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Abstract

The growing use of power electronic loads in DC microgrids has turned out to
be a significant source of stability challenges, mainly due to the detrimental
increased impedance behaviour of Constant Power Loads (CPLs) that can
cause the danger of especially high and low DC bus voltage fluctuations
and even voltage collapse. The proposed control strategy is based on a
continuous-time Model Predictive Control (MPC) approach. A Disturbance
Observer (DOB) is integrated to enhance robustness. This combination effec-
tively mitigates the negative incremental impedance effect caused by constant
power loads (CPLs) and improves DC bus voltage stability. A detailed
nonlinear model of a solar Photovoltaic (PV)-battery-based DC microgrid
providing power for a CPL is constructed, and the unstable condition is
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analytically expressed. Simulation results reveal that, during open-loop oper-
ation, the voltage at the DC bus drops from 400 V to around 265 V with
a voltage deviation of nearly 135 V and a negative incremental impedance
of approximately —27 2, which indicates a voltage collapse tendency. The
DC bus voltage goes back to its reference value with virtually no steady-state
error, smaller overshoot, and faster settling time, all while voltage oscillations
are effectively suppressed when the MPC-DOB controller is in place. The
comparative results also indicate better damping, smoother control current
profiles, and improved robustness against sudden changes of the CPL power,
which altogether prove that the proposed control strategy has a very positive
impact on the stability of DC microgrid operation.

Keywords: Constant power load, DC microgrid stability, model predictive
control, disturbance observer, negative incremental impedance.

1 Introduction

The rapid rise in the use of renewable energy sources, along with energy
storage systems plus power electronic converters, has been a determining
factor in the uptake of DC microgrids in contemporary electric networks [1].
DC microgrids on their own have many advantages over traditional AC
systems in terms of efficiency, control architecture, and compatibility with
distributed generation and energy storage units, respectively [2]. Nonethe-
less, the introduction of a large number of power electronic loads with
very strict regulations has created problems regarding stability [3]. In this
respect, constant power loads, which are extensively utilized in data centres,
electric vehicles, and telecommunication systems, are significantly changing
the dynamic behaviour of DC microgrids and therefore demand advanced
control strategies for reliable operation [4].

A significant contributor to the instability of DC microgrids is the neg-
ative incremental impedance property of CPLs [5]. CPLs, in contrast to
passive loads, keep drawing the same amount of power no matter the voltage
variations, causing the input current to become larger when the bus voltage
drops [6]. This inverse current-voltage relationship brings about a negative
impedance effect, which lessens the system damping and causes voltage
oscillations to be stronger [7]. The coupling of power electronic converters
with CPLs, along with the unpredictability of renewable generation and load,
makes the instability even worse and, if not dealt with correctly, may lead to
voltage collapse [8].
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A variety of control and stabilization methods have been suggested to
counteract the instability caused by current-controlled power loads in DC
microgrids [9]. The traditional methods consist of droop control, virtual
impedance techniques, passivity-based control, and cascaded proportional-
integral (PI) controllers [10]. All these methods would increase stability,
but only under specific, limited conditions, and their performance would
decline with large disturbances, parameter uncertainties, and fast load vari-
ations [11]. Besides, many of the current approaches work with linearized
models or require tuning, which significantly reduces their robustness and
efficacy in controlling the negative impedance increase effect introduced by
current-controlled power loads [12].

These existing control strategies exhibit several limitations under practi-
cal operating conditions. Methods such as droop control, PI, sliding mode,
and RST approaches often suffer from reduced performance under large
disturbances, require precise tuning, or depend heavily on accurate sys-
tem modelling. In addition, their reliance on linearized models limits their
effectiveness in handling nonlinearities introduced by constant power loads,
thereby necessitating a more robust and adaptive control strategy.

Conventional control strategies such as droop, PI, sliding mode, and RST
approaches rely on precise tuning and accurate system models, with perfor-
mance largely based on linearized representations. Under dynamic operating
conditions, especially in the presence of nonlinearities introduced by con-
stant power loads, their adaptability and effectiveness can be constrained,
motivating the need for more robust and adaptive control strategies.

To overcome the research proposes a novel controller design to get
rid of the CPL-induced instability caused by constant power loads in DC
microgrids, which is one of the major drawbacks of the current control
strategies [13]. It employs a continuous-time model predictive control scheme
combined with a disturbance observer [14]. The nonlinearities caused by
CPL are compensated by the controller, which also boosts the damping of
the system and secures the regulation of the DC bus voltage under varying
load and generation conditions [15]. The results of the simulations confirm
that the proposed method is effective in providing robust stability and better
transient performance.

Stable operation of DC microgrids with significant constant power loads
is paramount for the successful implementation of future low-voltage DC
distribution systems. The need for quick, efficient, and flexible power con-
version is ever-increasing. Therefore, control strategies should be able to
deal with strong nonlinearities, negative impedance effects, and rapid system
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dynamics without performance or scalability cuts. The proposed controller
design meets these challenges through a predictive, disturbance-aware frame-
work that not only increases robustness but also maintains implementation
feasibility. This work contributes to the creation of resilient DC microgrids
that are ready for next-generation applications like electric transportation,
data centres, and renewable energy-dominated power systems by successfully
neutralizing the destabilizing effect of CPL-induced negative impedance. The
primary contributions of the paper are described below:

* Analyze and formulate the power load-induced instability phenomena in
DC microgrids by exploring the negative incremental impedance effect
and its interaction with the DC bus voltage oscillations.

