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Enhancing DC Microgrid Electrothermal
Performance Through Digital Twin Enabled

Droop Optimization
Abstract– An optimized droop control strategy for a DC microgrid system integrating a fast-

responding energy storage source and a slower generator source is presented. The objective is to
optimize the droop gains to achieve optimal power sharing and voltage regulation while adhering to
critical operational constraints including battery state of charge (SoC) limits, internal temperature
management to prevent thermal runaway, and generator ramp rate limitations. A comprehensive
optimization framework is developed, leveraging a digital twin for real-time estimations and initial
system status. The work details the required MATLAB models for simulation and provides exper-
imental validation, demonstrating the potential for enhanced microgrid performance, reliability,
and sustainability through intelligent control. Full details will be provided in the full paper.

I. INTRODUCTION

DC microgrids are increasing in popularity due to their high efficiency, scalability, and suitability

for integrating renewable energy sources and energy storage systems (ESSs). Their simplified

control architectures and reduced conversion stages make them particularly suitable for naval

platforms, remote off-grid installations, and mission-critical infrastructures [1], [2]. A key con-

trol challenge in DC microgrids involves managing power sharing among distributed sources,

especially when integrating fast energy storage units, such as batteries, with slower mechanical

generators. Droop control remains the most widely used method for power management because

of its decentralized structure and ease of integration. Conventional resistive droop control schemes

are effective during steady-state operation but typically result in significant voltage deviations and

slower transient responses when subjected to rapid load changes [3]. The incorporation of a capac-

itive element into traditional droop schemes, forming RC droop control, has been demonstrated to

enhance dynamic performance. This capacitive element introduces a derivative action, allowing the

droop controller to respond quickly to voltage variations, thereby improving transient performance

and overall system stability [4].

Many studies on droop control in hybrid source DC microgrids address proportional power

sharing or transient performance using fixed gains [5], [6]. However, they often overlook critical

system level constraints related to electrothermal limits of batteries and mechanical limitations of

generators. Ignoring battery state-of-charge (SoC) constraints may cause excessive stress when

This work was supported by the Office of Naval Research under contracts No.N00014- 23-C-1012, and No.N00014-24-C-1301.

1 of 6

Approved, DCN# 2025-8-13-1260 08/15/2025

DISTRIBUTION STATEMENT A. Approved for public release: distribution is unlimited. 2 of 7



batteries are required to handle rapid load changes at low charge states, accelerating degrada-

tion, shortening cycle life, and risking thermal runaway [7]. Similarly, neglecting internal battery

temperature and cooling system limitations can lead to overheating and subsequent shutdown

or damage. Moreover, mechanical constraints, such as generator ramp rate limits, must also be

considered to avoid mechanical fatigue and voltage instability during rapid load variations. Recent

approaches employing adaptive methods, such as sliding mode control or rule-based supervisory

control, have aimed at improving coordination between hybrid energy sources. However, these

methods predominantly focus on electrical system performance, often disregarding critical con-

straints related to thermal and mechanical domain [8], [9].

This work proposes an optimization framework for RC droop control explicitly incorporating

electrothermal constraints of battery systems and ramp-rate limitations of generators. Leveraging

a digital twin architecture, the framework provides real-time state estimation and adaptive tuning

of droop gains, ensuring safe and reliable operation under dynamic loading conditions.

II. SYSTEM DESCRIPTION

Figure 1: Schematic of the system under study.

The system under study, illustrated in Fig. 1,

consists of a DC bus interconnecting two power

converters and a variable load. The sources that

the converters connect to are representative of an

ESS and synchronous generator (SG), which im-

pose power sharing constraints due to their physi-

cal characteristics. To address this, different droop

schemes are applied to the two sources. For the ESS

converter, capacitive droop control is employed to leverage the battery’s ability to support fast-

changing loads, characterized by the capacitive current relationship 𝐼C = 𝐶 𝑑𝑉
𝑑𝑡

. Equation (1) gives

the capacitive droop equation, where 𝑣ref is the commanded voltage reference, 𝑉nom is the nominal

voltage setpoint, 𝐶d is the capacitive droop coefficient, and 𝑖 is the measured current

𝑣ref (𝑡) = 𝑉nom − 1
𝐶d

∫ 𝑡

0
𝑖(𝜏) d𝜏. (1)

