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Abstract
Dynamically Reconfigurable Battery (DRB) sys-
tems employ power electronic switches to create
dynamic topologies. They enable effective man-
agement of cell inconsistencies through real-time
adjustment of cell connections. However, exist-
ing DRB control methods struggle to learn effective
strategies due to sparse rewards, which arise from
blind exploration in large topological action spaces
and complex operational constraints. This leads to
ineffective policy learning, making safety and bal-
ancing performance difficult to ensure in practical
applications. To this end, we propose a Subgraph-
Augmented Hierarchical Reinforcement Learning
(SAHRL) framework. By combining hierarchi-
cal policies with topological structural knowledge,
SAHRL effectively accelerates policy exploration
and mitigates reward sparsity. Specifically, the
high-level policy determines the strategic direction,
while the subgraph-augmented low-level policy re-
fines actions to meet operational constraints. The
topological structural knowledge, extracted in the
form of subgraphs and incorporated as an inductive
bias, guides the agent focus on meaningful action
patterns and reduce invalid exploration in the large
action space. Extensive simulations and real-world
experiments show that SAHRL achieves safe and
efficient balancing. Notably, it increases the energy
release by 10.56% compared to conventional meth-
ods in real-world applications.

1 Introduction
Lithium-ion battery energy storage systems, widely used in
electric vehicles [Deng et al., 2020], renewable energy in-
tegration [Abomazid et al., 2022], and smart grids [Rouho-
lamini et al., 2022], rely on coordinated cell operation for effi-
cient energy management and stable supply [Ma et al., 2020].
However, conventional fixed-topology architectures are fun-
damentally limited by cell-to-cell inconsistencies [Feng et al.,

∗Corresponding Author: zhihong@xmu.edu.cn

Figure 1: Comparison of different system operations. Fixed topolo-
gies are limited by the weakest cell b5, while the dynamic topologies
can reconfigure cell connections to ensure full energy utilization.

2019], as performance is constrained by the weakest cell,
leading to early termination of discharge and significant en-
ergy waste [Wang et al., 2023]. For example, as shown in Fig-
ure 1(a), the system is limited by the weakest cell b5. To over-
come this, Dynamically Reconfigurable Battery (DRB) sys-
tems employ power electronic switches to dynamically alter
cell connections [Ci et al., 2016], enabling adaptive balanc-
ing and improved energy utilization under varying load con-
ditions [Viswanathan et al., 2019]. Nevertheless, as shown
in Figure 1(b), the introduction of reconfigurability expands
the control action space combinatorially, making real-time
optimal topology selection a challenging problem, especially
within strict timing constraints [Han et al., 2020].

Recent advances have applied Reinforcement Learning
(RL) to DRB systems for rapid decision-making [Jeon et al.,
2020], where agents learn adaptive control policies through
environmental interaction and reward feedback [Yang et al.,
2022]. However, learning in large topological action spaces
remains challenging due to sparse rewards [Ladosz et al.,
2022]. This sparsity stems from strict reward conditions that
demand the simultaneous satisfaction of safety, load, and bal-
ancing constraints, worsened by the neglect of inherent topo-
logical relationships. Consequently, agents are limited to in-
effective policy exploration, leading to frequent safety viola-
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tions, premature convergence, and training failure. For ex-
ample, in Figure 1(b), it may lead to unsafe outcomes, such
as short circuits or open circuits, making the learned policy
impractical. While existing works often restrict the action
space [Baccari et al., 2024] or simplify topologies [Meng
et al., 2023] to ensure training stability, such compromises
limit the discovery of more efficient policies capable of flex-
ible current routing and precise energy control [Bharath et
al., 2025]. This clear gap motivates our work to incorpo-
rate structural priors and hierarchical policy decomposition
for safe, sample-efficient learning in DRB systems.

