


As global energy structure transitions toward clean, low-carbon sources, energy storage technology—serving as a 
critical enabler for large-scale renewable energy integration and flexible power system regulation—is experiencing rapid 
growth. Energy storage systems have demonstrated significant application value in grid frequency regulation, peak-valley 
arbitrage, and renewable energy grid integration. State of Charge (SOC), a core parameter of energy storage systems, 
has estimation accuracy and consistency that directly impact system operational efficiency, safety, and economics. 
Research indicates that for every 1% reduction in SOC estimation error, the available capacity of energy storage systems 
across different scenarios can increase by approximately 1%-2%, fully underscoring the strategic value of high-precision 
SOC algorithms.

Currently, energy storage commercial models are evolving from single applications to multi-scenario coordination, 
encompassing energy time-shifting, capacity leasing, and virtual power plants, placing higher demands on SOC 
estimation accuracy, reliability, and consistency. However, traditional SOC algorithms are limited by the nonlinear 
characteristics of Lithium Iron Phosphate (LiFePO4) batteries, complex operating conditions, and aging factors, making it 
difficult to meet the requirements of emerging electricity markets for maximizing revenue through high-precision SOC 
control under rapid dynamic response conditions. Particularly when participating in electricity spot markets or ancillary 
services, SOC errors may cause charging and discharging strategies to fail, triggering penalty charges and reducing user 
economic returns.

To enhance industry awareness of the importance and necessity of high-precision SOC management for energy storage 
systems, Huawei and TÜV Rheinland jointly present this white paper, which systematically elaborates on the value 
characteristics of high-precision SOC algorithms, covering grid-side energy storage trading scenarios, Grid-Forming (GFM) 
service scenarios, and conventional peak-valley arbitrage scenarios. It provides in-depth analysis of technical challenges 
and development status in each scenario, and forward-looking proposes innovative algorithm technology directions for 
industry reference.
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Importance of High-Precision SOC Prediction and Equalization Technology

Figure 2 showing the spread between planned forward prices and real-time imbalance settlement prices. SOC errors 
may cause deviations from DA plans, with deviations settled at reBAP, exposing them to volatile real-time pricing. [www.
netztransparenz.de]

Second, the SOC effect can be viewed as a missed trading opportunity, where with accurate SOC, a better DA dispatch 
plan could have been formulated and executed. This represents the arbitrage volume lost at DA prices that cannot be 
directly observed from actual execution results.

For every 1% increase in SOC error, revenue from arbitrage-only operations decreases by 0.82%, while revenue from 
ancillary service-oriented operations decreases by 0.20%. This highlights the financial significance of accurate SOC 
estimation in multi-market LiFePO4 battery systems. [Quoted from Powin & Tierra Climate. The Economic Value of SOC 
Accuracy: Quantifying Revenue Impacts of State-of-Charge Estimation in LFP Battery Systems. Whitepaper, March 2025]

SOC estimation accuracy has significant impact on the operational performance and economic benefits of Battery Energy 
Storage Systems (BESS), with the degree of impact varying by operating strategy. In arbitrage-oriented applications, 
every 1% increase in SOC estimation error reduces revenue by approximately 0.82%; in ancillary service-oriented 
operations, this figure is 0.20%. Meanwhile, every 1% increase in SOC estimation error is expected to reduce effective 
available energy capacity by 1.2%, directly impacting revenue potential and capital efficiency.

The financial impact of SOC accuracy is further amplified by market timing. Errors occurring during periods of high 
volatility or high electricity prices may disproportionately affect annual revenue performance, highlighting the importance 
of maintaining consistently accurate SOC estimation during high-value operating periods.  

SOC errors in arbitrage scenarios can be described through a simplified framework where Day-Ahead (DA) dispatch 
represents the planned and committed energy position. First, the error manifests as a physical constraint, appearing as 
SOC jumps or deviations in estimated SOC values, where the battery reaches capacity limits and cannot fully follow the 
DA dispatch schedule. At this point, deviations are settled at the real-time balancing energy price (Ausgleichsenergiepreis, 
reBAP), using the German market as an example. This mechanism exposes the affected energy to highly volatile and 
unpredictable real-time pricing. From an economic perspective, this outcome is undesirable as it cannot be reliably 
predicted or hedged in advance, although it does not always lead to losses—imbalance prices may occasionally be more 
favorable than DA prices.

Figure 2: German Day-Ahead (DA) and Imbalance Price (reBAP) for April 2026
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Figure 5: Discharge Voltage-SOC Curves at Various C-Rates

Figure 6: OCV-SOC Curve Comparison

Second, LiFePO4 battery OCV characteristics exhibit significant path dependency, known as the Hysteresis Effect. The 
OCV curves during charge and discharge diverge, with the hysteresis magnitude varying dynamically with temperature, 
C-Rate, and cyclic aging. This nonlinear time-varying characteristic makes it difficult for equivalent circuit model-based 
SOC estimation methods to achieve the required accuracy.
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Figure 10: Full-Scenario Operating Condition Library

Full-Coverage Production Big Data: Huawei has established a production big data system covering the entire chain of 
cell manufacturing, module assembly, and system integration, achieving end-to-end data collection and closed-loop 
management from raw material incoming inspection, process parameter monitoring, critical quality inspection, to final 
product ex-factory. The system dynamically captures data from hundreds of thousands of production nodes in real time, 
encompassing key process parameters such as temperature, voltage, current, and internal resistance, forming a high-
dimensional, high-precision production process profile. Based on this production big data platform, Huawei has realized 
full-lifecycle traceability for battery products — "a digital record from birth."

