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Abstract—In recent years, DC microgrids have garnered sig-
nificant attention due to their superior capability in integrating
renewable energy sources. However, the predominance of renew-
ables in these systems introduces increased uncertainty in power
generation, thereby elevating the risk of load loss. While the
integration of energy storage systems is widely regarded as the
primary solution to mitigate this issue, load-side grid support
has also been proposed as a viable alternative strategy. This
paper proposes a communication-free grid-supportive load (GSL)
controller for converter-based constant-impedance/current/power
(ZIP) loads, enabling local voltage support using only bus-voltage
measurements. First, a unified control strategy is introduced
that dynamically adjusts the load-side voltage reference via
a saturation-plus-hysteresis mechanism, ensuring device safety
while enabling grid support. Second, an energy-based restoration
scheme is proposed that tracks cumulative power deviations and
smoothly returns the load to nominal operation, avoiding rebound
transients. Finally, the concept is experimentally validated on
a 700V, 14kW DC microgrid. Under a 4 kKW load step, the
proposed scheme reduces the voltage dip by 12.9 % and prevents
converter shutdown when the battery reaches its power limit,
outperforming a conventional PI-controlled system. The results
demonstrate that local, device-embedded control of ZIP loads can
deliver effective grid support without requiring communication
or additional energy storage.

Index Terms—DC microgrid, Distributed control, Grid-

supportive loads, ZIP loads

NOMENCLATURE
1%3Ye Measured DC-bus voltage, [V]
Ve Reference DC-bus voltage, [V]
Cbhc DC-bus capacitance, [F]
51> Rig;  Equivalent damping resistance of bat-
tery/load converter, [(2]
V9iai Measured terminal voltage of load 7, [V]
Vi Reference voltage of load 4, [V]

T Nominal voltage rating of load ¢, [V]

Inail It 4 Measured/Reference current of load 7, [A]

ULds Duty cycle of the converter for load ¢, [-]

kas,i Grid-support gain for load i, [-]

o; Maximum admissible voltage deviation for
load ¢, [p.u.]

Pi Dead-band parameter for load i, [p.u.]

A; Hysteresis band parameter for load ¢, [p.u.]

& Intermediate voltage-deviation factor, [-]

ELds Voltage-adjustment factor for load i, [-]
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H; Hysteresis state indicator for load 7, [-]
0 Restoration variable (1: full support, O:
restoration mode), [-]

Kpi,, Kr1,; Current-loop PI gains for load ¢, [-]

Kpoi, K12, Voltage-loop PI gains for load i, [-]

Py Nominal ZIP load power, [W]

Vo Nominal ZIP load voltage used for normal-
ization, [V]

Pra Instantaneous power of ZIP load i, [W]

Pp, P;, P; Constant-power, current, and impedance
components of ZIP load ¢, [W]

iq Equivalent input current of converter-based
load, [A]

Ggal Incremental input conductance induced by

GSL action, [S]
a Voltage ratio o = V2™ / Vi, [-]

Pyep Load step change, [W]

Pas, Instantaneous power of the GSL load, [W]

Piom Nominal power of the GSL load, [W]

Eggr Maximum allowable energy deviation before
restoration, [W h]

=& Normalized maximum permissible energy

deviation of load 7, [-]
ZIP model weighting coefficients (constant-
power, current, impedance), [-]

wp, Wr, Wz

T, Time window for integrating power devia-
tions, [s]
Tres Duration of restoration phase, [s]

Recovery duration at nominal operation be-
fore GSL is re-enabled, [s]

I. INTRODUCTION

HE increasing integration of renewable energy sources
into modern power systems has led to a widespread
deployment of power-electronic converters [1]. These convert-
ers facilitate the efficient and flexible coupling of distributed
generation units, particularly photovoltaics and wind turbines,
to the grid. However, the inherently intermittent and non-
dispatchable nature of such sources introduces fluctuations in
power output. Consequently, maintaining generation-demand
power equality and stability requires fast and accurate real-
time balancing mechanisms to compensate for these generation
uncertainties [2].
Battery energy storage systems (BESS) are widely em-
ployed to buffer the mismatch between generation and de-
mand [3], [4]. They absorb surplus energy during periods
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of overproduction and release it during generation shortfalls.
However, as the share of converter-interfaced renewables con-
tinues to grow, both the magnitude and frequency of power
fluctuations intensify. Addressing these dynamics by merely
increasing storage capacity or installing additional BESS
units is neither economically scalable nor environmentally
sustainable, due to the high costs, material requirements, and
lifecycle impacts associated with battery technologies. BESS
units therefore remain a cornerstone of microgrid operation,
but there is increasing interest in complementing them with
demand-side flexibility in order to reduce the required storage
rating and to improve local damping without adding further
storage hardware.

An emerging complementary solution is the integration of
grid-supportive loads (GSLs), which autonomously modulate
their power consumption in response to local grid condi-
tions [5]. Unlike traditional passive loads, GSLs dynamically
adapt their demand to provide ancillary services such as
voltage and frequency stabilization, thereby reducing stress
on centralized storage and enhancing overall system flexibility.
This concept represents a promising avenue for achieving scal-
able, low-cost, and communication-free balancing strategies in
converter-dominated power systems [6].