To address the aforementioned challenges, we explicitly
incorporate topological structural knowledge into the DRB
control paradigm. When inherent connectivity constraints are
ignored, agents are forced to waste exploration effort on vast
infeasible switch combinations. For instance, valid patterns
like series are needed to meet voltage demand, while parallel
patterns are essential for cell balancing. Without structural
hints, it is difficult for the agent to identify these effective
modes among random actions. This severely undermines the
discovery of actions that meet the multi-faceted reward crite-
ria. As we will show in the experiment section, approaches
lacking this integration or using naive adaptation fail to re-
solve the sparse reward problem. Consequently, the core and
novel challenge, which we tackle and validate experimentally,
lies in adapting hierarchical RL to dynamically leverage this
structural bias to ensure more efficient policy learning.

To this end, we propose a Subgraph-Augmented Hierarchi-
cal Reinforcement Learning (SAHRL) framework, which in-
corporates hierarchical policy decomposition and topological
structural knowledge for safe and efficient control. Specifi-
cally, we design a collaborative hierarchical architecture that
decomposes the complex control task. The high-level pol-
icy captures real-time state changes to generate initial deci-
sions, while the subgraph-augmented low-level policy per-
forms parallel local optimization to efficiently satisfy com-
plex operational constraints. Also, we integrate topological
structural knowledge via subgraphs as an inductive bias. This
enables the agent to explicitly capture relationships between
switches and directs exploration toward meaningful connec-
tion patterns. Our major contributions are listed as follows:

• To address the safety issues and poor balancing perfor-
mance of existing DRB control methods in large action
spaces with sparse rewards, we propose a novel frame-
work, SAHRL, which ensures safe and efficient control.

• We decompose the complex control task into a hierarchi-
cal process, where the high-level policy sets the strategic
direction and the subgraph-augmented low-level policy
refines actions, thereby satisfying complex operational
constraints that one-step generation fails to meet.

• We extract topological structural knowledge as sub-
graphs and use it as an inductive bias to accelerate policy
learning and adapt to changing system conditions.

• In tests across simulation and a real-world prototype,
SAHRL achieves reliable cell balancing and demon-
strates a 10.56% increase in actual energy release.

2 Related Work
2.1 Dynamically Reconfigurable Battery System
Manufacturing and operating variations cause differences in
cell capacity and resistance, resulting in performance imbal-
ance [Feng et al., 2019]. Traditional balancing methods re-
lease extra charge as heat [Ismail et al., 2017] or transfer it
to cells with lower charge [Park et al., 2023]. However, addi-
tional balancing currents reduce energy efficiency and accel-
erate degradation [Alvarez-Diazcomas et al., 2020].

To address these limitations, DRB systems create dynamic
topologies that can reconfigure cell connections for balanc-
ing without unnecessary discharge [Ci et al., 2016]. Specif-
ically, a system’s balancing capacity depends on its topolog-
ical flexibility [Han et al., 2020], which increases with the
number of switches but at the cost of higher control com-
plexity. Consequently, the four-switch topology is regarded
as an optimal compromise [Cui et al., 2022], providing suffi-
cient flexibility with minimal hardware redundancy. For con-
trol methods, previous studies have used lookup tables [Kim
et al., 2011] and dynamic programming [He et al., 2016;
Lin and Ci, 2017], which evaluate all feasible configurations
and select those with the best balancing performance. How-
ever, they rely heavily on expert knowledge, and their high
computational cost limits practical applicability [Bharath et
al., 2025]. Recently, RL has been widely applied for rapid
decision-making, enabling agents to learn control strategies
without explicit knowledge of complex balancing principles
[Yang et al., 2022]. Nevertheless, as the action space grows
combinatorial with the number of switches, the learning pro-
cess becomes difficult. Therefore, existing studies adopt
single-switch topologies [Yang et al., 2023; Meng et al.,
2023] or restrict reconfigurations in multi-switch topologies
to an artificially defined finite set of actions [Baccari et al.,
2024], which limits system adaptability under complex oper-
ating conditions. In contrast, our proposed SAHRL frame-
work trains the agent directly within the full action space of
the four-switch topology to achieve superior control policies.