3.1.2 Hardware-Software Algorithm Co-Design

Traditional SOC algorithm frameworks primarily rely on high-precision Coulomb counting, supplemented by end-
of-charge/end-of-discharge voltage calibration correction and rest-state Open Circuit Voltage (OCV) correction. The 
sampling precision of voltage, current, and temperature has a critical impact on high-precision SOX algorithms.

High-Precision Voltage Sampling BMIC: Voltage sampling utilizes a self-developed high-precision Battery Management 
IC (BMIC) chip, paired with a low-drift precision reference, achieving ±1 mV-level voltage sampling accuracy 

and backup power — has been accumulated, encompassing real response characteristics of batteries at different State 
of Health (SOH) stages and under various C-rates, used for thorough pre-deployment simulation verification. Huawei's 
advanced AI data augmentation system can stratify, grade, and classify operating conditions, generating scenario-specific 
data in conjunction with high-precision electrochemical models, ensuring 100% scenario coverage.
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Figure 11: BMS Digital Twin Simulation Platform

3.1.3 Multi-Environment Hierarchical Testing

BMS Digital Twin Simulation Platform: A BMS digital twin simulation platform has been constructed. By accessing the 
full-scenario operating condition database, batch rapid verification of algorithms is achieved, improving algorithm iteration 
efficiency and quality. The platform supports injection of errors and various abnormal operating conditions, enabling explicit 
assessment of algorithm capabilities and visualization of performance improvement after version iteration.

— effectively addressing the insensitivity of LiFePO4 voltage changes within the voltage plateau region. This is 
complemented by a high-precision sampling filter algorithm with outlier rejection capability, enhancing the robustness 
and stability of the SOC algorithm, while enabling coordination between high-frequency sampling and balancing 
functions to ensure safe system operation.

High-Precision Current Sampling Rack Control Box: Multiple sets of high-precision reference power sources are 
designed to calibrate the reference sources against actual current sampling channels. Through arithmetic processing, the 
gain coefficient and offset voltage of the sampling circuit are eliminated, ensuring that sampling accuracy is essentially 
unaffected by circuit temperature drift under both high- and low-temperature conditions. The sampling circuit input 
stage adopts an instrumentation amplifier architecture with extremely high common-mode rejection ratio (CMRR), 
effectively eliminating common-mode signal interference. Low-offset operational amplifiers are selected to prevent 
secondary amplification circuit saturation. At the software level, a sampling offset compensation algorithm is integrated, 
enabling long-term recording and dynamic compensation of current sampling offset.

Temperature Sampling NTC: Temperature sampling employs Negative Temperature Coefficient (NTC) thermistor 
sensors. Through deep synergy with the SOC algorithm, battery temperature rise during charge and discharge can be 
identified and predicted, participating in real-time electrochemical model state estimation, polarization compensation, 
and OCV-SOC mapping update—significantly improving SOC estimation accuracy and dynamic response capability under 
complex conditions such as extreme temperature differentials and aggressive charge/discharge switching.
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Figure 13: Hardware-layer sampling error identification

These results demonstrate that high-precision SOC, auto-calibration, and auto-balancing capabilities can enhance the 
available capacity, dispatch credibility, grid-forming stability, and O&M efficiency of energy storage systems, providing 
key technical support for high-value applications such as grid-side energy storage participation in electricity market 
trading, frequency regulation, microgrid grid-forming, and Black Start.

3.2.1 SOC Calibration

Compared with traditional SOC algorithm frameworks, Huawei has built a unique SOX algorithm framework, forming 
an algorithm strategy centered on a confidence assessment model, coordinated by multiple calibration methods, and 
covering multiple typical scenarios.

Confidence Assessment Model: Building upon the traditional SOC algorithm framework, Huawei introduces a confidence 
assessment model based on hardware-layer synchronous sampling error identification and charge/discharge voltage 
feature recognition. This model dynamically calculates state estimation accuracy and the credible weight of multiple 
calibration sources according to current operating conditions (current magnitude, temperature, rest duration), serving as 
the core skeleton of the algorithm to identify appropriate calibration trigger timing.

Dynamic Polarization Compensation Technology: To address long-term plateau-region cycling conditions, the algorithm 
incorporates multiple sets of battery charge/discharge characteristic curves, capable of real-time separation of ohmic 
voltage drop, electrochemical polarization, and concentration polarization voltage components. Within constant current 
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AI + Physics-Based Model Fusion Estimation Technology: To address the nonlinear dynamic characteristics of LiFePO4 
batteries under frequency regulation micro-cycling conditions, Huawei adopts a physics-based model fused with AI 
model modeling approach. Physical characteristics that are difficult to be directly described by AI-enhanced mechanistic 
models. which helps improving the generalization capability and stability of traditional battery model algorithms. A post-
processing module is designed to perform intelligent arbitration based on the advantageous operating conditions of 
different algorithms, with an added filtering post-processing step. Even under conditions of frequent current fluctuations 
and unstable voltage, SOC range correction can be achieved, enhancing algorithm stability.

Figure 14: Dynamic polarization compensation technology

Figure 15: AI-enhanced description of battery hysteresis characteristics

change windows, the true OCV is captured and reconstructed, enabling calibration and range positioning within the 
LiFePO4 flat region.