In this context, a GSL is a converter-interfaced load whose
power consumption is deliberately modulated as a function
of local electrical variables, while respecting device-level
operating constraints. In practice, suitable candidates are loads
with an inherent energy buffer that can tolerate short-term
power deviations without compromising their primary service.
Typical examples include heating and cooling systems with
thermal inertia. In particular, a GSL does not create additional
energy in the system. Instead, it temporarily reshapes its
instantaneous power consumption around a nominal profile by
exploiting the inherent energy buffer of the underlying process.
For example, a refrigerator can reduce its power during a
voltage dip by using stored thermal energy and later increase
its power to restore the temperature. Over the relevant time
horizon, the net energy consumption may remain unchanged,
but on short time scales the controlled power deviation behaves
similarly to a small distributed storage unit and contributes
to voltage support. In the proposed control framework, this
flexibility is represented by an energy-deviation state and the
bound EEEY, which define the admissible deviation from the
nominal energy content and trigger restoration once this budget
is exhausted.

Fig. 1 illustrates a simplified DC microgrid representation,
highlighting the typical components of renewable generation,
storage, and demand. While BESS have traditionally been
the main source of flexibility, the figure emphasizes that
loads themselves may also be leveraged as active partici-
pants in grid support. The concept of grid-supportive loads
has been extensively investigated in AC power systems. A
well-established approach is demand-side frequency response,
where aggregations of thermostatically controlled appliances
are coordinated to deliver fast frequency support and improve
system stability during contingencies [5]. A frequency-based
power control strategy was introduced in [7], wherein the
frequency on the secondary side of a solid-state transformer
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Fig. 1. Simplified representation of a DC microgrid, aggregated to its essential
components: a PV generator, a battery energy storage system, and a load.

is regulated to manage power consumption within the low-
voltage (LV) distribution grid. Building upon this approach, [§]
further extended the study by deriving the power-to-frequency
sensitivity coefficients necessary for implementing real-time
control mechanisms. In [9], variable-speed drive appliances
were shown to autonomously adjust their power consumption
in response to local frequency deviations, thereby providing
fast frequency response without communication. Similarly,
[10] proposed a grid-supportive power modulation algorithm
for inverter-based motor loads, demonstrating through simu-
lations and hardware experiments that sub-second frequency
regulation can be achieved reliably. Collectively, these studies
confirm that AC-side GSLs can provide frequency regulation,
and inertial response without requiring communication infras-
tructure or compromising end-user comfort.

Compared to AC systems, DC microgrids remain far less
explored in the context of GSLs. The absence of a global
frequency signal, combined with inherently faster voltage
dynamics, poses unique challenges for decentralized control.
Unlike AC grids, where kinetic energy in rotating machines
provides short-term inertia, energy buffering in DC microgrids
relies almost exclusively on the DC-bus capacitor. However,
the capacitance is typically limited due to cost, volume, and
lifetime constraints, and increasing it aggravates fault current
severity due to rapid discharge behavior [11]-[13].

In DC microgrids with constant-power loads (CPLs), shap-
ing the load dynamics is a well-established approach to
improve bus-voltage stability. Virtual capacitor control, for
example, modifies the power reference of a constant-power
load by adding a term proportional to Vbc Ve, which makes
the load behave as if an additional capacitor were connected in
parallel to the DC bus [14]. These methods, however, primarily
target constant-power loads and do not explicitly consider the
more general case of mixed load compositions.

DC electric springs are also introduced in [15], [16] as an
alternative solution for providing temporary voltage support in
DC microgrids, where multiple DC electric springs collabora-
tively regulate the bus voltage. These devices not only stabilize
the DC link but can also emulate virtual inertia, providing
damping against fast disturbances. However, their deployment
requires additional converter hardware and control complexity
at each participating load, which may limit scalability and
cost-effectiveness in practical DC microgrids.

Emerging low-voltage DC standards also promote the use of
the bus voltage as a coordination signal, which naturally leads
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to P-V or I-V load droop characteristics for dispatchable
loads. Under ideal conditions, such load droop converts the
negative incremental resistance of a constant-power load into
a positive, damping conductance and can therefore elimi-
nate the classical minimum-capacitance constraint [17]. This
methodology however, is primarily tailored for individual
loads, employing distinct predefined droop characteristics for
each load according to its tolerance to voltage deviations.
In contrast, the GSL approach can accommodate load points
with dynamic behavior, responding adaptively through a load
sensitivity system that continuously analyzes and updates load
coefficients.

A fully decentralized GSL control strategy that relies solely
on local bus voltage measurements has been proposed in [18] .
By combining droop-based voltage—power characteristics with
hysteresis logic, this approach enables converter-interfaced
resistive loads to autonomously stabilize the DC-bus volt-
age without requiring additional hardware or communication
infrastructure. In [19], this concept is further developed by
extending the hysteresis-based GSL controller and providing
practical tuning guidelines to reduce chattering and improve
dynamic performance. However, the validation in [18], [19] is
limited to simulations, the modeling considers only resistive
loads, and no mechanism for energy-based restoration or
rebound prevention is included.

In practice however, converter-interfaced loads often ex-
hibit a mixture of constant-impedance, constant-current, and
constant-power behavior. The well-established ZIP (constant
impedance, constant current, constant power) load model
captures these effects in a unified framework and allows
systematic assessment of their impact on the bus voltage
stability [20], [21]. The effectiveness of grid-supportive control
strategies is closely tied to the underlying ZIP load compo-
sition. Impedance-dominated loads enhance system damping
and can positively influence power balancing. Constant-current
loads also offer moderate support, whereas constant-power
loads, due to their fixed power consumption, inherently lack
the ability to contribute to generation-load balancing. Extend-
ing grid-supportive control from purely resistive to generalized
ZIP behavior is therefore essential for realistic modeling and
practical applicability.