2.2 Reinforcement Learning
RL has demonstrated effectiveness for solving complex en-
ergy management problems [Shen et al., 2022; Arroyo et
al., 2022]. Specifically, the task is formulated as a Markov
Decision Process (MDP), where agents observe states, se-
lect actions, and learn policies to maximize cumulative re-
wards. However, in scenarios with sparse rewards, agents
often suffer from inefficient and limited exploration, hinder-
ing policy learning [Ladosz et al., 2022]. To overcome this
issue, some methods improve learning efficiency by decom-
posing tasks and applying hierarchical policies, a paradigm
known as Hierarchical Reinforcement Learning (HRL) [Pa-
teria et al., 2021]. A standard HRL framework employs
a two-level structure bridged by goals: a high-level policy
sets abstract goals, while a low-level policy generates con-
crete actions and provides feedback [Kulkarni et al., 2016;
Li et al., 2019]. To enhance performance, some researchers
have employed hindsight mechanisms [Levy et al., 2017] for
training stability, while introducing k-step mechanisms [Luo
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Figure 2: The overall architecture of the SAHRL framework. Recurring structural patterns, filtered by legality and inclusion, are extracted as
subgraphs to serve as an inductive bias for accelerating policy exploration. For each decision, the HRA observes global system information
and generates an initial action, which is processed via a multi-head attention layer. Subgraph features are extracted to directly provide localized
information. The LRA generates the final action by aggregating local refinements, ensuring it meets complex operational requirements.

et al., 2024] to predict state transitions for enhanced goal
reachability. Nevertheless, these methods rely on generating
long-term goals that require multiple actions to accomplish,
which is not suitable for DRB systems, as demonstrated in our
experimental section. In DRB control, cell states can change
within 100 milliseconds, rendering a goal derived from an
earlier state may become invalid before the low-level policy
can act. Furthermore, defining proper goals is hard, as hierar-
chical policies often get stuck in local optima. To overcome
these limitations, our proposed SAHRL framework replaces
goal guidance with a collaborative process where the high-
level policy generates initial actions, and the low-level policy
performs local refinement to complete the final decisions.

3 Problem Statement
The control task can be formally defined as an MDP, repre-
sented by the tuple (S,A, P,R), where S is the state space,
A is the action space, P is the transition function and R is the
reward function. At each time step t, the agent observes the
current system state st ∈ S, selects an action at ∈ A, and
receives the next state st+1 ∈ S together with a reward rt.

In the context of an n-cell DRB system, the state s corre-
sponds to the vector of state of charge (SOC) values, denoted
as (soc1, soc2, . . . , socn). The current SOC for each cell is
updated as follows:

SOCt = SOCt−1 + c · σ · δ (1)

where c ∈ {1,−1} represents the charging or discharging
mode, σ ∈ {0, 1} denotes the cell connection status, and δ

represents the change in SOC. The topology is dynamically
adjusted via m high-speed switches, whose discrete action
space can be defined as A = {a1, a2, . . . , a2m}, where each
ai represents a specific configuration. The primary physical
objective is to select an optimal action a∗ based on state s
that minimizes the SOC inconsistency while strictly meeting
operational constraints C. Using the above notations, this
physical optimization problem is formulated as:

a∗ = argmin
a∈A

E

[
T∑

τ=t

∆(SOCτ ) | s, a

]
s.t. C(a) > 0 (2)

where ∆(SOCτ ) denotes the SOC difference at time τ , and
T is the duration. To solve this via RL, the objective is trans-
formed into finding an optimal policy π∗ that maximizes the
expected cumulative discounted reward:

π∗ = argmax
π

E

[ ∞∑
t=0

γtrt
∣∣ s0] (3)

where rt is designed to align with the minimization target in
Eq. (2), s0 is the initial state, and γ is the discount factor.

