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ABSTRACT 
The proliferation of electric vehicles demands user-

friendly remote control interfaces that empower EV 
owners to participate in vehicle-to-grid (V2G) programs. 
This paper presents a user-centric intelligent remote 
control system integrating mobile application interfaces, 
T-Box edge intelligence, and software-defined 
networking (SDN)-based in-vehicle QoS management. A 
hierarchical architecture is proposed featuring a React 
Native mobile application with real-time feedback; an 
MPC-based T-Box controller for intelligent charging 
scheduling; and a three-tier end-to-end QoS chain 
comprising T-Box egress HTB/tc priority scheduling, 
cellular modem DSCP-based air-interface scheduling, 

and operator QCI-guaranteed dedicated bearer — 
validated on a production T-Box platform. Simulation 
under 200-vehicle-scale scenarios combined with 
hardware-level QoS chain verification demonstrates 92% 
user satisfaction, 1.2-second average command 
response time (79% improvement over baseline), 31.5% 
charging cost reduction, and zero HAD video frame 
drops. 
Keywords: V2G remote control, model predictive 
control, in-vehicle QoS, edge computing 

NONMENCLATURE 

Abbreviations  
V2G Vehicle-to-Grid 
MPC Model Predictive Control 
SOC State of Charge 
SDN Software-Defined Networking 
QoS Quality of Service 
T-Box Telematics Box 
HAD Highly Automated Driving 
OTA Over-the-Air 
CGW Central Gateway 
HTB Hierarchical Token Bucket 
DSCP Differentiated Services Code Point 
QCI QoS Class Identifier 
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NAD Network Access Device 
SP Strict Priority 
WFQ Weighted Fair Queuing 
Symbols  
η Charging efficiency 

P Charging power [kW] 
P_min, P_max Min/max charging power [kW] 
P_grid_max Maximum grid power constraint [kW] 
E_bat Battery rated capacity [kWh] 
Δt Sampling interval [h] 
ρ Terminal SOC penalty coefficient 
N MPC prediction horizon 

SOC_target User-specified target SOC 

ε(t) Electricity price stochastic perturbation 

CIR_i Committed information rate of class i 

1. INTRODUCTION 
Remote control capabilities have become a standard 

feature in modern electric vehicles, enabling users to 
monitor charging status, adjust charging schedules, and 
participate in grid interaction programs from 
smartphones. Industry surveys indicate that 78% of EV 
owners use mobile applications to manage charging at 
least once per week, and 62% express willingness to 
participate in V2G programs if provided with intuitive 
interfaces and transparent benefit-sharing 
mechanisms [2]. Peak-valley electricity price differences 
in many regions of China reach 3–4 times, creating strong 
economic incentives for intelligent charging scheduling. 

However, existing systems face three critical 
challenges rooted in production deployments. First, 
command latency reaches worst-case delays exceeding 
10 seconds during network congestion or in-vehicle 
bandwidth contention. Second, user-specified charging 
preferences conflict with grid optimization objectives, 
causing frustration when the system overrides 
commands without explanation. Third, bandwidth 
contention on the central gateway between remote 
control data, HAD video streams, and OTA updates 
undermines user experience and introduces safety risks. 
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These challenges are not merely theoretical. In a 
production T-Box deployment, concurrent multi-ECU 
data transmissions — including OTA downloads and HAD 
map updates — cause measurable E-Call MSD delivery 
failures and voice setup delays due to the absence of 
egress traffic prioritization on the APN interface. This 
observation directly motivates the architecture 
proposed in this work. 

The key contributions are: (1) a hierarchical "mobile 
app–T-Box edge–in-vehicle network" architecture with 
end-to-end collaborative optimization; (2) an MPC-based 
charging scheduling algorithm on T-Box with rolling 
horizon cost minimization; (3) a four-tier command 
classification scheme with a three-tier end-to-end QoS 
chain (T-Box tc/HTB → NAD DSCP → operator QCI); (4) a 
transparent override mechanism for user-grid conflict 
resolution; (5) hardware-confirmed DSCP passthrough 
validation on a production NAD module; (6) 200-vehicle-
scale simulation validation.  