* Design and implement a new-time continuous model predictive control
technique incorporating a disturbance observer to counteract the CPL-
induced nonlinearities and thereby improve the system’s damping and
stability.

* Evaluate and validate the proposed controller’s effectiveness through
exhaustive simulation experiments, and reveal better voltage regulation,
quicker transient response, and greater robustness in comparison with
the traditional control approaches.

This paper is structured as follows: Section 2 elaborates on the DC
microgrid topology, nonlinear system modelling, and the statement of the
instability problem that has to do with the negative incremental impedance of
constant power loads. Section 3 goes through the controller design proposed.
The discussion leads the reader through the continuous-time model predictive
control strategy that is the core of this design and the disturbance observer
integration for the robust compensation of the CPL-induced nonlinearities.
Section 4 clarifies the simulation setup and system parameters that have
been chosen for performance evaluation. Section 5 deals with the simulation
results, conducts a comparative analysis for the various operating conditions,
and thus underscores the success of the proposed control approach. Sections 6
and 7 wrap up the paper and suggest possible following steps for research.

2 Literature Review

The stability issues caused by CPLs in DC microgrids have been the
focal point of recent research, which not only proposed but also developed
advanced control strategies to eliminate or at least mitigate their negative
impacts. Islam et al. [16] via the backstepping-based applications proposed
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a generalized integral terminal sliding mode (GITSM) controller optimized
for the Secretary Bird Optimization Algorithm to respond to the instabil-
ity caused by CPL. The resulting major improvement in voltage stability
was validated through simulation and experiment, but the controller struc-
ture remained considerably complex and required significant computation
resources, which might be a barrier to its practical scaling. Likewise, Al-
Shammaa et al. [17] put forward an RST-controlled interleaved boost con-
verter for stabilization of the CPL-influenced DC microgrids, which resulted
in better dynamic response, but at the same time, the design heavily relied on
the precision of the system model and calibration of the parameters.

Distributed and hierarchical control techniques have been studied as
potential solutions to voltage regulation and current sharing problems caused
by CPLs. Mahdavi et al. [18] came up with a consensus-based distributed
secondary control strategy that simultaneously restores voltage and shares
current while taking into account local loads as well as constant power
ones. The method, while great for coordinated control, does need a very
reliable communication setup and might face challenges related to delayed
communication. Moradi-Khaligh et al. [19] put forward a strong decentral-
ized voltage control system that factors in both disturbances and polytopic
uncertainties, thereby increasing robustness even though it does not involve
communication; however, the method does not directly address the problem
of negative impedance characteristics of CPLs.

The stability of DC microgrids has been enhanced through energy man-
agement and auxiliary compensation, which have been examined in a number
of studies. To soften load transients and minimize current harmonics, Ramos-
Paja et al. [20] built a battery power interface that indirectly increased voltage
stability under dynamic loading conditions. In the case of hybrid AC/DC
microgrids, Prattico et al. [21] introduced a fuzzy-based energy management
system that led to better power quality and cost reduction, albeit the main
emphasis was on system-level optimization and not on CPL-induced instabil-
ity. Anbuchandran et al. [22] used super-twisting sliding mode controllers for
dynamic voltage regulation, which was characterized by significant robust-
ness against disturbances but also the necessity for careful tuning to avoid
chattering effects.

Research on DC microgrids has also looked into intelligent and adap-
tive control frameworks. A system that used IoT-based hierarchical control
to make virtual inertia in DC microgrids better was presented by Belal
et al. [23], which made the grid more resilient to disturbances, but at the same
time, the system became more complex and heavily reliant on communication
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networks. Nawaz et al. [24] suggested an adaptive event-triggered distributed
coordinated control strategy for hybrid energy storage systems, which greatly
relieved the communication burden while keeping the system stable. Tesfaye
et al. [25] addressed power-sharing problems when line impedances were not
equal, thereby facilitating the maintenance of stable islanded DC microgrid
operation; however, their work primarily focuses on the negative impedance
effects caused by the connected load (CPL).

Generally, whereas the current research has made significant contribu-
tions to stability enhancement, voltage regulation, and coordinated control in
DC microgrids, most of the methods either possess high computational com-
plexity, heavily depend on communication infrastructure, or do not directly
eliminate the adverse effects of increased impedance brought about by CPLs.
Therefore, it is necessary to develop a strong and predictive controller that
not only counteracts the negative impedance coming from the CPLs but also
keeps the DC bus stable under different scenarios of load and generation-thus,
the work proposed becomes necessary.

A nonlinear droop control strategy is proposed for parallel DC-DC boost
converters in battery energy storage systems to improve current sharing
and voltage regulation. The approach effectively minimizes circulating cur-
rents caused by voltage imbalance and enhances system reliability through
converter redundancy. Simulation results demonstrate improved perfor-
mance compared to conventional linear droop control methods, Chakrapani
et al. [26].

A photovoltaic-based integrated energy system incorporating battery,
grid, and PEM electrolyzer is proposed for efficient power management
and green hydrogen production. The study employs advanced control and
optimization strategies to ensure effective power sharing, DC link voltage
regulation, and system reliability. Simulation results confirm the technical
feasibility and economic viability of the system, highlighting its potential for
sustainable energy applications, Igbal et al. [27]. Table 1 compares various
control strategies for DC microgrids, outlining their key advantages and
limitations. While these methods enhance system performance, most do not
effectively address instability caused by constant power loads (CPLs).