Moreover, existing GSL studies lack validation in exper-
imentally representative setups that include converter-based
loads, line impedance effects, and dynamic interactions with
controlled battery systems. An essential but often overlooked
aspect of GSL control is the ability of a load to autonomously
return to its nominal operating point after providing temporary
support. This so-called restoration mechanism ensures that the
load resumes its intended function once the disturbance has
been mitigated, thereby preserving long-term service quality,
user comfort, or operational constraints. In many practical
applications, sustained deviation from nominal behavior is
not acceptable—for example, in thermal systems, electric
vehicle charging, or industrial processes. However, existing
GSL control strategies rarely incorporate such mechanisms,
limiting their applicability in real-world settings.

To close these gaps, this paper proposes a novel grid-
supportive load control strategy tailored for converter-based

loads in low-voltage DC microgrids. The proposed approach
generalizes beyond resistive behavior by incorporating a full
ZIP load model and modulates the load reference voltage
based solely on local bus voltage measurements. An energy-
aware restoration function guarantees smooth return to nomi-
nal operation after transient support phases.

The main contributions of this paper are as follows:

1) A fully decentralized control scheme for grid-supportive
ZIP loads in low-voltage DC microgrids, relying solely
on local bus voltage measurements without requiring
communication or external coordination.

2) A generalized voltage-reference modulation strategy that
extends beyond resistive loads to arbitrary combinations
of constant-impedance, constant-current, and constant-
power behavior.

3) A novel energy-aware restoration mechanism that ensures
smooth and bounded recovery of the load’s nominal
operation after providing transient grid support.

These contributions are complemented by a theoretical
analysis of the closed-loop system, including steady-state con-
ditions and small-signal stability in the presence of dynamic
ZIP-BESS interactions. Furthermore, the proposed control
concept is experimentally validated on a laboratory-scale
700V DC microgrid, featuring distributed battery systems,
converter-based loads, and realistic line impedance effects.

The remainder of this paper is organized as follows. Sec-
tion II introduces the microgrid architecture and its underly-
ing dynamic models. Section III presents the proposed GSL
control scheme, including the voltage-based modulation and
energy-aware restoration mechanism. Section IV provides a
theoretical analysis of the closed-loop stability under the
proposed control. Section V presents the simulation results.
Section VI describes the experimental setup and validates the
control concept. Finally, Section VII concludes the paper.

II. DC MICROGRID SYSTEM DESCRIPTION

This section describes the configuration and modeling of
the evaluated DC microgrid, building on the framework estab-
lished in [18], [19]. Fig. 2 depicts the 700 V microgrid test-
bench employed for both modeling and hardware validation.
Three power—electronic subsystems share a common DC-bus:

1) Battery energy-storage system (BESS) connected through
a bidirectional DC-DC converter. In islanded operation,
the BESS is operated in grid-forming mode to establish
the DC-bus voltage and buffer net power imbalances. The
control is implemented via a cascaded PI controller.

2) Photovoltaic (PV) array interfaced by a unidirectional
boost stage. A perturb-and-observe MPPT algorithm
maximizes the PV power.

3) Converter-based ZIP load modelled as a programmable
combination of constant-impedance (Z), constant-current
(D and constant-power (P) demand, and supplied
through a bidirectional DC-DC converter. The proposed
grid-supportive control strategy is implemented on this
converter.

In this work, the BESS operates in grid-forming mode and

establishes the DC-bus voltage reference V}3., while buffering
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Fig. 2. Electrical circuit of the DC microgrid comprising an energy storage,
a photovoltaic unit as an RES, and ZIP loads.

net power imbalances in the microgrid. This choice reflects
a typical architecture for islanded DC systems, but it is not
a fundamental requirement of the proposed GSL concept. In
principle, the same load-side controller can also be combined
with other grid-forming units, such as an upstream AC/DC
converter. In the absence of grid forming units, however, GSL
action alone cannot compensate a sustained power deficit or
surplus; it can only reshape the demand profile over short time
intervals and thereby mitigate the resulting voltage excursions.
An averaged state—space model is employed to capture the
dominant bus—converter dynamics and to serve as the basis
for the subsequent stability analysis and control design.

A. Averaged state—space model

As previously discussed, in this study the BESS functions
as the grid-forming unit, maintaining the voltage within a
limited range around its reference value. The proposed GSL
control strategy operates as a complementary mechanism,
further reducing the voltage variation range to enhance regu-
lation performance. Therefore, it is reasonable to perform the
average state-space analysis in the vicinity of the reference
operating point. Operating points with deeply depressed DC-
bus voltages, where devices approach their minimum operating
limits or change conduction mode, are outside the scope of the
present analysis.

The BESS dynamics are

o Ve B, o Vosn 0
BL= T T L BT e
. Vbc — Vepr | i
Vop = RS —CBL B, 2
C,Bl Coi Ry, + CBIUBI )

4
For the PV boost stage
. Vpy Rpv+Rp. Ve pv
ipv=7 - — T PV =7 rv, 3
Voo PV PV PV
. Vbc —Veopv | ipv
Ve = d . 4
C,PV Cov Ry + Crv Upv “4)
Finally, the i-th load DC-DC converter is described by
G = Vo Lai Ly Vidi  Rriai i 5)
‘" Lyai " Luai Leai "
- Vbc —Veoai  ivdi
Voai = i _ 6
CLd CraR, O ULd (6)
The common DC-bus capacitor Cpc closes the system via
Voo = Vepr — YDC Ve,py */VDC " Z Ve, Lai */VDC
CDCRBl CDC‘RPV P CDCRLdi
(7)

To enable voltage-based control of converter-interfaced
loads and to analyze their dynamic interaction with the
DC-bus, it is essential to mathematically characterize their
power—voltage relationship. In this work, loads are repre-
sented by a generalized ZIP model that combines constant-
impedance, constant-current, and constant-power behavior,
capturing the diverse characteristics of modern electronic
devices.