4 Methodology
4.1 SAHRL Overview
To address the issues of illegal decisions and suboptimal bal-
ancing performance observed in existing DRB control meth-
ods in large action spaces, we propose SAHRL, which de-
composes the complex task via hierarchical policies to en-
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Algorithm 1 Calculation of Hierarchical Rewards
Input: High-level Action ah, Low-level Action al, Current
State s
Output: High-level Reward rh, Low-level Reward rl

1: Stage I: Calculate reward of ah
2: if Safety constraint violated then rh ← −1
3: else if Power demand unmet then rh ← −0.15
4: else if Unbalanced then rh ← 0.15
5: else rh ← 1
6: end if
7: Stage II: Calculate reward of al
8: Let Rh(al) be the reward calculated using Stage I logic
9: Calculate improvement reward rimp:

10: if Rh(al) > rh then rimp ← 1
11: else if Rh(al) = rh and Rh(al) = 1 then rimp ← 1
12: else if Rh(al) = rh then rimp ← 0
13: else rimp ← −1
14: end if
15: rl ← (Rh(al) + rimp)/2
16: return rh, rl

sure constraint satisfaction, and integrates topological struc-
tural knowledge to accelerate policy learning. The overall ar-
chitecture of SAHRL is shown in Figure 2, which comprises
two main modules: (i) Subgraph mining, which extracts re-
peated and valid structural patterns from the topology via sub-
graphs. This topological knowledge serves as inductive bias
that guides policy learning to focus on meaningful connection
patterns, thereby reducing blind exploration. (ii) Hierarchi-
cal decision-making, composed of a high-level agent (HRA)
and a low-level agent (LRA), that work together to complete
the decision making process. The detailed computation of hi-
erarchical rewards is given in Algorithm 1. The key concepts
are defined as follows:

• The high-level state sh describes the global information
of the system, covering battery state parameters, external
load demand, and topological structural features.

• The high-level action ah denotes a preliminary decision
and can be formalized as an m-dimensional binary vec-
tor [sw1, sw2, · · · , swm] ∈ {0, 1}m, where each swi

represents the state of the i-th switch, with 0 indicating
disengagement and 1 indicating engagement.

• The high-level reward rh evaluates the operational per-
formance of ah. Actions should reduce the SOC im-
balance or maintain it within acceptable limits, while
ensuring safety. In addition, the matching constraint
|Pload − Psupply| ≤ ε must be satisfied, where Pload de-
notes the external load demand, Psupply denotes the sup-
plied power, and ε is the allowable deviation.

• The low-level state sl describes more local information
to support refinement, consisting of sh, ah and local fea-
tures associated with each subgraph.

• The low-level action al denotes the final decision, shar-
ing the same action space as ah and incorporates local
optimizations based on it.

• The low-level reward rl evaluates the overall perfor-
mance of al and consists of a base term identical to rh
and an improvement term quantifying the performance
gain of al over ah.

For each decision, the HRA first observes the high-level
state sh to give an initial action ah, which acts as a distri-
butional constraint. Conditioned on ah, the LRA employs
multiple subgraph-augmented policy networks that formulate
adjustments based on the low-level state sl. These terms are
aggregated to refine ah, yielding the final action al that sat-
isfies operational requirements. Formally, the global policy
is expressed as the expectation of the local refinement policy
over the high-level guidance distribution:

π(al | s) = EπHRA(·|sh) [πLRA(al | sl, ah)] (4)

4.2 Subgraph Mining
In DRB systems, the topological structure is highly regu-
lar, with each cell having an identical number and pattern of
connected switches. Consequently, we can extract recurring
structural patterns as subgraphs, which provide prior topolog-
ical knowledge for effective policy learning.