2.1 Proposed DC Microgrid Framework and Dynamic System
Modelling

The envisioned DC microgrid includes a photovoltaic (PV) source linked with
a DC-DC boost converter [28], a battery energy storage system connected
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Table 1 Comparison of existing control methods for DC microgrid systems

Method References Key Advantage Limitation
RST Control Al-Shammaa Improved dynamic Highly dependent on
etal. [17] response accurate system
modelling and parameter
tuning
Sliding Mode Islam et al. [16], Strong robustness Chattering effect and
Control Anbuchandran  against disturbances tuning complexity
et al. [22]
Distributed Control Mahdavi Effective voltage Requires reliable
etal. [18] regulation and current communication, affected
sharing by delays
Decentralized MoradiKhaligh  Improved robustness Does not directly
Control etal. [19] without communication  address CPL negative
impedance
Battery Interface Ramos-Paja Reduces load transients  Indirect approach, not
Control et al.[20] and improves stability focused on CPL
instability
Fuzzy-based Prattico Improves power quality ~ Focuses on system
Energy etal. [21] and efficiency optimization rather than
Management CPL effects
System
IoT-based Belal et al. [23]  Enhances system High system complexity
Hierarchical resilience and communication
Control dependency

Event-triggered
Distributed Control
Power Sharing
Control

Nonlinear Droop
Control (DC-DC
Converters)

Integrated Energy
System Control
(PV/Battery/PEM)

Nawaz

et al. [24]
Tesfaye

et al. [25]
Chakrapani
et al. [26]

Igbal et al. [27]

Reduces communication
burden

Maintains stable
microgrid operation
Improves current sharing
and voltage regulation;
minimizes circulating
currents

Enhances power
management, DC link
voltage control, and
system reliability

Coordination complexity

Limited focus on
CPL-induced instability
Primarily focused on
converter-level
operation, limited
system-level CPL
analysis

Focuses on energy
management rather than
direct CPL instability
mitigation

through a bidirectional DC-DC converter, and a common DC bus that feeds
a CPL. The goal of this step is to generate a nonlinear dynamic model that
depicts the relationships between the sources, converters, and the load. The
layered architecture of the proposed MPC-disturbance observer-based control
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Control Outputs:
[]d,. —>PV Convertor Duty Ratio
| 4. _p Battery Convertor Duty Ratio

>

Figure 1 Proposed layer-wise control architecture for DC microgrid stability enhancement.

scheme for a DC microgrid that supplies a constant power load is visualized
in Figure 1. It illustrates the processing of system signals that are being
measured through a disturbance observer and an MPC to create converter
duty ratios that are optimal, thus maintaining the stability of the DC bus
voltage and eliminating the negative impedance effect.

2.1.1 PV subsystem modelling

The photovoltaic array is represented by a current source with nonlinear
voltage-current characteristics. The dynamical behaviour of the PV boost
converter is represented through the following differential equations shown
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in Equations (1) and (2):
iy
vaTz = ‘/pv - (1 - dpv) Vdc (1)
AV .
vaT: = Ip'u — Ipv ()

Here, V), and I, are the voltage and current of the solar cell, respec-
tively; 4,, denotes the inductor current, d,, indicates the duty cycle of the
boost converter, and Vg stands for the DC bus voltage. Ly, and Cp,, represent
the inductance and capacitance of the photovoltaic (PV) side DC-DC boost
converter.

2.1.2 Battery energy storage system modelling

The battery is connected by means of a bidirectional DC-DC converter, which
is functioning in buck-boost mode. The power supply’s dynamic behaviour is
represented in Equations (3) and (4):

di

Ly—2 = Vi — dyVae 3
b b — dpViy (3)
vy, .

Co’ = ~iy — s 4)

Here, V}, refers to the voltage at the battery terminals, i; denotes the cur-
rent through the inductor, d; indicates the control duty ratio, and I3, stands
for the current of the battery, either in charging or discharging mode. L; and
Cy represent the inductance and capacitance of the battery-side bidirectional
DC-DC converter.

The change in battery current is subject to physical limitations, especially
during the transitions between the charging and discharging modes. The
limitations come from the nature of the battery, its internal resistance, and
the heat generated, because quick current shifts can lead to faster ageing,
higher losses, and overheating.

2.1.3 DC bus dynamics

The power exchanged between the sources and the load is summed up by the
capacitor at the DC bus. The following equation represents the dynamics of
the DC bus voltage, given in Equation (5):

AV
dt

Cac = (1 - dpv)ipv + dyiy, — IcopL 5)
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Here, C4. DC bus capacitance, which stores energy and smooths voltage
variations, V. represents the DC bus voltage, dggc denotes the rate of change
of DC bus voltage with respect to time, d,,,, Duty ratio of the PV-side DC-DC
boost converter, iy, Inductor current of the PV boost converter. dj, Duty ratio
of the bidirectional battery DC-DC converter. ¢, Battery converter current,

Iopr, Current drawn by the constant power load.

2.1.4 CPL modelling
The CPL represents a situation of constant power consumption Pcpr,, which
yields a nonlinear current-voltage relationship, as expressed in Equation (6):

Pepr,
Vdc

Even though acquiring a linear approximation near the point of operation
leads to discovering this destabilizing characteristic, it can be expressed as
given in Equation (7):

(6)

Icpr =

dVye _ Vd%:
dlcpr, Pcpr,

Zepr = (7)

Here, Zcpy, represents the incremental (small-signal) impedance of the
CPL. The mentioned instability is mainly due to this incremental impedance,
which acts as a primary source of instability within DC microgrids. Figure 2
depicts a DC microgrid powered by PV and battery, in which a solar pho-
tovoltaic system and a DAC battery energy storage system supply power to

PV System

DC Bus 'ch
(G Constant Power
i Vac Load
Ieot = PepL
Ve

Bidirectional 1
Converter b

]

Figure 2 System configuration of the DC microgrid with constant power load.
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a shared DC bus that feeds a constant power load. The DC bus capacitor
ensures a stable bus voltage, whereas the CPL draws a current that is inversely
proportional to the bus voltage, thereby indicating the source of negative
impedance-induced instability more distinctly.