2. SYSTEM ARCHITECTURE 

The proposed system adopts a three-layer 
hierarchical architecture. The top layer is a React Native 
cross-platform mobile application responsible for user 
interaction, status visualization, and preference learning. 
The middle layer is the T-Box edge intelligence node 
running embedded Linux, hosting the MPC charging 
scheduling algorithm, command conflict resolution, and 
protocol conversion. The bottom layer is the SDN module 
on the Central Gateway (CGW), implementing dynamic 
QoS scheduling through OpenFlow-like flow tables and 
Linux Traffic Control (tc) rules. The three layers interact 
via MQTT over TLS 1.3 (QoS level 1, replacing legacy 
SOME/IP) and HTTPS RESTful interfaces.  

3. MOBILE APPLCATION AND COMMAND 
CLASSIFICATON 

The React Native mobile application provides real-
time charging visualization, 30-second cost estimation 
updates, and one-touch controls for common 
operations. Optimistic UI updates provide perceived sub-
100 ms responsiveness even when actual round-trip 
latency exceeds 2 seconds. 

Commands are classified into four tiers based on 
urgency and impact (Table 1):  

(1) Emergency commands require sub-500 ms 
response; (2) Real-time control commands target 1–2 
second response; (3) Configuration commands tolerate 
3–5 second delay; (4) Background synchronization 
operates asynchronously.  

4. T-BOX EDGE INTELLIGENCE 

4.1 MPC Charging Scheduling 

This section presents the technical details of the 
MPC-based intelligent charging scheduling strategy 
implemented on the vehicle T‑Box. 

The state of charge (SOC) dynamic model is defined 
as: 

SOC(𝑘 + 1) = SOC(k) + 𝜂 ∙ P(𝑘) ∙ ∆𝑡/Ebat (1) 
where 𝜂𝜖[0.90,0.95]  represents charging 

efficiency, 𝑃(𝑘)  is real-time charging power, ∆𝑡 is 
sampling time interval, and Ebat  denotes the rated 
capacity of power battery. 

The time-of-use (TOU) electricity price follows the 
Beijing tariff structure: 

𝑃𝑟𝑖𝑐𝑒(𝑡) = 𝐵𝑎𝑠𝑒𝑃𝑟𝑖𝑐𝑒 ∙ P𝑒𝑎𝑘F𝑎𝑐𝑡𝑜𝑟(𝑡) + 𝜀(𝑡) (2) 
Where P𝑒𝑎𝑘F𝑎𝑐𝑡𝑜𝑟(𝑡) = 0.6 (valley:23:00-

07:00),1.0(normal),and 1.5(peak: 10:00–15:00, 18:00–
21:00),corresponding to 0.3,0.5,and 0.8 CNY/kWh 
respectively. 

The optimal control problem is formulated as: 

𝑚𝑖𝑛𝐽 = ∑ 𝑃𝑟𝑖𝑐𝑒(𝑘) ∙ 𝑃(𝑘) ∙ ∆𝑡 + 𝜌 ∙ (𝑆𝑂𝐶(𝑁) −

SOCtarget)
2

                                (3) 

Subject to: 
Pmin ≤ P(k) ≤ Pmax 

SOCmin ≤ SOC(k) ≤ SOCmax 

 
Fig. 1. System architecture of the proposed user-

centric intelligent remote control system 

Table 1. Remote command classification and QoS 
requirements                         
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SOC(N) ≥ SOCtarget 

𝑃(𝑘) ≤ Pgrid max 

The penalty coefficient is set to 𝜌 = 50CNY/𝑢𝑛𝑖𝑡2  

A receding horizon MPC scheme with horizon N = 24  
is employed. At each time step, the quadratic 
programming (QP) problem is solved via the quadprog 
solver, and only the first optimal control input P∗(t) is 
applied. The proposed approach achieves terminal SOC 
deviation below 2% while retaining more than 90% of the 
theoretical cost-saving potential. 