The topology is abstracted as a weighted graph G =
(V,E,W ), where V denotes the intersections of the topology,
E represents the connected components, and W specifies the
component types. A set of cell subgraphs is constructed as
Gcell = {G1, G2, . . . , Gn}, where Gi is the subgraph formed
by the i-th cell and its adjacent switches. Subsequently, the
gSpan algorithm is employed, which applies depth first search
(DFS) encoding and the right-most path extension strategy to
discover all frequent subgraphs:

Gall = {g ⊆ Gi | support(g,Gcell) ≥ minsup} (5)

where support(g,Gcell) denotes the support of the candi-
date subgraph g in Gcell and minsup represents the minimum
support, which is set to n − 1 to extract representative sub-
graphs, thereby reducing the set size while allowing for in-
herent structural variations at the topological boundaries.

Specifically, a subgraph can be encoded by its DFS se-
quence of edges. Each edge e is represented as a quintuple
(vi, vj , li, lj , le), where vi and vj denote the visit orders of
nodes i and j, li and lj are their labels, and le is the edge la-
bel. Concatenating these quintuples in traversal order yields
a DFS encoding for the subgraph. Since a subgraph may have
multiple encodings due to different traversal orders, the lex-
icographically smallest sequence is chosen as the canonical
form to ensure consistency. The mining process starts with
one-order frequent edges and recursively expands candidate
subgraphs. Expansion prioritizes backward extension along
the rightmost path, followed by forward extension to intro-
duce new nodes. Each expanded subgraph is retained if it
meets the minsup threshold.

However, Gall may include unsafe configurations that
could hinder policy exploration. Therefore, we remove all
invalid subgraphs where series and parallel switches close si-
multaneously, as expressed by:

swseries + swparallel ≤ 1 (6)

where swseries and swparallel represent the states of the series
and parallel switches. Moreover, since the valid subgraph set
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Glegal is still large, we filter it based on edge inclusion to
reduce the training burden. For example, if gp and gq are
in Glegal and their edge sets satisfy Ep ⊂ Eq , preference is
given to gq with more comprehensive coverage.

Finally, a small set of legal subgraphs is obtained, denoted
Gneed. These subgraphs serve as an inductive bias for build-
ing policy networks. This enables each network to focus
on learning precise control logic for specific local structures,
thereby accelerating policy convergence.

4.3 Hierarchical Decision-Making
To achieve safe and efficient control, we decompose the task
into hierarchical policies where HRA and LRA collaborate
in the decision-making process. Both agents are modeled us-
ing PPO combined with Generalized Advantage Estimation
(GAE). In addition, an entropy regularization term is incorpo-
rated to promote sufficient exploration and prevent premature
convergence. The objective function is defined as follows:

L(θ) = Et

[
LCLIP (θ)− c1L

V F (θ) + c2H[πθ(st)]
]

(7)

where LCLIP (θ) denotes the clipped surrogate objective and
its calculation uses the advantage values from GAE, LV F (θ)
represents the value function loss and H[πθ(st)] refers to the
entropy of the policy distribution, with c1 and c2 being the
corresponding weighting coefficients.

Specifically, the HRA is responsible for setting policy di-
rection, such as deciding which battery units should be prior-
itized. Rather than generating fixed long-term goals, it dy-
namically produces a preliminary action vector ah in real
time based on the global state sh. The LRA operates local
optimizations by assigning an independent policy network
πi to each subgraph in Gneed. It breaks the global topol-
ogy into independent parts, turning the complex problem into
smaller and parallel tasks. During the optimization process,
ah serves as a global constraint to ensure that all local actions
align with the overall objective, thereby preventing indepen-
dent networks from making conflicting decisions. To fur-
ther enhance this information transmission between agents,
a Multi-Head Attention (MHA) mechanism is used to encode
ah. Since changing one switch often affects the circuit state of
others, a valid configuration relies on their coordination rather
than independent control. MHA addresses this by calculating
attention weights to identify strongly related components, al-
lowing the model to capture these hidden dependencies and
integrate them into a unified representation:

MHA(ah) = Concat (h1, h2, . . . , hd)W
O (8)

where hi denotes the output of the i-th attention head, and
WO represents the output projection matrix. To ensure pre-
cise local optimization, we map global information into lo-
cal receptive fields. Each πi receives a specialized subgraph
feature vector fsg , which consist of the corresponding cell
state, preliminary actions in ah, and associated switch in-
dices. Consequently, each πi takes the sh, the ah and its
specific subgraph feature fsg(i) as input, and outputs a lo-
cal adjustment vector. The final decision al is then obtained
by aggregating these parallel local refinements:

al = ah +

|Gneed|∑
i=1

πi(sh, ah, fsg(i))) (9)

This decomposition enhances safety by enabling local net-
works to strictly enforce physical constraints that a global
policy might overlook. Moreover, by generating action es-
timates through the aggregation of multiple policy networks,
the framework ensures more robust decision-making and im-
proves the efficient utilization of positive rewards.

5 Experiments
Extensive experiments are conducted to evaluate SAHRL in
both simulation and real-world DRB systems. We aim to
address the following questions: (Q1) How does SAHRL
perform in comparison with SOTA Reinforcement Learn-
ing (RL) baselines and straight Hierarchical Reinforcement
Learning (HRL) adaptions? (Q2) What contribution does
each key component of SAHRL make to its performance?
(Q3) Can SAHRL achieve cell balancing effectively in real-
world scenarios? (Q4) Can SAHRL maintain robust and scal-
able balancing performance when deployed in larger-scale
battery systems?

5.1 Experimental Setup
Environments. A DRB system simulation environment is
developed in MATLAB/Simulink. Each cell is modeled from
a predefined discharge curve [Zhu et al., 2013], which pro-
vides real-time measurements of current, voltage, and SOC.
A real-world test is also performed using INR18650-20R bat-
teries with a rated capacity of 2000 mAh. All systems support
interactive control through topological action signals.

Training Setup. The initial SOC difference is randomly
initialized within 15%, and the load demand varies during
operation, ranging from 1 to n. Each discharge cycle com-
prises 150 steps. The learning rates for HRA and LRA are
2e-4 and 1e-4. The number of attention heads is set to 8, and
the entropy is set to 1e-2.

Baselines and Evaluation Metrics. We carefully select
baselines for comprehensive evaluation. For single-level pol-
icy, DDQN [Van Hasselt et al., 2016] and PPO [Schulman et
al., 2017] are included as representative and widely adopted
algorithms for discrete high-dimensional action spaces. For
hierarchical policies, H-DQN [Kulkarni et al., 2016], HAC
[Levy et al., 2017], HiPPO [Li et al., 2019], and HLMA
[Luo et al., 2024] are incorporated as representative meth-
ods of different hierarchical strategies. We evaluate practical
performance using energy release, illegal operation rate, and
SOC difference to respectively assess energy efficiency, sys-
tem safety, and cell balancing capability.

5.2 Main Results (Q1)
To address Q1, we conduct a comprehensive comparative
analysis of SAHRL and baselines. Figure 3 presents the train-
ing reward curves for each method, where shaded areas rep-
resent trajectories and dark curves denote smoothed results.
Higher rewards indicate better balancing performance. To
ensure robustness, each trained model is evaluated six times.
The initial SOC values for cells are randomly sampled be-
tween 80% and 95%, with a mean difference of 11.18%. Ta-
ble 1 summarizes the average performance. We summarize
the observations as follows:
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Algorithm DDQN PPO H-DQN HAC HiPPO HLMA Ours
Energy / Wh 2.128E+01 2.064E+01 2.200E+01 2.144E+01 1.981E+01 2.238E+01 2.272E+01

illegal / % 4.331E+00 1.920E+00 1.783E+00 0.000E+00 0.000E+00 1.339E+00 0.000E+00
∆SOC / % 8.949E+00 1.305E+01 3.582E+00 1.177E+01 1.367E+01 2.300E+00 9.760E-01

Table 1: Performance comparison among baselines and SAHRL in the simulated DRB system.