2.2 Constant Power Load and Negative Impedance
Representation

A CPL is defined as a load that keeps consuming the same amount of
power regardless of the supply voltage changes [29]. In a DC microgrid, this
phenomenon is usually seen in very accurately controlled power electronic
loads like motor drives, data centres, and DC-DC converters. These loads
have such strict regulations that always adjust their input current to eliminate
the effect of the voltage fluctuations, and this basically changes the DC
microgrid’s dynamic behaviour. By this self-regulating action, the loads bring
in strong nonlinearities and also lower the natural system damping, especially
during low-voltage or high-load situations. As a result, the use of CPLs makes
DC microgrids more prone to oscillations, transient instability, and voltage
collapse unless proper control strategies are applied.

2.2.1 CPL current-voltage relationship

A CPL is characterized by its functionality to draw a constant amount of
power, regardless of the supply voltage’s fluctuations. In contrast to passive
loads, where the current and consequently the power consumed drops with
the decrease of voltage, a CPL continuously controls its input current in
such a way that power consumption remains constant, leading to a non-linear
current-voltage relationship. The power drawn by the CPL at any instant is
represented in Equation (8):

Pepr, = Vye - IcpL (8)

Here, V. refers to the DC bus voltage, and I¢opy, stands for the current
drawn by the load. As the power Pgpy, is constant due to the intervention of
the load controller, the load current can be given in Equation (9):

Pepr
Vdc

(©))

Icpr =

This formula evidently indicates that the CPL current is inversely propor-
tional to the DC bus voltage.
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2.2.2 Small-signal linearization of CPL

To assess stability, the model of the constant power inverter (CPI) is subjected
to small perturbations, where the first derivative is taken at the steady-state
operating point (Vge, [opro). The first-order Taylor expansion yields the
small signal model expressed in Equation (10):

—7— AVac (10)

Next, the incremental impedance of the CPL is defined in Equation (11)
as follows:

AVae — Vig (1
Alcpr Pcpr,

Here, Alcpy represents the small-signal variation in the current drawn
by the CPL due to a change in the DC bus voltage around an operating point.
AV, represents the small-signal variation in the DC bus voltage around its
steady-state operating point. Z¢cpy, represents the incremental impedance of
the CPL in a DC microgrid. Vd2c0 denotes the steady-state DC bus voltage at
the operating point, and Pcpy, represents the power consumed by the constant
power load.

Small-signal analysis is necessary as constant power loads show nonlinear
behaviour that is hard to examine directly under large-signal conditions. A
steady operating point can be used for linearizing the system, and the CPL
can be shown as an incremental impedance, thus its negative impedance char-
acteristic is very well identified. Through this method, it becomes possible to
apply stability analysis and controller design practically using linear control
and impedance-based methods that are usually employed in DC microgrids.

ZcopL =

2.2.3 Impact on DC bus dynamics

The constant power loads contribute to the system’s destabilizing behavior
of CPL, which profoundly affects the DC bus dynamics by lowering the
effective damping of the system [30]. The current demand of the CPL gets
enlarged with small voltage disturbances, which in turn generates a positive
feedback loop that magnifies the voltage dips instead of quelling them. This
feedback leads to the DC bus voltage showing oscillatory behaviour, slower
recovery after transients, and even instability, especially when the CPL power
is high or the bus voltage is low. The dynamics of the DC bus capacitor are
expressed by the relationship given in Equation (12):

dVge

Cdc? = ISrc - IC’PL (12)
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Inserting the equation of the linearized CPL current given in Equa-
tion (13):

dA V., Pcpr,
Cle = Alg.+ ——AVy, 13
de + V2 d (13)

Where, I;,. represents the total source current injected into the DC bus
by the generation and storage units in the DC microgrid. This mathematical
statement shows the existence of a positive feedback term that causes a
reduction in system damping and a movement of eigenvalues toward the
right-half plane, thus resulting in instability.

2.2.4 Interaction with power electronic converters

Power electronic converters linked with the DC bus usually show finite output
impedance characteristics. The total output impedance that is observed at the
DC bus is given by Equation (14):

Zeq(s) = Zcom)(s) + ZCPL (14)

Because Z¢opr, < 0, as defined in Equation (15), the magnitude of the
combined impedance is less, which may be a case of violating passivity
conditions:

Re[Zc4(s)] <0 (15)

Where, Z., represents the equivalent small-signal impedance of the DC
microgrid as seen from the DC bus in the Laplace domain, Z ., represents
the effective (output) impedance of the power electronic converter as seen
from the DC bus.

This non-passive condition leads to:

* DC bus voltage oscillations
* Slow transient recovery
* Voltage collapse during large disturbances

2.2.5 Instability problem formulation

The instability issue in DC microgrids is caused by the interplay between the
negative incremental impedance of constant power loads and the finite output
impedance of power electronic converters connected to the DC bus. The inter-
action can make the entire system non-passive, which is a factor that reduces
stability margins and causes the right-half-plane pole to migrate. As a result,
the DC bus voltage is unable to track the reference value during disturbances,
necessitating a controller that not only compensates for the CPL-induced



1430 Anjiang Liu et al.

negative impedance but also actively restores system stability. The instability
problem caused by CPL can be restated as shown in Equation (16):

lim Vio(t) # V' when Zepr, + Zeony < 0 (16)
t—o00

Thus, it is proven that a controller is necessary to negate the negative
impedance effect and to bring back positive damping in the DC microgrid.