B. ZIP load characterisation

The instantaneous power drawn by a ZIP load is expressed

as
Viai Viai \
Pg=P - (wp +wi——+wyg );
g, Vo Vo 8)
const.
Power const. const.
Current

Impedance

where P and V{) denote the nominal operating point. Through-
out this work, the ZIP coefficients are assumed to be non-
negative and to satisfy wp + w; + wz = 1, such that F
represents the total nominal load power. The extreme cases of
the ZIP model are also included in this framework: a purely
constant-power load corresponds to wp = 1 and w; = wyz = 0,
while a purely constant-current load is obtained for w; = 1
and wp = wy = 0. The individual contributions of the ZIP
components at a given operating point can also be expressed
in terms of their absolute power contributions:

Pp Py Pz 9

Here, Pp, Pr, and Pz represent the constant power, current-
proportional, and impedance-proportional parts of the total
load power, respectively. Equation (8) enables the quadratic
voltage—power mapping used later in Section III to generalize
the grid-supportive action from purely resistive to arbitrary
ZIP loads.

= Po’u)p, = Pow[, = P()wz.

III. GRID-SUPPORTIVE LOAD CONTROL

This section presents the proposed GSL control method,
designed to enhance interfaced ZIP loads with grid-support ca-
pabilities. The control method relies solely on the locally mea-
sured DC-bus voltage and combines (i) voltage-reference mod-
ulation for fast disturbance mitigation with (ii) energy-based
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restoration that returns the device smoothly to its nominal
operating point. The overall structure is depicted in Fig. 3;
notation is presented in the Nomenclature.

A. Voltage-reference Adjustment

The GSL control adjusts the reference voltage of the i" load
to modulate its power, mitigating DC-bus voltage deviations in
the microgrid. The reference voltage of the i load is defined
as:

Vi, = VISR €y (10)
where the scaling factor £1,4; is determined by:
140, if§>140;
fLai=q1—o0; f§EG<1—0; an
&, otherwise
with
€ =1+ ks 0- (22 1) (12)

where o; defines the allowable percentage deviation in voltage
for the i load (e.g. o; = 0.05 for a 5% variation), kgs,: >0
is the grid-support gain for load 4, and 6 € (0,1) is a
restoration variable, regulating the gradual return of critical
loads to their nominal state. To mitigate excessive or unnec-
essary control actions, the hysteresis-based logic is integrated
into the computation of £rg4;. This mechanism ensures that
the system responds only to substantial deviations, while
suppressing frequent switching within a predefined tolerance
band. Accordingly, the response in Equation (11) has been
updated as:

1, if Hi(t) =1

€Lai(t) = 13)

Load Restoration
Eq. (15)-(17)

v o)

GSL Voltage
I Egq. (10)-(14)
l

,,,,,,,,,,,,,,,,,,,

|
Bidirectional DC-DC Converter

Fig. 3. Proposed GSL controller for the i™ ZIP load. The scheme relies
exclusively on local measurements, while the restoration weight 6 is provided
by the energy-based restoration block described in Sec. III-B.

The hysteresis state #;(t) is updated according to the follow-
ing rule:

0, Hi(t~)=1and &(t) ¢ [1 — Ay, 1+ A]
Hi(tT) =<1,
Hi(ti),

H;(t7)=0and &(t) =1

otherwise

(14)
Here, the superscripts ¢t~ and ¢t* denote the values immedi-
ately before and after the update at time ¢, respectively. The
parameter A; specifies the hysteresis band used to suppress
switching due to minor fluctuations.

B. Load Restoration Control

Restoring critical loads after grid-supportive actions is es-
sential to ensure the continuous operation of vital loads. The
proposed restoration strategy is energy-based, allowing for a
smooth transition back to nominal operation while avoiding
abrupt changes that could destabilize the grid.

1) Restoration Condition: The restoration process begins
when the cumulative energy deviation exceeds a predefined
threshold EGgr™, as expressed by:

t
T o
(| (Pasu(r) = Pam)dr + =2 (Pos(t) = Puom) > E
t—1T,

P

Ay Az

(15)

where T, represents the time window for integrating power
deviations, and ;s the duration for gradual restoration to
nominal power. Pgsy(t) is the power of the GSL load at
the time ¢ and F,on is the nominal power. ESG* is the
maximum allowable energy deviation before initiating restora-
tion. This condition ensures that restoration is triggered only
when necessary, preventing premature actions and unneces-
sary stress on the system. The area A; corresponds to the
measured energy deviation from past performance, while the
area A, represents the estimated energy required to return
to the nominal value. Assuming significantly faster voltage
and current control (time-scale separation), £1,q4; can be used
as a measurement variable for calculating relative energy
deviations. This approach is advantageous because, for busses
that accommodate multiple loads, the nominal power is not
inherently known.