Ablation w/o subgraphs Gcell Gall Glegal w/o fsg w/o MHA Ours
Energy / Wh 2.256E+01 2.012E+01 2.247E+01 2.251E+01 2.142E+01 2.246E+01 2.272E+01

illegal / % 1.564E+01 0.000E+00 1.133E+01 0.000E+00 1.374E+00 3.724E+00 0.000E+00
∆SOC / % 1.362E+00 1.556E+01 2.381E+00 1.476E+00 1.174E+01 1.446E+00 9.760E-01

Table 2: Ablation study on the effectiveness of each key component in SAHRL.

Figure 3: Comparison of reward curves for different algorithms.

Obs. 1. SAHRL outperforms all baselines across every
evaluation metric. During training, it demonstrates faster
and more comprehensive policy learning. While ensuring op-
erational safety, SAHRL shows the highest energy release,
representing an improvement of about 1.5% over the next-
best method. It also reduces the SOC difference to 0.98%,
confirming that a hierarchical collaborative framework incor-
porating topological structural knowledge can significantly
enhance balancing performance. By contrast, all baselines
exhibit an SOC difference exceeding 2% and several of them
generate illegal actions during operation, posing safety risks.

Obs. 2. RL methods perform poorly in DRB systems
within the large action space. PPO ensures training sta-
bility through constrained policy updates, yet this constraint
limits the scope of policy exploration, leading to noticeable
SOC imbalance and nonzero constraint violations. Similarly,
DDQN relies on explicit enumeration of discrete actions and
Q-value updates, but accurately estimating the value of a large
number of actions is difficult, as reflected by its higher illegal
operation rate. Consequently, directly applying RL methods
to explore the large topological action space is inefficient and
often fails to learn effective control strategies.

Obs. 3. Hierarchical decomposition significantly im-
proves learning efficiency, but existing HRL methods re-
main insufficient for practical applications. Specifically,
H-DQN and HLMA perform well in cell balancing but they

generate over 1% of invalid actions, indicating inadequate
handling of safety constraints. In contrast, HAC and HiPPO
prevent unsafe actions but fail to effectively reduce the SOC
difference during operation, as they focus too much on sat-
isfying safety constraints and neglect balancing performance.
These methods often converge to suboptimal solutions that
fail to meet both requirements simultaneously.

5.3 Ablation Studies (Q2)
To answer Q2, we conduct a series of ablation studies, with
the results summarized in Table 2. By removing or altering
specific modules, we analyze how they affect the safety and
efficiency of the system. We have the following observations:

Obs. 4. Mining appropriate subgraphs is essential
for learning comprehensive and safe control strategies,
as improper subgraphs can lead to constraint violations
or suboptimal convergence. Specifically, the effect of the
subgraph mining module is evaluated by comparing models
trained with different subgraph sets. When subgraphs are re-
moved (w/o subgraphs), the illegal operation rate increases
to 15.64%, clearly highlighting the importance of incorporat-
ing topological structural knowledge. While the Gcell variant
avoids illegal operations, it yields a 15.56% SOC difference,
indicating that cell subgraphs alone provide insufficient in-
ductive bias. Additionally, the Gall variant generates 11.33%
illegal actions, demonstrating that invalid subgraphs directly
hinder policy learning. Finally, while the Glegal variant en-
sures operational safety, its balancing performance degrades
due to redundant subgraphs increasing the complexity of the
policy networks. This added complexity leads to premature
convergence during training and prevents the discovery of
more effective control strategies.

Obs. 5. Subgraph features and the multi-head atten-
tion mechanism are important for precise cell balancing
and capturing switch dependencies. Specifically, remov-
ing subgraph features (w/o fsg) leads to a significant drop in
balancing performance, highlighting the necessity of features
that directly represent the relevant cells. Furthermore, the per-
formance degradation observed in the absence of multi-head
attention (w/o MHA) proves that this mechanism is essential
for understanding the relationships between switches. Since
switches in DRB systems operate collaboratively to form cir-
cuits, MHA enables the agent to capture these structural con-
nections and prioritize the most unbalanced cells.
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Figure 4: Testing in the real-world scenario. (a) represents hardware
setup, (b) - (d) show the SOC variations of cells during system op-
eration under the fixed topology, HAC, and SAHRL, respectively.