2.3 Problem Formulation for CPL-Induced Instability

In a DC microgrid that provides power to constant power loads, voltage
control is the main goal in the system design and operation. The aim here is
to maintain the DC bus voltage at the reference value without compromising
the system stability even in dynamic operating conditions. Mathematically,
this can be expressed in Equation (17):

lim Vae(t) = Vid and Vg(t) €S (17)

Where thff denotes the target DC voltage, and S signifies the area of
stable operation.

2.3.1 CPL-induced stability constraint
Analyzing the DC bus dynamics leads to the Equation (18):

dVy
Cdcj = Isrc - ICPL (18)
Here, Cy. denotes the DC bus capacitance; V. represents the DC bus

voltage; dgfe denotes the rate of change of the DC bus voltage with respect

to time; I4. represents the total current supplied by the sources; and I¢py,
denotes the current drawn by the constant power load.

While the current at the CPL is given by the relation as shown in
Equation (19):

Pepr,
Vdc
From these, it can be seen that fluctuations in the CPL power Pgpy,
cause corresponding changes in the DC bus voltage. The application of small-
signal analysis gives a negative incremental impedance, which is expressed
in Equation (20):

Icpr, = (19)

2
o Vch

(20)
Pcpy,

ZopL =
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This consequently introduces a destabilizing feedback term into the sys-
tem, and the passivity conditions are violated when the following condition
is satisfied, as given in Equation (21):

Re[Z(q)] <0 1)

2.3.2 Disturbances and uncertainties
The DC microgrid has to cope with several disturbances and uncertainties,
such as given in Equations (22) and (23):

A Peopr, # 0 (load power fluctuations) (22)
A Ppy # 0 (renewable generation variability) (23)

The nonlinear system dynamics absorb these disturbances, leading to
changes in voltage levels and a reduction in the stability margins.

2.3.3 Need for advanced control strategy

Traditional linear controllers have a hard time keeping the system stable
with the great nonlinearities and fast power changes brought about by CPLs.
Therefore, a more sophisticated control method is necessary to achieve the
control objectives formulated in Equation (24):

o0
min / (Vge — V;jff )2+ M?)dt (24)
u(t) Jo

In such a way that the constraints of nonlinear system dynamics and dis-
turbances are satisfied. \u? represents the unstable eigenvalue (or dominant
unstable pole) of the DC microgrid closed-loop system. The controller has
to constantly counteract the negative impedance created by CPLs, cancel
disturbances, and maintain strong regulation of DC bus voltage under various
operating conditions.

3 Continuous-Time Model Predictive Controller Design

A continuous-time MPC strategy is designed for both the PV-side DC-DC
boost converter [31] and the battery-side bidirectional DC-DC converter to
alleviate the adverse impact of negative impedance caused by CPL on the
system stability. The MPC makes use of the dynamic model of the DC micro-
grid to forecast the future system behaviour and simultaneously calculate the
optimal control inputs in real time.
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3.1 Modelling Assumptions and Practical Considerations

In order to connect the theoretical analysis with a practical implementation,
this study uses a number of modelling assumptions. The power electronic
converters are dealt with as average models, overlooking high-frequency
switching ripples since the control aims are directed at low-frequency DC
bus dynamics. The DC bus capacitor and line parameters are considered to
be constant, which is a reasonable assumption for normal operating condi-
tions. Small-signal linearization is done around a steady-state operating point
to investigate the main dynamics related to CPL-induced instability. Even
though non-idealities like switching delays, losses, and measurement noise
are not modelled separately, their impact is indirectly dealt with by means of
robust control design and confirmed through simulation. These assumptions
help to reduce the complexity of the analysis, but at the same time, they keep
the analysis grounded in practice.

3.2 System State-Space Model

The state-space model employs variables that have a clear physical inter-
pretation, such as the currents of inductors and the voltages of capacitors,
to express the most critical energy storage and transfer dynamics of the
DC microgrid. The voltage of the DC bus capacitor is an important state
that indicates the stability of the voltage in the presence of constant power
load perturbations, whereas the current of the inductor on the battery side
portrays the two-way charging and discharging process. These state variables
make it possible to predict system dynamics accurately in the MPC context.
The evolution of the nonlinear system is described mathematically in a
continuous-time state-space format as follows, given in Equation (25):

w(t) = f(z(t) + g(x(t))u(t) (25)

In this equation, z(¢) stands for the vector of states (currents in the
inductor and voltages across the capacitor), and u(t) = [d,y, dy]” is the input
vector that represents the control actions attributed to the converters’ duty
cycles.

3.3 Prediction-Based Optimization

At every control instant, the MPC predicts the states of the system over the
time horizon T, by reasoning. The prediction is done through the following
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Equation (26):

t+7
z(t+71) =x(t) +/t [f(z(0)) + g(z(0))u(o)]doV T € [0,T,] (26)

The optimization of the control process is done through a cost function
expressed as follows are shown in Equation (27):

t+Tp
/= / [(Vae = Vi) + alipy — ine))? + u?ldr 27)
t

Where Vdrcef and i;,f,f are the reference signals, and o, 3 are the corre-
sponding factors for weighting.