 
Fig. 2. MPC-based intelligent charging scheduling 

algorithm flowchart 

4.2 Conflict Resolution 

When user commands conflict with grid 
optimization, the T-Box employs a transparent override 
mechanism: rather than silently rejecting requests, the 
system delivers explanatory feedback through the 
mobile application, quantifying the impact on charging 
cost, completion time, and battery degradation. Users 
may accept the recommendation or insist on their 
original command, with preferences logged for future 
learning. 

5. IN-VEHICLE DYNAMIC QOS 

5.1 End-to-End Three-Tier QoS Chain 

The in-vehicle QoS is decomposed into three 
coordinated tiers: 

Tier 1 —  T-Box egress scheduling: The T-Box 
network management service maintains per-flow 
iptables mark values keyed by ECU identity and APN 
assignment, jointly mapped to DSCP values at egress 

(Emergency→EF/46;Real-time→AF41/34; Configuration

→ AF21/18; Background → BE/0; APN3 flows strictly 

clamped to DSCP=0). A tc priority (prio) qdisc is deployed 
on APN egress interfaces with filter rules mapping marks 
to priority bands. An HTB shaping layer enforces 
committed information rates per class. 

Tier 2 — Cellular modem air-interface scheduling: 
The production NAD module maps DSCP fields to four 
internal priority queues for LTE/5G air-interface 
differential scheduling, operating independently of 
operator cooperation. Hardware-level verification 
confirmed that the NAD module passes DSCP fields 
through without modification, validated by tcpdump 
capture on the cellular modem egress interface. The 
prerequisite kernel modules CONFIG_NET_SCH_PRIO 
and CONFIG_NET_SCH_HTB have been verified as built-
in on the target platform. 

Tier 3 — Operator dedicated bearer: A QCI=1 
dedicated EPS bearer is provisioned for the V2G control 
APN, providing operator-side latency and reliability 
guarantees independent of Tier 1 and Tier 2. 

This three-tier decomposition provides defense-in-
depth: QoS enforcement does not rely on any single 
layer. 

5.2 Hierarchical Queue Scheduling 

A two-level hierarchical scheduler is employed. At 
the first level, a strict-priority (SP) scheduler ensures 
emergency remote control packets (Queue 7) are always 
transmitted before HAD video frames (Queue 4). At the 
second level, weighted fair queuing (WFQ) distributes 
residual bandwidth to prevent lower-priority flow 
starvation. 

 

Fig. 3. Matlab simulation framework 
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Fig. 4. A dynamic QoS scheduling mechanism and 
hierarchical queue management based on SDN 

5.3 Dynamic Bandwidth Allocation and Congestion 
Avoidance 

The SDN controller translates QoS policies into Linux 
tc HTB rules at runtime. Per-VLAN HTB classes enforce 
CIR_i and burst size B_i. When emergency commands 
arrive, token bucket parameters for the remote control 
class are temporarily elevated, creating a transient 
express lane. The controller recomputes flow table 
entries when queue utilization exceeds 70%. 

Congestion avoidance uses explicit queue-threshold 
feedback: when HAD video queue occupancy exceeds 
80%, the video encoder is signaled to reduce bitrate from 
1080p to 720p, reclaiming approximately 30% 
bandwidth. OTA rates are throttled to 10% of nominal 
during command bursts. Flow tables revert to baseline 
within 100 ms after command execution. Adaptive HTB 
rate reduction during low-load periods keeps average 
CPU utilization below 30%. 