/ttT (’LUI (épai(1) = 1) + wz (€Lai(r)* — 1))dr

p

+T;es (wl (rai(t) — 1) +wz (€rai(t)* — 1)) > Sl

(16)

with ZE%; being a normalized maximum permissible energy
deviation of i™ load, which depends on the characteristics of
the load. This inequality determines the load’s restoration start
moment.
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2) Restoration Process: Once the restoration criterion in
(15) is met, the restoration process begins by gradually
decreasing the restoration variable € from 1 to O over the
restoration time 7;.s. The time constants associated with the
restoration loop, denoted as 7}, and T, are chosen to be
several orders of magnitude longer than the electrical dynamics
of the DC bus. Consequently, the restoration mechanism
primarily influences the long-term energy balance of the load,
while avoiding rapid voltage transients. This smooth transition
prevents sudden changes in power, which could disrupt system
stability. After the recovery period Ti., the load operates at
its nominal power for a defined interval before 6 is gradually
ramped back to 1, fully restoring the load’s grid-supportive
functionalities. The evolution of 6 during the restoration phase
is depicted in Fig. 4 as:

(D Restoration Initiation:

t— tstart

)
111”65

where ty,y is the time at which restoration begins.

(2 Restoration Completion: After the restoration phase, the
load remains at its nominal state for a fixed recovery time
Trec With 6(t) = 0.

(3 Re-enabling GSL Functionality: Finally, 6 is ramped
back to 1 (typically over another interval of length
Tres) so that the load can resume grid-supportive actions
without additional transients.

e(t) =1- te [tstarh Lstart + Tres}y (17)

g

Trece

Fig. 4. Conceptual representation of the restoration method for critical loads
in a DC microgrid over time. The curve illustrates the gradual restoration and
prioritization of critical loads following a disruption.

C. GSL Controller Setup and Operation

The implementation main steps for the proposed GSL con-
troller in a generic low-voltage DC microgrid are illustrated in
Fig. 5. The procedure begins by selecting converter-interfaced
loads capable of providing an inherent energy buffer. Two cat-
egories of input data are also required: (i) ZIP load coefficients
(wp,wr,wz), obtained through load sensitivity analysis, and
(ii) the local DC-link voltage, which serves as the primary
indicator of generation—demand imbalance. Additionally, load
specifications such as the nominal operating point (Pp, Vo)
and the maximum energy buffer must be defined. The voltage
support gain o; and hysteresis band A; are configured to ensure
that the local voltage reference adaptation remains within the

permissible range of standards. During operation, the GSL
updates its voltage reference according to (10)-(14) using the
measured DC-link voltage and evaluates the consumed support
energy Fgsy, based on (15). As long as Eggr, < EGET, the
grid-supportive mode is maintained and the update cycle is
repeated. Once the energy budget is exhausted, a recovery
sequence is triggered, where 6 is gradually decreased accord-
ing to (17) and thereby the load is gradually returning to its
nominal voltage reference. This nominal state is maintained
for Tiec, after which the GSL functionality is gradually re-
enabled.

Selecting GSL candidate:
Converter-interfaced loads with
inherent energy buffer

!

Characterizing ZIP:
Determining (P, Vo),
Setting E&ST, Ty, Tress Trec

l

Choosing o; (e.g. +5%)
and hysteresis band A;

|

Updating the voltage reference
value based on Eq. (10)-(14)

l

Calculating Fgsy, = Ay + As
based on Eq. (15)

|

EasL < EGEE

Online ZIP load
coefficients wp, wr, wy,

Measured DC-link
voltage

No

Recovery initiation, calculating 0
based on Eq.(17)

Gradual return to voltage
reference value

Fig. 5. Design flow for configuring grid-supportive load (GSL) control in a
generic low-voltage DC microgrid.

IV. STABILITY ANALYSIS

This section proves that the proposed GSL control strategy
increases the small-signal damping of the DC-bus voltage. The
well-posedness of the linearization procedure is ensured under
the following assumptions.

Assumptions. (i) Inner current/voltage loops of all convert-
ers are much faster than the DC-bus dynamics (time-scale sep-
aration), hence the load terminal voltage tracks its reference:
Viai = V{¥y;. (ii) The operating point lies strictly inside the
saturation/hysteresis bands, such that these nonlinearities are
inactive and their logic is frozen during linearization. (iii) The
restoration state is fixed at 6 = 1 (worst-case, maximum GSL
action). To analyze the effect of the GSL controller on system
stability, the DC microgrid is reduced to an equivalent small-
signal model. The full averaged converter models are mapped
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7
to their Thevenin or Norton equivalents at the common DC-
bus node, as shown in Fig. 6. 0.02 ¢ ’
. y . . =
51 =/ 'B1 'Ld =/ iLd — 0t ]
Vin Z em Ry CDCL‘VM R, Vow Z Vi £
I -0.02 + i
Fig. 6. Reduced equivalent circuit of the considered DC microgrid, com- -0.05 _0.‘04 _0.‘03 _0.‘02 _0.‘01 6
prising a battery storage units and a ZIP Load interfaced through DC-DC
Converter. Re()\)
(a) Z-dominated load
The load converter input current equals the output power
divided by the input voltage, 0.02
Poui (Vf '
i/Ld _ o‘lj:c( Ld) ) (18) . F‘N{’ﬂ
C,Ld = ol i
At Vig = Vp the ZIP equation yields & K
oP, Py +2P 0.02] \ ,
out _ T+ Z7 PI — P0w17 PZ — POU)Z' 0.02
MVid |y, Vo | | | | |
(19) -0.05 -0.04 -0.03 -0.02 -0.01 0
The GSL mapping is Re(A)
" nom Voo (b) I-dominated load
VLd = VLd [1 + kGSLe(‘/Sc — 1)}
* _ L 4
= AVLd = akagsL AVpc. (20) 0.02 4._
with o = V{™/Ve and 6 = 1. Linearizing {4, = =
Pout/VeLa at (V& 1q, Viig=Vo) gives ;g/ O |
1 -
Aipy = — L*d’o AVord + Gga AVpc, -0.02 - <«
C,Ld ‘ ‘ ‘ ‘ ‘
-0.05 -0.04 -0.03 -0.02 -0.01 0
k Pr+ 2P,
with Gy i= CrGsL J‘r/ z, @1 Re())
C,Ld 0 (c) P-dominated load
Based on the equivalent circuit representation, the dynamic
behavior of the DC-bus and the load-side input capacitor can 0,021 |
now be derived using Kirchhoff’s current law (KCL). These ’
equations form the basis of the linear time-invariant (LTI) =
system used for eigenvalue analysis. KCL at the bus and the g 0r 7
input capacitor yield -
. -0.02 + .
CooAVhe = — (7 + 7 ) AVbo + 7AVora, (22)
CrLaAVera = = (AVbe — AVord) — Ail,. (23) -0.05  -0.04 -0.03 -0.02 -0.01 0
Ld
Re())
Substituting (21) into (23) leads to the LTI model (d) Mixed ZIP load
AVDC AVpc a1l G129 Fig. 7. Root locus plots for varying GSL gain (kgsr € [0, 5]) under four
. = , A= ) (24)  ZIP load scenarios. Arrows indicate eigenvalue trajectories with increasing
AVQ’Ld AVC,Ld 21 Q22 gain.
with
1 1 1 1 . . .
ajl = —7(f + ﬁ)’ w2 = F—mr determinant and trace of the matrix A. The characteristic
Cpc\ Ry, Ld DCHLa polynomial is s? — tr(A)s + det(A) = 0 with
1 ( 1 a ) 1 ( 1 14,0 )
a21 = —| 55— — Ggsl |, Gy = —| — .
T CLa Ld el 27 Cla Ld CLd tr(A) = ai + ag, det(A) = ar1a22 — aizaz.
(25
Note that tr(A) is independent of G, Whereas
With the system matrix defined, the influence of the GSL (4) P esl
control on the eigenvalues of the closed-loop system can be a2
systematically analyzed. The focus lies on how the added det(4) = det(A)|G?;51:O + Cra Gesl- (26)
conductance term G influences system stability through the :6-/
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Because Ggq o kgst, (Pr+ 2Pz) by (21) and a12 > 0, the
following can be obtained