4 Disturbance Observer Integration

The DOB is incorporated into the MPC strategy to enhance the robustness
against CPL disturbances. The DOB, taking the measured DC bus voltage
and current as inputs, estimates the sum of disturbances attributable to CPL
nonlinearities and modelling uncertainties. The obtained disturbance estimate
is then added to the MPC prediction model directly, thus enabling the con-
troller to counteract its influence during the optimization process. In order to
strengthen the resilience of the continuous-time MPC against nonlinearities
and external disturbances caused by CPL, the control architecture is aug-
mented with a DOB. The DOB gives an estimate of the total disturbances
that are due to CPL power fluctuations, unmodeled dynamics, and parameter
uncertainties, thus allowing for compensation in real time and getting better
stability of the system.

4.1 Disturbed System Representation
The behaviour of the nonlinear DC microgrid can be characterized mathe-

matically by the following Equation (28):
2(t) = f(x(t) + g(x(t))ut) +d) (28)

In this representation, d(t) is an unspecified disturbance vector that
reflects fluctuations in the load represented by constant power, errors in
modelling, and disturbances coming from outside.
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4.2 Disturbance Modelling

The equation representing the voltage variation across the DC bus is given in
Equation (29):

dVge Pepr,
% = e — —= 2
Cdc dt src ‘ch + deq(t> ( 9)

The term d.,(t), which represents the equivalent disturbance, consists of
the following components are shown in Equation (30):

deq(t) = APCPL/‘/dc + Af(:t) (30)

That takes into consideration the nonlinear behaviour of the CPL and the
uncertainties associated with the source and converter models.

4.3 Compensation within the MPC Framework

The estimated disturbance is included in the MPC forecasting model, d(t),
which is the estimated disturbance, and it has been added to the control model
as expressed in Equation (31):

() = f(2(t) + g(a(t))u(t) + d(t) 31)

The whole system behaviour, which is influenced by disturbances, can
now be predicted accurately, and the control actions computed by the MPC
can be such that the negative impedance effect due to CPL can be nullified
during the process.

4.4 Robustness and Large-Signal Stability

The integrated DOB-MPC scheme keeps the DC bus voltage stability auto-
matically compensating for disturbances in real time under the condition, as
shown in Equation (32):

APCPL >0 and APPV 7& 0 (32)

The system in the loop has bounded state trajectories and thus shows
large-signal stability across a wide operating range, given in Equation (33):

lz@)) <p, VE>0 (33)

5 Closed-Loop Implementation in DC Microgrid

The suggested control system merges the continuously operating MPC and
the DOB into a single closed-loop framework to achieve coordinated control
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Figure 3 Integrated MPC and disturbance observer control scheme for DC microgrids with
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of the DC microgrid [31]. The integrated controller is used on the DC-DC
boost converter at the PV side and on the battery-side bidirectional DC-
DC converter to maintain power management in the case of constant power
loads that is both stable and effective. Figure 3 shows a control architecture
for a closed-loop DC microgrid that uses an MPC to control the PV and
battery converters over DC bus voltage stability at constant power load. The
disturbance observer estimates disturbances caused by the CPL and sends
these disturbances back to the MPC, which then compensates for the negative
impedance effects robustly and thus keeps the system operation stable.

5.1 Closed-Loop Control Structure

The closed-loop overall dynamics can be represented in the following
manner, given in Equation (34):

i(t) = f(a(t) + g(x(t))u*(t) +d(t) (34)
Where u*(t) = [dy,, di]T represents the best control inputs produced by

the MPC, and cf(t) stands for the disturbance that has been estimated and is
provided by the DOB. The main goal in this control task is to maintain the
desired DC bus voltage level, as shown in Equation (35):

eu(t) = Vae(t) — V7 (35)

The MPC achieves this by manipulating the duty ratios of the converter
to the extent that is presented in Equation (36):

tllglo ey(t) =0 (36)



1436 Anjiang Liu et al.

Thereby, the control system operates continuously without any impact
from load changes and external interferences.

5.2 PV Voltage and Current Control

The boost converter on the photovoltaic (PV) side controls the voltage and
current from the PV to produce and feed in the power that is stable, and most
outputs are given in Equations (37) and (38).

epu(t) = Vpu(t) — Vins! 37)
€ipv(t) = ipu(t) — i0e (38)

The MPC follows these references, taking into account the constraints of
the converter and keeping the DC bus stability at the same time.

5.3 Battery Charge/Discharge Current Control

The bidirectional power converter manages the battery current in such a way
as to equalize the power differences, as shown in Equation (39):

ep(t) = ip(t) — iy (39)

The battery either takes or gives out power depending on the DC bus
voltage variations, and the load requirements are given in Equation (40):

i =k (Vi — Vi) (40)

Thus, power compensation is done smoothly. Figure 4 explains the
closed-loop battery charge and discharge current controlling system, where
deviations of the DC bus voltage are utilized for creating a reference for
battery current. The battery current is regulated by the MPC-based current
controller, which controls the duty cycle of the bi-directional DC-DC con-
verter, allowing the battery to either provide or take power for the purpose of
stabilizing the DC bus.

5.4 Coordinated Subsystem Operation

The joint operation of the solar cell and battery subsystems achieves the
power balance at the DC bus, shown in Equation (41):

Ppy + Pyt = Pepr, + Ploss 41)
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Here, Ppy Power generated by the photovoltaic (PV) source, Py, Power
supplied or absorbed by the battery energy storage system, Pcop;, Power
consumed by the CPL, P, Total system losses, including converter, line,
and switching losses.