For the converter on the generator side, resistive droop is employed because the ESS’s capacitive

droop inherently limits the power ramp rate of this slower dynamic source. The resistive droop

equation is given by 𝑣ref (𝑡) = 𝑉nom − 𝑅d 𝑖(𝑡), where the droop coefficient 𝑅d scales the measured

current, producing a voltage offset proportional to the load current.
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III. ELECTRO-THERMAL BATTERY MODELING AND SYSTEM CONSTRAINTS

The electro-thermal battery model consists of a coupled sub-electrical and thermal model with

interdependent responses. The sub-electrical model consists of a Coulomb counting approach in

Equation (2) for estimating the SoC and a second order equivalent circuit model (ECM) represen-

tation of the battery
𝑆𝑜𝐶 (𝑡) = 𝑆𝑜𝐶0 +

1
𝐶bat

∫ 𝑡

0
𝐼 (𝜏) d𝜏. (2)

Figure 2: Battery second-order ECM representation.

The ECM, shown in Fig. 2, represents the bat-

tery as a voltage source, a single equivalent series

resistance (𝑅ohm), and two series-connected parallel

resistor-capacitor branches (𝑉𝑅1𝐶1 and 𝑉𝑅2𝐶2). The

voltage source is the open-circuit voltage (OCV) of

the battery. The steady-state voltage drop and current through the battery are modeled using the

equivalent series resistor 𝑅ohm. The fast and slow transient voltage responses are enabled by two

RC branches: the first with a fast time constant, and the second with a slow one.

The sub-thermal model is a lumped 1D heat transfer model. The battery pack is treated as lumped

thermal mass (𝐶pack) with a heat generation term (𝑄gen) and liquid cooling term (𝑄loss). The lumped

thermal mass is calculated as 𝐶pack = 𝑛total cells·𝑚cell·𝑐𝑝,cell, where 𝑚cell is the cell mass, 𝑐𝑝,cell is the

specific heat capacity, and 𝑛total cells is the total number of cells in the pack. The primary source of

heat generated within the pack is joule heating, calculated by 𝑄gen = 𝑛total cells·𝐼2(𝑡)·𝑅ohm(𝑆𝑜𝐶,𝑇).
Because 𝑅ohm is not constant over the SOC range of the battery, look-up tables are utilized to

update 𝑅ohm. For the heat loss, newtons law of cooling is applied between the pack and the liquid

cooling system is represented by 𝑄loss = −𝑈 ·𝐴conv ·𝐿𝑀𝑇𝐷. With 𝐴conv being the convective area,

𝑈, representing the multi-layer conduction from the pack to a cooling plate and convection to the

water, and 𝐿𝑀𝑇𝐷, the log mean temperature difference, driving the heat transfer.

IV. OPTIMIZATION FRAMEWORK AND EXPERIMENTAL RESULTS

An optimization framework was developed in order to achieve desired values for the battery

state of charge, thermal values, and generator ramp rate. This framework outlined in Fig. 3 uti-

lizes a model based optimization approach incorporating Simulink models to generate parameters

for the objective function and constraints. The control variables are the resistive and capacitive

droop parameters for the generator and battery respectively, 𝑅droop and 𝐶droop, that simultaneously

minimizes internal temperature 𝑇in and generator ramp-rate 𝑅ramp, and maximizes battery SoC.
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Figure 3: Digital-twin-enabled model-based optimization
framework for droop control. The virtual representation
simulates electro-thermal and ramp rate behavior in real
time using system measurements, enabling adaptive tuning

of droop gains through a supervisory controller.

The currents of the two sources, 𝐼fast and 𝐼slow,

are passed to a battery emulator Ebat and a

ramp-rate estimator R, yielding (𝑇in, 𝑆𝑜𝐶) =

Ebat(𝐼fast) and 𝑅ramp = R(𝐼slow). Each quan-

tity is therefore a deterministic function of

(𝑅droop, 𝐶droop). The objective function seeks

to minimize the battery internal temperature

𝑇in, and the ramp rate of the generator 𝑅ramp,

and maximize the battery 𝑆𝑜𝐶, as well as minimize the regularized droop parameters. The overall

weighted objective function is:

𝐽 (𝑅droop, 𝐶droop) = 𝑤𝑇 𝑇in + 𝑤𝑅 𝑅ramp − 𝑤𝑆 𝑆𝑜𝐶 + 𝜆1

(
𝑅droop

𝑅max

)2
+ 𝜆2

(
𝐶droop

𝐶max

)2
, (3)

with weights 𝑤𝑇 , 𝑤𝑅, 𝑤𝑆 and tunable regularization parameters 𝜆1 and 𝜆2 reflecting design

priorities. The optimized gains are:

(𝑅droop, 𝐶droop) = arg min
𝑅droop, 𝐶droop

𝐽 (𝑅droop, 𝐶droop). (4)

Operational limits (e.g., 𝑇in ≤ 0.9𝑇max, 𝑅ramp ≤ 5𝑘𝑊 , and 0.2 ≤ 𝑆𝑜𝐶 ≤ 0.8) can be enforced

as hard feasibility constraints or absorbed into the cost with large penalty terms. Penalties simplify

the search by enabling rejection of infeasible candidates during generation and penalizing those

that violate constraints throughout the optimization.

Table I. System parameters before and after optimization.

Parameter Simulated Simulated Experimental Experimental
Unoptimized Optimized Unoptimized Optimized

𝑅droop , 𝐶droop 1 , 0.5 0.549 , 2.171 1 , 0.5 0.549 , 2.171
𝑅ramp [kW/s] 7.13 3.34 7.09 3.48
Δ𝑇in [°C] 0.34 0.60 0.33 0.47
Δ𝑆𝑜𝐶min [%] 0.60 1.24 0.57 0.70
Δ𝑉bus [V] 17.87 8.01 21.52 8.10
𝑄[𝑊 ] 2.12 3.78 2.59 3.85

1Highlighted values are those that are undesirable.

To examine the search space under these

constraints, a genetic algorithm is em-

ployed. It initializes a random population

of solution candidates, encoding the op-

timization variables (𝑅droop, 𝐶droop). The

Simulink model is used to compute the

objective function scores for each member

of the population. Based on these evaluations, crossover and mutation operations are performed

to generate improved candidates after each iteration. The population is then evolved until conver-

gence. Multiple optimization methods are planned to be implemented and compared, along with

multiple load profiles analyzed in the full paper.

Hardware results were obtained through a power hardware in-the-loop system detailed in Fig. 1.

The initial values of the parameters were set to be 50% 𝑆𝑜𝐶, 20°C for 𝑇in, and 𝑉bus at 400 V.
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Figure 4: Experimental and simulated source currents for the unoptimized and optimized droop coefficients.

Comparison of experimental and simulated optimized and unoptimized source currents can be

found in Fig. 4 and system parameters in Table I. In both unoptimized cases, the slow source has

a ramp rate that exceeds the maximum value of 5 kW/s, and the fast source is under-utilized with

Δ𝑇in, Δ𝑆𝑜𝐶min, and 𝑄 at low values. In the optimized cases, the ramp rate is decreased below 5

kW/s, and the battery is more fully utilized with higher Δ𝑇in, Δ𝑆𝑜𝐶min, and 𝑄 values. The increased

thermal values are within acceptable bounds as to not accumulate excess heat in the simulated time

frame of 220 seconds. Currently only the 𝑅ramp value is deemed undesirable in the unoptimized

cases; however, the full paper will provide analysis of additional load profiles and time frames.

V. CONCLUSIONS & FUTURE WORK

This work presented a droop control optimization strategy for DC microgrids that integrates

a digital twin with electro-thermal modeling and ramp rate-aware control logic. The proposed

method enables improved coordination between a fast dynamic source such as a battery and a slow

dynamic source such as a generator, while maintaining key system constraints, including battery

SoC, internal temperature, and generator ramp rate. The digital twin provides real-time system

estimation and supports adaptive tuning of droop parameters based on system conditions. Simu-

lation and experimental results verify the effectiveness of the optimization framework in reducing

generator ramp rates, improving battery utilization, and maintaining thermal safety. The optimized

control reduces mechanical stress on the generator by ensuring ramp rate compliance, which is

expected to minimize wear and tear and extend generator lifespan over long-term operation. These

improvements were achieved while satisfying all operational limits under representative dynamic

load profiles. The full paper will include additional scenarios with varied load conditions and

comparisons of optimization tools such as particle swarm and gradient-based methods. Future

work will extend the framework to multi-source systems with predictive scheduling.
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