0det(A)

> 0 for P;+2Pz > 0.
DSy, or P+ 27 >

therefore, if the baseline system (kgsy, = 0) satisfies
Routh-Hurwitz, ie., tr(A) < 0 and det(A) > 0, then
any increase in kgsr, > O strictly increases det(A) while
leaving tr(A) unchanged. Hence, both eigenvalues shift
leftwards and the small-signal damping of Vpc improves.
Fig. 7 presents the root locus plots of the linearized system
for four representative ZIP load scenarios: (i) P-dominated
(wp,wr, wz) = (0.9,0.1,0.0), (i) I-dominated (0.1, 0.9,0.0),
(iii) Z-dominated (0.1,0.0,0.9), and (iv) mixed (0.3, 0.4, 0.3).
The plots depict the trajectory of the system eigenvalues in
the complex plane as the GSL gain kggy, increases, providing
insight into stability and damping behavior. In the Z-dominated
case (Fig. 7a), the dominant poles initially shift leftward,
enhancing damping, but move back toward the imaginary
axis at higher gains, indicating reduced damping. The I-
dominated case (Fig. 7b) shows a similar trend, with improved
damping that saturates for large kggp. In contrast, the P-
dominated scenario (Fig. 7c) exhibits negligible eigenvalue
movement, confirming limited influence of the GSL controller
under constant-power loading. The mixed case (Fig. 7d) com-
bines these effects, yielding moderate improvements. These
results demonstrate that the stabilizing contribution of the
GSL controller strongly depends on the ZIP composition: Z-
and I-dominated loads benefit from moderate gains, whereas
P-dominated loads remain largely unaffected, and excessive
gains may even degrade damping. The GSL action induces
a positive incremental input conductance Ggq at the bus: a
drop in Vpc lowers Vi¥;, which reduces Py, and thus if 4.
This counters the negative-resistance tendency embedded in
aszo and increases det(A), thereby enhancing stability. The
effect scales with the ZIP sensitivity (P +2Pz)/Vj, the gain
kgsr. and the voltage ratio a = V{°9™ / V.

As shown in this section, the incremental conductance induced
by the GSL controller in (21) is proportional to P + 2P;.
Consequently, for constant-current or impedance-dominated
loads (w; > 0 and/or wz > 0) the GSL action adds a
strictly positive input conductance and improves small-signal
damping. In contrast, for an ideal purely constant-power load
(wp = 1) the sensitivity Pp,q/0V1q vanishes, P; + 2Pz = 0,
and Ggq = 0, so the proposed GSL control has effectively no
stabilizing effect in this case. The previous analysis assumes
a fixed restoration state § = 1, representing the worst-case
scenario of continuous grid-supportive action. In practice,
however, the energy-based restoration mechanism introduces
a slow variation in 6. This effect is addressed in the following
remark. The energy-based restoration loop (Sec. III-B) acts on
a time scale of several seconds, i.e. two orders of magnitude
slower than the electrical dynamics captured by J. Including
6(t) in the linearization therefore adds only a slowly varying
gain factor and does not alter the qualitative conclusions drawn
above.