5.5 Large-Signal Stability Assurance

The closed-loop system implemented with disturbance estimation and pre-
dictive control produces bounded state trajectories, as presented in Equa-
tion (42):

el <v, VE=0 (42)

Thus, securing the reliability and stability of operation throughout a wide
range of loads and generation conditions.

6 Simulation Result

The simulation results demonstrate that the proposed controller success-
fully suppresses instability caused by constant power loads in the DC
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microgrid [32]. The DC bus voltage decreases from its nominal value of
400 V to approximately 265 V under open-loop conditions, highlighting
the severe impact of CPL-induced instability. The uncontrolled system,
under CPL power variations, suffers from extreme DC bus voltage oscil-
lations caused by the CPL-induced instability, while the proposed control
strategy quickly stabilizes the DC bus voltage with an insignificant over-
shoot. The proposed approach, in contrast to traditional controllers, not
only greatly enhances damping characteristics but also assures quicker tran-
sient recovery and stable operation during large-signal disturbances, thus
proving its ability to completely remove CPL-induced negative impedance
effects. The suggested MPC-DOB control method was put into practice in
MATLAB/Simulink, making use of Simscape Electrical to represent the DC
microgrid parts such as converters, DC bus, and constant power loads. The
continuous-time MPC and disturbance observer were implemented using
custom MATLAB functions, which allowed precise assessment of voltage
regulation, current control, and disturbance rejection under CPL variations
through time-domain simulations.

The parameters utilized to model, control, and simulate a DC microgrid
that is supplying a constant power load are completely presented in Table 2.
The most important electrical parameters are DC bus capacitance, converter
inductances, and nominal voltages that are responsible for the physical

Table 2 Simulation parameters

Parameter Description Symbol ~ Value  Unit
DC Bus Capacitance Cye 0.002 F
Reference DC Bus Voltage Vdff 400 v
DC Bus Parasitic/Loss Resistance Rioss 5 Q
Rated Battery Current Tyat 10 A
Rated PV Source Current Iy 12 A
Constant Power Load Rated Power Pcrr, 2,000 W
Nominal CPL Load Current Iepr 5 A
Control Sampling Time Ts 0.0001 S
Simulation Step Size dt 0.0001 S
Total Simulation Time Tsim 0.35 S
Battery Converter Inductance Ly 2 mH
PV Boost Converter Inductance Ly, 3 mH
Battery Nominal Voltage Vi 200 \"
MPC Prediction Horizon T 5 ms

Disturbance Observer Gain A 200 g1
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Figure 5 Open-loop DC bus voltage response under constant power load.

dynamics of the PV-battery system, while the load power and current values
indicate the level of the CPL-induced negative impedance effect that is being
experienced. The control-associated parameters like the MPC prediction
horizon, sampling time, and disturbance observer gain define the proposed
controller’s speed and robustness, while the simulation time settings allow an
accurate evaluation of the system’s performance during disturbance in both
transient and steady-state conditions.

Figure 5 illustrates the behaviour of the DC bus voltage under CPL
conditions with no significant compensation. The DC bus voltage drops
steeply right at the beginning and then partly recovers. The sharp decrease
in voltage is attributed to the negative incremental impedance of the CPL and
reflects the system’s poor damping and possible instability. A small decrease
in voltage is observed again when the CPL changing point is shifted, which
verifies that operating at constant power magnifies voltage fluctuations and
points out the requirement for a sophisticated control method to maintain the
stability of the DC bus.

Figure 6 demonstrates the influence of CPL on DC microgrid stability
through three main responses. The upper plot depicts a large decrease in
DC bus voltage due to the CPL’s negative impedance characteristic, which
means that there is a damping reduction, and voltage regulation becomes
poor. The middle plot verifies the opposite voltage-current relationship of the
CPL, with load current increasing as the bus voltage decreases, whereas the
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Figure 7 Block diagram of control logic and disturbance injection used in DC microgrid
simulation.

bottom plot shows the negative incremental impedance very clearly, proving
that this behaviour is the main cause of system instability. It can be observed
that the DC bus voltage drops from 400 V to nearly 265 V in the absence of
control.

Figure 7 illustrates the Simulink implementation of the control and distur-
bance generation logic used to analyze the behaviour of a DC microgrid under
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Figure 8 Negative impedance effect of CPL compared with resistive load.

constant power load conditions. To model the nonlinear CPL dynamics and
the controller action, the system uses summation blocks, gains, integrators,
saturation, and division blocks. Through step and sine-wave inputs, distur-
bances are introduced to perform transient testing. Scopes are in place to
monitor key internal signals, including voltage deviation, control response,
and disturbance effects, thus allowing the validation of system stability and
controller performance.

The comparison of the two voltage responses is displayed in Figure 8,
one from the CPL and the other from the conventional resistive load operat-
ing under identical conditions. The CPL curve shows a higher and quicker
voltage drop because of its negative impedance characteristic, which makes
disturbances in voltage stronger and pushes instability faster. On the other
hand, the resistive load has a more gradual and less intense response, making
it clear that CPLs are one of the factors causing instability in DC microgrids.)

Figure 9 shows the control current output of the proposed controller in
relation to the constant power load-induced DC bus voltage fluctuations.
The monotonous and limited change of the control current signifies effective
damping injection and stable control action without sudden oscillations. This
feature proves that the controller is always compensating for CPL-related
disturbances and, at the same time, ensuring system stability and smooth
transient performance.

