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Digital twin of an LMO-based UPS battery energy 

storage system with combined operation for 

backup reliability and grid support

• Motivation: Reliable, flexible battery energy storage systems are essential to ensure power supply security and grid stability in increasingly renewable-dominated energy systems

• A high-power battery storage system with LiMn2O4 chemistry has been installed and commissioned at the Forschungszentrum Jülich GmbH

• The system is one of many energy demonstrators within the Living Lab Energy Campus (LLEC) Project [1]

• The system has two functionalities: Peak-shaving on the 10kV grid and uninterruptable power supply (UPS) for a building

• System rating: 525 kWh / 1.500 MW

• Objective (analysis): Use the digital twin to analyze losses, efficiency, and energy management strategies under realistic operating scenarios

• Objective (operation, 2nd-stage): Ensure reliable system functionality while enabling predictive, degradation-aware control 

Introduction

Luc Raijmakers a, Muhammad Tayyab a, Gregory Arnstein a, Anna Windmueller a, Rüdiger-A. Eichel a,b

a Forschungszentrum Jülich GmbH, Institute of Energy Technologies (IET-1), 52428 Jülich, Germany
b RWTH Aachen University, Institute of Physical Chemistry, Templergraben 55, 52074 Aachen, Germany  

Methods and measurements

Results and discussion

The developed digital twin successfully reproduces the dynamic interaction between battery, power
electronics, and control systems in a UPS configuration. The results demonstrate stable operation
during grid outages, UPS load transients, and reconnection events, providing a reliable basis for
system-level analysis. Ongoing work focuses on extended validation using detailed DC-bus and load-
side measurements, including active and reactive power, voltage quality, and system efficiency.
Building on this foundation, the digital twin will be used to investigate predictive control strategies,
such as model predictive or data-driven approaches, and later enable condition-based maintenance
concepts targeting long-term system reliability and degradation-aware operation.

Conclusions and outlook
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Results:
The framework reproduces UPS and grid-support operation accurately under 
varying load and grid conditions, including both grid-connected and grid-outage 
scenarios. The efficiencies determined from measurements and simulations 
show good agreement, confirming the physical consistency of the model. 
Additional measurement data, such as current, voltage, and power profiles, 
further validate the dynamic behavior of the digital twin. Simulations 
demonstrate smooth transitions between backup and grid-connected operation, 
providing insights into SoC evolution, battery and converter losses, and overall 
system response. The results indicate that predictive control could balance 
power reliability with optimal energy dispatch for peak shaving, thereby 
increasing system utilization and economic value.

Discussion:
The digital twin provides unique insight into LMO battery performance in 
combined UPS and grid-support operation. LMO cells offer high power density 
and fast response, supporting reliable backup, but efficiency trade-offs can arise 
during prolonged grid-service operation. The framework allows evaluation of 
operational strategies to balance reliability, degradation, and energy efficiency.

Methods: 

The digital twin was developed in MATLAB/Simulink, integrating both the 
LMO battery and the full AC/DC-DC/AC power conversion chain. The battery 
was modeled with an equivalent circuit model (ECM) parameterized using 
LMO cells, available in the real system at Forschungzentrum Jülich. The 
converter was implemented with detailed switching behavior and 
unbalanced UPS-load conditions to emulate real UPS operation, as the 
system experiences from a building load. System monitoring and control 
were performed with a sampling frequency of about 1 s; the measurement 
data were also used for model parameter optimization. A rate-transition 
method was introduced to synchronize these low-frequency measurements 
with the high-frequency simulation, ensuring realistic system interaction.
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Simulation results: Employment of 
battery during grid off and grid on mode. 