V. SIMULATION RESULTS

Time-domain simulations are performed to evaluate the
effectiveness of the proposed GSL control under load distur-
bances that exceed the rated power of the laboratory setup.
The averaged state-space model described in Section II is
used, with system parameters as listed in Table I. Due to
the fact that the half-bridges are built using identical passive
components, they are listed in the table with the representative
values R¢, L¢,C. with ¢ € {B1,PV,Ldl}. As the primary
focus of the present work is not on the design of the primary
controllers, the PI regulator parameters for current and voltage
control are not listed here. The nominal DC-bus voltage is
defined as 700 V. A constant-impedance load step is connected
at 5s to the DC-bus and disconnected at ¢ = 7s . The load
step is chosen to induce a bus-voltage deviation exceeding 5 %.
The same load profile is used for all cases. Six scenarios are
evaluated: constant-impedance load (CZL), constant-current
load (CCL), and an equally shared ZIP case (each 1/3),
each tested with and without GSL control. Across all ZIP
compositions, the GSL control reduces both the voltage sag
during the load step and the overshoot during recovery. For
the cases without GSL, the voltage responses remain similar,
as the load power remains mostly unchanged due to the lack
of voltage dependency in the control scheme. In contrast, the
GSL-controlled responses vary significantly with load type
due to their distinct voltage sensitivities. As seen in Fig. §,
the voltage-dependent behavior of the CZL case leads to a
larger power drop than that of the CCL case, which aligns
with the underlying ZIP model dynamics. The GSL control

TABLE 1
KEY PARAMETERS OF THE SIMULATED DC MICROGRID

Symbol  Description Value / Unit
System Ratings — Simulation Model
Ve Nominal DC-bus voltage 700V
PPV.max PV power rating 90 kW
PBESS,max BESS power rating 120kW
PLd,max Load power (aggregate) 96 kW
Converter Filter Components
R Converter line resistance (all) 0.1Q
L¢ Converter filter inductance 2.5mH
Ce Converter filter capacitance 500 uF
Cbc DC-bus capacitor 2.2mF
Control and Sampling Parameters

fsw Switching frequency 20kHz
fs Sampling frequency 20kHz

reduces the voltage dip in all scenarios. For the CZL case,
the minimum voltage improves from 653.568 V to 678.47V,
corresponding to a dip reduction from 46.43V (6.63 %) to
21.53V (3.08%), i.e., a 53.6% improvement. In the CCL
case, the dip decreases from 45.99V (6.53%) to 22.2V
(3.17%), resulting in a 51.58% reduction. For the mixed
ZIP case with equal weighting, the voltage recovers from a
minimum of 653.74V to 673.99V, reducing the dip from
46.257V (6.61%) to 26.01V (3.71 %), which corresponds
to a 43.8% reduction. In the absence of GSL control, all
evaluated load configurations result in voltage sags that exceed
the standard +5 % tolerance band. The maximum deviations
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700 e ——- i from the nominal DC-bus voltage of 700V reach 6.63 % for
- ! .
'l i il | the constant-impedance load, 6.53 % for the constant-current
| . . .
}Z 680 ‘, /’/ | load, and 6.61 % for the uniformly mixed ZIP load. With GSL
b) ! . . . ops
;;o“ '\ 'o’ i control applied, the voltage dips are substantially mitigated
! . e .
660 \ ’/ i and remain fully within the +5% range for all scenarios.
| . . .
; LM | | | , 1 The respective deviations are reduced to 3.08%, 3.17 %,
| . . .
: 4.98 5 5.02 5.04 5.06 5.08 51  and 3.71 %, corresponding to relative reductions of 53.6 %,
. | .
! Time [s] | 51.6 %, and 43.8 %, respectively. These results confirm that the
5 | . oy
! ‘xl() i proposed GSL approach effectively enhances voltage stability
e e e s e e e e B | .. .
— 12 \ P e 1 across a broad range of ZIP load compositions, without the
” ! . . . . .
E ‘esr” i need for communication or centralized coordination.
. |
3115 |
o |
15 | VI. EXPERIMENTAL VALIDATION
|
1.1 ‘ . .
! ‘ ‘ ‘ ‘ ‘ I The proposed GSL method has been experimentally vali-
: 4.98 5 5.02 5.04 5.06 5.08 5.1 dated using a scaled down DC microgrid testbench, as depicted
o e e Time[s] ___.-~ in Fig. 9 comprising a 3 kW photovoltaic (PV) emulator, a
Tl T - 10 kW BESS Emulator, and ZIP loads with dynamically ad-
750 T I Jo GSL :".\’} Jjustable constant impedance, current, and power components.
. ro CZL with GSL I The control and sampling parameters, as well as the converter
= Ll - - -CCL w/o GSL L filter components, are identical to those listed in Table I,
o 700 * = CCL with GSL I hl h h d f h . 1
8 | 'q — — _7IP w/o GSL o while the hardware components of the experimental setup are
| x ZIP with GSL | | summarized in Table II.
650 - 1 | | ‘ L |
45 5 3 5.5 6 6.5 7 3 7.5 TABLE Il
Lo Time [s] Lo HARDWARE COMPONENTS OF THE EXPERIMENTAL DC MICROGRID
| |
><105 | | | |
V! ! Category Component Remarks
1.25}+ ‘ ‘
— : I : I Control Platform  Imperix B-Box RCP Dual-core ARM + Kintex
. e N FPGA, 250 kHz control
s 70 ! Vr = anE T T“— Power Converter ~ Imperix PEB8038 SiC-MOSFET, 800V,
3;: 1151 v [ 38 A, 200kHz
Q:CS : : : : : Current Sensor Imperix DIN50 99mV A~1,  200kHz,
! ! isolated
Ll L 3 s s s 1 3 | Voltage Sensor Imperix DIN80O 2.46mV V~1, >60kHz,
4.5 L5 5.5 6 6.5 AN 7.5 isolated
- Pime st S PV/Bat. Emulator EA PSI 1000 / Delta Bidirectional, 15kW, up
eI, N SM15K-CP to 1500 V
! AN | Progr. Loads In-house design Dynamic profiles, auto-
L 740 1 Yy | mated tests
}; " \ : Inductor Hahn V23105 2.36 mH, 20 A
‘? { “\ | Capacitor KEMET 10 pF, damping / filtering
18 720 i N | C274AC35100SA0J
: [ ‘*-_ | Resistor Frizlen BW81 19-100€2, 10kW, ad-
1700 TessLesoso=== justable slide resistors
‘ ‘ ‘ ‘ ‘ ; !
! 6.98 7 7.02 7.04 7.06 7.08 7.1
! . |
} . Time [s] ; The line resistances in Fig. 2 are all considered to be
| . x10 ' approximately 0.1 €2, while the capacitors are chosen 500 uF
— ' and the inductors are 2.5 mH
| r—— | M
‘E 1.24 ' The performance of the proposed GSL method is evaluated by
1 ;Z 199 PECR ! comparison with a standard Proportional-Integral (PI) control.
- ) h W ' In order to present a consistent comparison between the two
}D* 1.2‘ — bt S — control approaches, the influence of weather variations on the
| : ‘ ‘ ‘ ‘ ' PV emulator m i 1 maintainin nstant ir-
| 6.98 - 702 70 706 7 08 Pt V.e ulator system is excluded by mainta gaco sta t
\ Time [s] ' radiance and temperature. To make the restoration mechanism