Table 3 shows the quantitative effect of a steady power load on the
stability of the DC microgrid under open-loop conditions. A considerable
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Table 3 Quantitative analysis of DC bus voltage instability under constant power load

operation

Reference_ Final_ Voltage_ CPL_ Final_CPL Incremental_ System_

Vdc_V Vdc_V Deviation_V ~ Power W Current_A Impedance_Ohm  Stability

400 265.0520777  134.947922 3 2600 9.809393017 —27.0202323 Voltage
collapse
tendency

difference between the reference DC bus voltage and the final stable state
voltage is noted, which signifies serious voltage decay owing to the CPL’s
negative incremental impedance feature. The negative impedance value
obtained and the higher load current serve as proof of the characteristic
destabilizing effect of constant power loads that lead to a voltage collapse
tendency, thereby necessitating an advanced control strategy.

The impedance current response of the DC microgrid under the proposed
control strategy is depicted in Figure 10. The gradual increase in impedance
current, well-damped and gradual, reflects the controller’s successful reshap-
ing of system impedance; hence, the CPL’s negative incremental impedance
is mitigated. This controlled behaviour signifies better system stability and
smooth current dynamics without oscillatory transients.

The closed-loop DC bus voltage response using the new control strategy
is illustrated in Figure 11. The voltage settles down to the desired value very
fast with slight overshoot and oscillations that are well-damped, thus proving
the instability caused by the CPL has been compensated effectively. This
finding proves that the controller has stabilized the DC bus voltage regulation
under the condition of nonlinear load dynamics.
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Figure 11 Closed-loop voltage stabilization in DC microgrid with constant power load.

Figure 12 illustrates how the DC bus voltage responds to a constant
power load disturbance using various control strategies. The unregulated
state caused by the negative impedance effect of the CPL led to a complete
drop in the DC bus voltage, which was extremely unstable. The voltage
regulation using the conventional PI controller was, however, very limited
with considerable fluctuations in the voltage level. On the other hand, the
proposed MPC combined with the (MPC + DOB) kept the DC bus voltage
very close to the reference value, thus showing excellent disturbance rejection
and powerful stability.
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Figure 13 Suppression of negative impedance effect in DC microgrids.

Figure 13 presents the impact of the suggested control strategy regarding
the negative impedance effect removal due to the constant power load. In
the scenario without feedback control, the constant power load leads to a
significant voltage shift that takes a long time to return to normal, which
is a sign of weak damping and instability. The incorporation of the (MPC)
along with further improvement through the disturbance observer results in
the quick extinction of the voltage deviation to zero, thus signalling fast
convergence, better damping, and solid stabilization of the DC bus.
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The results of the simulation depicted strongly support the ability of the
suggested MPC-DOB controller to control the DC bus voltage and to reduce
CPL-induced instability, yet the validation is still confined to a simulation
environment. Real DC microgrids could have unmodeled nonlinearities, mea-
surement noise, and switching delays that would not be fully reflected in
simulations. Hence, it is necessary to conduct further experiments, using
either a real-time or hardware-based DC microgrid setup, to confirm the
results and consider this as an important future work direction.

6.1 Discussion

The stability of the DC microgrid is greatly affected by the constant power
loads, as shown by the simulation results that also prove the ability of the
proposed controller to mitigate this destabilizing effect. In the case of open-
loop operation, the CPL acts with a destabilizing characteristic that causes a
DC bus voltage deviation of considerable magnitude from its reference value,
hence indicating a tendency towards voltage collapse and system instability.
The implementation of the proposed continuous-time model predictive con-
troller, along with a disturbance observer, leads to a significant improvement
in the DC bus voltage regulation, characterized by reduced oscillations, faster
transient response, and increased steady-state accuracy even in the presence
of sudden changes in load power. The predictive capability of the MPC gives
room for the proactive control action that can reshape system dynamics and
increase effective damping, while the disturbance observer gives the exact
estimation and compensation of the nonlinearities and unmodeled distur-
bances resulting from CPL. Moreover, the coordinated control of the PV
boost converter and the bidirectional battery converter allows for smooth
power sharing and stable charge-and-discharge operation, thereby saving
individual subsystems from the adverse effects of excessive stress. The results
indeed substantiate that the proposed control strategy reaps the benefits of
eliminating the negative impedance increase effect caused by constant power
loads retarding the stability, robustness, and reliability of DC microgrids with
high penetration of power electronic loads.

7 Conclusion

This research work put forward a novel control method that completely
removed the adverse impedance rise effect due to constant power loads in DC
microgrids. The instability inherent to CPLs was formulated analytically and
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verified by simulation, where severe DC bus voltage deviation and voltage
collapse tendency were observed for open-loop conditions. To overcome
this problem, a continuous-time model predictive controller combined with
a disturbance observer was created and used on the PV-side boost converter
as well as on the bidirectional battery converter. The method developed is
capable of reshaping system dynamics, of nonlinearities due to CPLs being
compensated for and of regulating stable DC bus voltage even when the load
and generation are varying.

The simulation results have proven that the new MPC-d disturbance
observer framework performs better in terms of enhancing stability, damping,
and robustness of the system than the traditional control methods. The voltage
of the DC bus shows quicker transient reaction, fewer oscillations, and a more
precise steady-state value during sudden changes in CPL power. Besides, the
coordinated control of renewable and storage subsystems makes power shar-
ing smooth and battery charge-discharge operation reliable. These findings
prove that the suggested controller is an excellent and practical choice for the
stability and power quality enhancement of DC microgrids with a significant
contribution of power electronic loads.
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