Digital twin in ready, more validation 
needs to be done on DC bus and reactive 
and active power at the load side 
(voltage, current, THD, system 
efficiency). Predictive control (with e.g., 
MPC, or ML) to see if system reacts 
better. Predictive maintenance on the 
whole system (for aging diagnostics 
purposes).
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Simulink model, with: 
- Rectifier and inverter model
- Buck/boost model
- Filters (LCL)
- Control (dq-control + quasi-PR control)
- Battery (equivalent circuit model)

Szstem Conclusiion
Stability 
The control architecture demonstrates robust stability by enforcing strict bandwidth separation between the Fast 
Inner Current Loops (1.5 kHz) and Slow Outer Voltage Loops (200 Hz).
This separation ensures ample phase margin (>45°) and prevents control conflict, validating the cascaded control 
theory for high-power electronics.
Battery Dynamics
The integration of an Equivalent Circuit Model (ECM) +a filtered voltage feedforward path  successfully mitigates 
the positive feedback loop often observed at the LC resonance frequency (41 Hz). 
This show us that the that realistic impedance modeling with proper active damping is critical for stable Digital 
Twin simulation.
Bidirectional Power Transfer: The unified state-machine governing the DC-DC converter ensures transient-low or 
less transient  mode switching between Boost (Discharge) and other modes. The system maintains DC Bus stability 
of nominal (620V) even during aggressive transition events (Grid Loss/Restoration), validating the robustness of 
the dual-mode control logic.
---
Rectifier & Grid Interaction
Unity Power Factor Operation>
The Active Front End (AFE) maintains a Power Factor (PF) > 0.99 throughout the active grid connection, validating 
the decoupling efficiency of the D-Q frame current controller.
Transient DC Bus Stability> During the Grid Loss or failure event (t=0.3s), the DC bus voltage deviation is 
constrained to < 10V (<1.6%), proving the immediate stabilizing effect of the battery's discharge logic.
Soft-Start Recoverz: Upon grid restoration, the rectifier current ramps up linearly without overshoot, confirming 
the effectiveness of controls and power electronic and lcl models
Inverter Output Quality
Harmonic Rejection Compliance LOW THD under or very close to IEEE standards
Voltage Regulation> Load Step (0 to 100kW), the output voltage sag is low
Battery Dynamics
Safe Discharg> The battery discharge current peaks at 200A for 100kW load, which is well within the 1C rating of 
the 332Ah pack, validating the sizing for thermal stability.

Battery system : 
- 3x 500 kW inverters (parallel)
- 12 cells per module
- 12 modules in series
- 7 modules in parallel (1 rack)
- Total: 252 modules, 3024 cells

Transient

Transient

- Battery represented by a second-order
equivalent circuit model (R₀ + 2×RC)

- Model parameterization based on pack-level
pulse tests and measured open-circuit voltage
(OCV)

- Parameters identified from time-domain fitting,
and pulse response verified to measurements

System-level stability and control:
- Robust system stability achieved through cascaded control with clear bandwidth separation
- Stable operation maintained during grid loss, load steps, and grid reconnection

- DC bus voltage remains tightly regulated around 620 V throughout all events
- Confirms suitability of the digital twin for dynamic UPS and grid-support scenarios

Rectifier (AC/DC) and grid interaction:
- Seamless transition from grid-connected to islanded operation during

grid outage
- DC bus voltage deviation during grid loss remains < 10 V (<1.6%)
- Immediate battery takeover prevents voltage interruption at the DC link
- Unity power factor operation during grid-connected phases (PF > 0.99)
- Smooth, overshoot-free current ramp during grid restoration (soft-start

behavior)

Inverter (DC/AC) output behavior:
- Stable AC output voltage maintained during all UPS load transitions.
- Load steps of +50 kW and +100 kW result in proportional current

increase
- No visible voltage drop or oscillations during transient events
- Low harmonic distortion, compliant or close to IEEE power quality

requirements

Battery dynamics and model behavior:
- Battery supplies UPS load immediately upon grid disconnection, i.e., no

power interruption at the load side
- Discharge current and power scale consistently with applied UPS load
- Peak battery current (~370 A at 200 kW) is larger than a 1C rating
- Battery current/power converges to zero when grid is back on
- Note: Only minor state of charge decrease due to short grid

interruption
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