6. RELATED WORK 
Kempton and Tomic [2] established the foundational 

V2G framework. MPC-based V2G scheduling [10, 11] and 
deep reinforcement learning approaches [5] have 
demonstrated cost reduction potential, but treat the 
communication layer as ideal and do not address in-
vehicle network resource constraints. In-vehicle TSN QoS 
[8, 9, 12] addresses deterministic scheduling but focuses 
on static priority assignment without dynamic coupling 
to application-layer command urgency. SDN-based 
automotive QoS [7] offers flexible flow management but 
has not been applied to V2G contexts. The present work 
is the first to integrate MPC charging scheduling with a 
three-tier end-to-end dynamic QoS chain for V2G, 
validated on production hardware. 

7. SIMULATION AND HARDWARE VALIDATION 

7.1 Simulation Setup 

The system was validated through MATLAB/Simulink 
simulation comprising four modules: (1) battery 
dynamics with discrete-time SOC evolution; (2) Beijing 
time-of-use pricing (0.3/0.5/0.8 CNY/kWh); (3) network 
delay emulation with configurable bandwidth and 
priority queuing; (4) probabilistic user behavior based on 
industry statistics. The 200-vehicle scenario uses 
Poisson-distributed arrivals 
(λ = 0.5 requests/vehicle/hour), uniform session start 
times, and battery capacities from a Gaussian 
distribution (μ = 70 kWh, σ = 15 kWh) representative of 
current mainstream BEV product lines. Three 
configurations are compared: Baseline (no QoS, no 
MPC), Static QoS, and the proposed system (SDN 
dynamic QoS + MPC). 

7.2 Hardware QoS Chain Verification 

The three-tier QoS chain was verified on a 
production T-Box platform. DSCP passthrough was 
confirmed by tcpdump capture on the cellular modem 
egress interface before and after the NAD module, 
verifying that DSCP=46 (EF) markings are preserved 
through to the air interface. This hardware-level 
verification establishes that simulated end-to-end QoS 
behavior corresponds to achievable hardware 
performance. 

7.3 Results 

Average command latency decreased from 5.8 s to 
1.2 s (79% improvement). Emergency command success 
reached 99.2%, meeting automotive safety 
requirements. User satisfaction improved from 61% to 
92%. Charging cost reduction reached 31.5%. HAD frame 
drops were eliminated under tested conditions 
(10 requests/second burst, 1080p/60 fps streaming). 
Bandwidth utilization improved from 67% to 85%. 

User satisfaction is modeled as a weighted 
composite: command response time satisfaction 
(weight 0.5, logistic mapping with 50% satisfaction at 

Table 2. Performance comparison across system 
configurations                     
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2 s), charging cost satisfaction (weight 0.3, linear 0%–
40% savings),and override transparency satisfaction 
(weight 0.2, binary), calibrated against published EV user 
experience studies [1, 2]. 

 

Fig. 5. Simulation results: (a) SOC trajectory, (b) charging 
power vs. time-of-use electricity price, (c) queue occupancy by 

traffic class. 

8. CONCLUSIONS 
This paper presents a user-centric intelligent remote 

control system for V2G that balances user experience, 
grid optimization, and in-vehicle network constraints. 
The proposed system achieves sub-2-second average 
command latency, 99.2% emergency command 
reliability, and 92% user satisfaction while delivering 
31.5% charging cost savings. The core technical 
contribution is the three-tier end-to-end QoS chain (T-

Box tc/HTB →  production NAD module DSCP air-

interface scheduling → operator QCI bearer), verified 
on production hardware, bridging the gap between 
conceptual SDN-based QoS and automotive deployment. 
Key contributions include: (1) hierarchical collaborative 
architecture from user interaction to network 
transmission; (2) MPC charging scheduling with 
empirically tuned penalty coefficients; (3) four-tier 
command classification with DSCP+802.1p multi-
dimensional marking and transient priority elevation; (4) 
transparent override mechanism for explainable conflict 
resolution; (5) production-platform hardware validation 
of end-to-end DSCP passthrough. 

Future work will explore real-time spot market price 
prediction via time-series models, smart home energy 
management integration, and QoS chain extension to 5G 
NR QoS Flows. 
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