r

Fig. 8. DC-bus voltage Vpc and total load power Pigad, tot for three load
models with and without GSL: constant-impedance (CZL), constant-current
(CCL), and mixed ZIP (one third each). A load step is applied at t = 5s and
removed at t = 7's.

observable within the short transient window, the maximum
allowed energy deviation is deliberately set conservatively
to BE3 = 1x107*kWh ( = 01Wh ~ 360J). This
small budget forces the restoration loop to engage already
during the dynamic transition, which represents a worst case
for interaction with fast voltage support. In practical devices,
the available flexibility is typically orders of magnitude larger
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Fig. 9. DC microgrid setup consisting of a PV emulator, converter-based
loads, real-time controller, passive components, and Battery emulators.

(Wh to kWh range), so Eg& would be higher and restoration
would act on a slower time scale with even less influence on
the fast dynamics. The DC-bus operates at 700 V, with three

700 —w/o GSL
s with GSL

with GSL+rec

k34

Vvl

695

24.4.2

Dj 4.0
3.8

0

2.8

(kW]

2.6

Prio

Fig. 10. Experimental results: without GSL (blue), with GSL (red), and with
GSL and load restoration (yellow). (a) DC-bus voltage, (b) load 1 power, (c)
load 2 power, and (d) ZIP load power.

load converters in the system. The first and second converters
supply resistive loads of 4.4 kW and 1.8 kW, respectively. The
third converter feeds a ZIP load with parameters wz = 0.3,
wy = 0.2, and wp = 0.5, and a nominal power of 1.75 kW.

10
(a)
700 ¢ R
4 ,,/M. v
=695 =
: —w/o GSL
690 [ | — with GSL
with GSL-+rec
0 0.2 0.4 0.6 0.8 1
Time [s]
(b)
10.0(
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< M
& 8.0
7.0 . . . . )
0 0.2 0.4 0.6 0.8 1

Fig. 11. Experimental results: without GSL (blue), with GSL (red), and with
GSL and load restoration (yellow). (a) DC-bus voltage and (b) total load
power.

Att =0.1s,a4 kW load is directly connected to the DC-bus,
resulting in a voltage drop. Fig. 10 illustrates the comparative
performance of the control strategies: without GSL (blue),
with GSL (orange), and with GSL and restoration (yellow).
In Fig. 10(a), the voltage profiles show that the inclusion of
GSL improves voltage dynamics, with further improvements
observed when GSL with restoration is applied. Fig. 10(b),
(c), and (d) depict the respective load powers for each case.
In Fig. 11, the total load power is increased to 9 kW, and a
4 kW load step is introduced at t = 0.1 s. In this case, without
GSL, the system fails due to the battery reaching its power
limit. However, as demonstrated in Fig. 11, the inclusion of
GSL enhances system reliability and prevents a system service
discontinuity.

VII. CONCLUSION

This paper has presented a communication-free grid-
supportive-load (GSL) controller that equips converter-
interfaced ZIP loads with fast, local voltage-support capability
in low-voltage DC microgrids. The approach combines a
saturation—hysteresis voltage map to guarantee device-level
safety with an energy-based restoration scheme that bounds
long-term energy deviation and ensures a smooth return to
the nominal operating point. Analytical and simulation studies
demonstrated that the proposed method enhances small-signal
damping across different ZIP compositions. In particular, Z-
and I-dominated scenarios benefited from improved stability
margins, while the controller maintained bounded operation
even under destabilizing constant-power loads. The results
confirmed that the dynamic behavior observed in simulation
closely aligns with the theoretical predictions. Experimental
validation on a 700V, 14kW microgrid testbench further
verified the effectiveness of the proposed concept. Under a
4kW disturbance, the DC-bus voltage dip was reduced by
12.9 % compared to a cascaded-PI benchmark, and converter
shutdown was successfully avoided. These outcomes underline
the superiority of the proposed GSL control over conventional
methods in practical settings. The presented findings highlight
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the potential of GSLs as a scalable and low-cost means
of providing ancillary services in converter-dominated DC
networks. By relying solely on local voltage measurements,
the method eliminates communication overhead and enables
straightforward deployment at the demand side.
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