Algorithm Fixed HAC SAHRL
Energy / Wh 1.838E+01 1.709E+01 2.032E+01
∆SOC / % 1.349E+01 2.122E+01 6.325E-01

Table 3: Detailed practical performance of different methods.

5.4 Real-World Scenario Testing (Q3)
For Q3, a real hardware prototype is constructed for vali-
dation. Ensuring safety during operation in real systems is
crucial. Therefore, to validate performance while ensuring
safety, we conduct tests using three methods: the fixed topol-
ogy, the HAC, and the SAHRL. Agents make decisions based
on current and voltage feedback signals, along with SOC esti-
mated using the ampere-hour integration method. To amplify
the initial SOC difference, cells are discharged to different
levels. The system terminates operation when the SOC of
any cell drops below 20%. The hardware prototype and the
SOC curves of different algorithms are shown in Figure 4,
while their performance is summarized in Table 3. We have
the following finding:

Obs. 6. SAHRL achieves superior energy utilization
and precise cell balancing compared to other settings,
while maintaining real-time computational efficiency. As
shown in Figure 4(b), the SOC difference drops slightly from
14% to 13.49% when all cells discharge in series. This indi-
cates that the available energy is not fully used, and the total
output is limited to 18.38 Wh. For HAC control, an unex-
pected rise in SOC difference is observed in Figure 4(c). This
issue is caused by the control policy that is too conservative,
where only a few cells are selected for discharge at a time.
This demonstrates that HAC fails to effectively rotate cell us-
age. In contrast, SAHRL successfully reduces the SOC dif-
ference to 0.63% as illustrated in Figure 4(d). This results in a
total output of 20.32 Wh, representing a significant improve-
ment of 10.56% over the fixed topology. Notably, SAHRL

Figure 5: Testing in the larger-scale battery systems. (a) and (b)
show the SOC variations of the cells during system operation under
the fixed topology and SAHRL, respectively.

shows high computational efficiency with an inference time
of only 1.00 ms, fully meeting real-time control requirements.

5.5 Larger-Scale Battery Systems Testing (Q4)

In response to Q4, the SAHRL framework is extended to an
eight-cell system to evaluate its scalability and effectiveness
under increased system complexity. In practice, an eight-cell
configuration can serve as a functional battery cluster, mak-
ing it a representative scale for deployment. As the number
of cells increases, the action space grows rapidly, posing a
greater challenge for the agent to select effective control ac-
tions. Figure 5 presents the SOC curves of a representative
run. Based on the results, we have the following conclusion:

Obs. 7. SAHRL maintains effective and scalable bal-
ancing performance in larger-scale battery systems. Un-
der fixed topology operation, all cells are constrained to share
the same current, preventing effective energy redistribution
and causing the initial SOC difference to persist throughout
the discharge process. In contrast, SAHRL actively coordi-
nates multiple cells to allow distinct SOC values to gradu-
ally converge. Consequently, the SOC difference is reduced
from an initial 13% to 0.77%, and the total released energy
increases from 30.84 Wh to 35.75 Wh. This represents a sig-
nificant improvement of 15.92%, demonstrating the superior
scalability of the proposed framework.

6 Conclusion

In this paper, we propose a novel HRL framework for DRB
systems that addresses insufficient policy learning caused by
sparse rewards while achieving safe and efficient control. The
framework decomposes the control task into the high-level
that sets strategic directions and the subgraph-augmented
low-level policy refines actions. By extracting topological
structural knowledge via subgraphs and using them as an
inductive bias, SAHRL effectively accelerates policy learn-
ing. Experimental results show that SAHRL achieves supe-
rior performance across multiple metrics, ensuring both ef-
fective balancing and system safety. Furthermore, real-world
scenario testing confirms the practical applicability. Future
work will focus on applying SAHRL to address other practi-
cal challenges for further optimization.
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