proposed safety constrained allocation avoids treating nonidentical
modules as equal power sources. Figure 6 highlights the redistribution of support power
toward branches with higher admissible capability.
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Figure 4. Simulation results of Case A under combined photovoltaic fluctuation and load step. (a)

DC bus voltage. (b) Total storage support power. (c) Branch powers under CAPEC.
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Figure 5. Simulation results of Case B under grid interface power disturbance. (a) DC bus voltage.

(b) Total storage support power. (c¢) Branch powers under CAPEC.
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Figure 6. Simulation results of Case C under heterogeneous storage conditions. (a) DC bus voltage.

(b) Total storage support power. (c) Branch powers under CAPEC.

The simulation section contains three nonoverlapping cases: combined source and
load disturbance, grid interface disturbance, and heterogeneous storage operation. Each
case is represented by one figure with three waveform groups, which reduces repeated
descriptions while retaining the variables required to evaluate DC bus stability, total sup-
port demand, and branch-level allocation.

The simulation results indicate that CAPEC provides the most significant improve-
ment in DC bus voltage deviation, recovery time, and capability-based branch sharing. In
Case A, CAPEC limits the maximum DC bus voltage deviation to 6.35 V, compared with
88.06 V for ICM and 73.68 V for FDC. The grid active power-tracking error of 3.818% is
introduced because the inverter temporarily deviates from its scheduled power to pre-
serve DC bus energy within its current limit. In Case B, CAPEC reduces the voltage devi-
ation to 2.86 V and keeps eg at 8.612%, slightly below the 9.068% obtained by the bench-
mark methods. In Case C, CAPEC reduces the voltage deviation to 4.94 V and lowers the
sharing error to 2.87%, while the 2.664% grid-tracking error reflects the deliberate use of
inverter support during a constrained energy transient. These results show that CAPEC
prioritizes DC bus protection and feasible converter operation over exact short-term grid
active power tracking.

6.4. Physical Experimental Verification

To address the practical applicability of the proposed method, a reduced power la-
boratory platform was constructed to reproduce the grid interface disturbance repre-
sented by Case B. The experimental setup includes a DC source and photovoltaic emula-
tor, a common DC bus, a grid-connected inverter with an LCL filter, a programmable
breaker, and an AC grid interface. The topology and the corresponding laboratory plat-
form are shown in Figures 7 and 8. The experiment focuses on the DC bus response during
unplanned breaker operation, which is the physical counterpart of the grid interface
power disturbance used in the simulation.
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The oscilloscope records in Figures 9 and 10 use the same channel definition. The

green trace is the DC bus current, the magenta trace is the DC bus voltage, the cyan trace

is the inverter-side AB voltage, and the blue trace is the grid-side AB voltage. During un-

intended breaker opening, the grid exchange path is interrupted and the DC bus current

changes rapidly, while the DC bus voltage remains bounded without sustained oscilla-

tion. During breaker closing, the inverter-side voltage resynchronizes with the grid-side

voltage after the switching transient, and the DC bus voltage remains close to the operat-

ing level observed before the event.
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Figure 9. Measured waveforms after unintended breaker opening.
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Figure 10. Measured waveforms after breaker closing.

The physical test does not replace the detailed MATLAB R2023b comparison because
the laboratory platform is operated at reduced power and is configured for the Case B-
type breaker disturbance. It nevertheless demonstrates that the proposed control structure
can be implemented on a real converter platform and that the DC bus response remains
stable under abrupt grid interface switching. The result therefore complements the simu-
lation study by confirming the practical feasibility of the disturbance prediction, inverter
saturation, and DC bus energy regulation concepts.

The robustness of CAPEC follows from the separation between performance objec-
tives and hard feasibility constraints. Disturbance prediction improves transient response,
but the projection layer prevents a prediction error from producing branch references out-
side the admissible power, current, thermal, SOC, or ramp rate limits. Parameter uncer-
tainties in Cdc, converter loss, and branch resistance enter the disturbance observer as re-
sidual power and are therefore re-estimated at each coordination step. Conservative mar-
gins in the capability scores can further absorb errors in SOC and SOH.

The proposed controller requires measurements of Vi, branch current, storage ter-
minal voltage, SOC, and inverter current. These signals are typically available in battery
energy-storage stations. High bandwidth communication among all branches is not re-
quired for the basic implementation because the capability scores are calculated in the
supervisory controller using local measurements collected at the energy management
layer. If communication delay exists, i« can be reduced and Ri can be tightened so that the
outer coordination loop remains slower than the inner current loops. Long delays may
reduce sharing accuracy and should be handled by hierarchical grouping or local fallback
droop control.

7. Conclusions

This paper reformulates DC bus voltage stabilization in a grid-connected microgrid
with multiple energy-storage converter branches as a constrained energy coordination
problem. The proposed CAPEC method integrates short-horizon disturbance prediction,
safety-constrained storage allocation, and inverter active power correction with saturation
and antiwindup protection. By considering SOC, power reserve, SOH, thermal margin,
current limit, and ramp rate within a unified feasible capability set, CAPEC enables stor-
age branches to provide support according to their actual operating capability. Small-sig-
nal analysis shows that CAPEC enhances the equivalent DC bus damping through both
source-side allocation and inverter-side correction. The energy function analysis further
indicates bounded voltage recovery under bounded prediction error and feasible
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converter references. Three simulation cases verify the effectiveness of CAPEC under
combined PV and load disturbance, grid interface disturbance, and heterogeneous storage
operation, while a reduced power physical experiment verifies the Case B breaker dis-
turbance on a laboratory converter platform. The results demonstrate reduced DC bus
voltage excursions, improved capability-based power allocation, and bounded grid-side
active power correction. The present verification remains limited to a reduced power ex-
periment and simulation cases with bounded communication delay and selected battery
aging states. Future work will include hardware-in-the-loop tests, broader battery-aging
conditions, larger storage clusters, and more complex communication-delay and packet-
loss cases.
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