Journal of Power Electronics and Drives
MANIECH

Publications Volume 1, Issue 3, September-December 2016

Cyber-Secure Power Electronics Systems

Sanjeev Nayar, Raghunath Pandey, Sujatha Sharma
Assistant Professor, Professor
Department of Next-Gen Power Electronics and Drives Laboratory
Vishwa Technical University, Jaipur, India

Email: Sanjeevnayar12@rediffmail.com, raghunathpw2@yahoo.com, sharmass08@gmail.com

Abstract
Power electronics systems (PES) have become the backbone of modern
electrical grids, renewable energy integration, electric vehicles, and industrial
automation. With increasing digitization and interconnectivity, these systems
are highly susceptible to cyber threats that can compromise reliability, safety,
and performance. Cybersecurity in power electronics systems involves the
integration of hardware, software, communication protocols, and control
architectures to safeguard against malicious attacks, unauthorized access, and
data manipulation. This paper presents a comprehensive review of the current
landscape of cyber-secure power electronics systems. It discusses threat
vectors, attack surfaces, vulnerability assessment methodologies, and advanced
defense mechanisms, including secure control algorithms, intrusion detection
systems (IDS), blockchain-based authentication, and hardware security
modules (HSM). Additionally, the paper highlights future research directions
and standards for developing robust, resilient, and cyber-secure PES. Practical

case studies and comparative analyses of defense strategies are also provided.

Keywords: Power electronics systems, cybersecurity, secure control, intrusion

detection, hardware security, renewable energy systems, smart grids.

INTRODUCTION
Power electronics systems are critical for the efficient conversion, control, and distribution of
electrical energy. They are extensively used in photovoltaic (PV) inverters, electric vehicle

(EV) drives, energy storage systems (ESS), industrial motor drives, and smart grid
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infrastructure. The widespread adoption of networked control and loT-enabled PES has
exposed them to various cyber threats, including data breaches, denial-of-service (DoS)

attacks, false data injection, and firmware manipulation.

Traditional cybersecurity strategies used in IT systems cannot be directly applied to PES due
to their real-time operation constraints, high reliability requirements, and safety-critical nature.
Therefore, cyber-secure power electronics requires specialized defense mechanisms that

address both cyber and physical layers, often referred to as cyber-physical security.

This review aims to provide a structured understanding of the challenges, attack vectors,

defense strategies, and emerging solutions for cyber-secure power electronics systems.

2. CYBER THREATS IN POWER ELECTRONICS SYSTEMS

Power electronics systems (PES) have traditionally been designed for efficiency, reliability,

and performance. However, the integration of digital control, communication networks, and

Internet-of-Things (loT) interfaces has exposed them to cyber threats. These threats can

compromise system functionality, safety, and reliability, potentially causing catastrophic

failures in industrial applications, smart grids, renewable energy systems, and electric vehicles.

Cyber threats in PES can be categorized based on attack surface, method, and target:

e Attack Surface: The points of vulnerability in the system where an attacker can gain
access, including embedded controllers, communication networks, cloud interfaces, and
human-machine interfaces (HMIs).

e Attack Method: The strategy employed by the attacker, such as malware injection, denial-
of-service, or man-in-the-middle attacks.

e Target: The specific component or process being compromised, for example, an inverter

control module, energy storage controller, or industrial motor drive.

Understanding these categories is essential for designing comprehensive cybersecurity

strategies tailored for PES.

2.1 Types of Cyber Attacks
Power electronics systems are vulnerable to multiple types of cyber attacks. These attacks can
target either the data, control signals, or hardware, potentially causing operational
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disruptions, physical damage, or data breaches.

2.1.1 False Data Injection (FDI)

False Data Injection attacks involve the deliberate manipulation of sensor readings,

measurement signals, or control commands to mislead the control system. For instance:

e In a grid-connected inverter, an attacker may inject false voltage or current
measurements, causing the inverter to miscalculate power output.

e Inelectric vehicle charging networks, FDI can manipulate load measurements, leading to

overcharging, undercharging, or even battery damage.

FDI attacks are difficult to detect using traditional monitoring, as they often mimic normal
operational noise. They can compromise both system stability and safety, potentially cascading

to the broader electrical network.

2.1.2 Denial-of-Service (DoS) Attacks
Denial-of-Service attacks aim to make critical components or communication channels
unavailable to legitimate users. Common manifestations in PES include:
e Flooding a communication bus (like CAN or Modbus) with irrelevant messages,
preventing control commands from reaching inverters or motor drives.
e Disrupting SCADA communication to remote controllers, causing delays in critical

protective actions.

The impact of DoS attacks can range from temporary operational slowdown to prolonged

outages, especially in real-time systems where latency is critical.

2.1.3 Firmware Malware
Firmware-level malware compromises the embedded software controlling power electronics
devices. Examples include:
e In grid-tied inverters, malware can alter switching patterns, reduce efficiency, or
trigger overcurrent conditions.
e In industrial motor drives, malware can disrupt torque control, causing mechanical

damage or process interruptions.
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Firmware attacks are particularly dangerous because they persist through system reboots and
may evade conventional antivirus detection. Secure boot and cryptographic verification are
essential defenses.

2.1.4 Man-in-the-Middle (MitM) Attacks
MitM attacks intercept or alter communication between two legitimate components without
detection. In PES, this could involve:

e Intercepting sensor-to-controller data in a photovoltaic system to manipulate

maximum power point tracking (MPPT).

e Modifying setpoints in EV charging infrastructure to cause voltage fluctuations.
MitM attacks can result in significant financial and operational losses, as attackers can
stealthily alter data without triggering alarms.

Attack Type Description Potential Impact

False Data Injection || Injecting erroneous measurements or | Grid instability, equipment

(FDI) control commands damage

Denial-of-Service | Blocking communication or system
Loss of control, energy outages

(DoS) operations
) Malicious code in embedded Component malfunction,

Firmware Malware _

controllers unauthorized control
Man-in-the-Middle Intercepting or altering Data leakage, control

(MitM) communication between devices disruption
Encrypting system data and Service disruption, financial
Ransomware .
demanding ransom loss

2.2 Vulnerabilities in Power Electronics Systems (PES)

Power electronics systems (PES) have evolved from isolated devices to highly interconnected,
digitally controlled networks. This evolution, while improving functionality and efficiency, has
introduced multiple vulnerabilities. Understanding these vulnerabilities is critical for designing
robust cybersecurity strategies.
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2.2.1 Communication Protocols

Power electronics devices rely heavily on communication protocols to exchange data between
controllers, sensors, actuators, and supervisory systems. Commonly used protocols include
Modbus, Controller Area Network (CAN), IEC 61850, and Distributed Network Protocol
3 (DNP3).

Key vulnerabilities include:
1. Lack of Encryption: Many protocols transmit data in plaintext, making it susceptible to
eavesdropping and data tampering.
e Example: Modbus TCP/IP, widely used in industrial automation, does not natively
encrypt data, enabling attackers to intercept control commands or sensor readings.
2. Weak Authentication: Some protocols rely on weak or default passwords, or no
authentication at all.
e Example: CAN bus, used in EVs and motor drives, has minimal authentication,
allowing a compromised node to inject malicious messages.
3. Protocol Misconfiguration: Improperly configured devices can unintentionally expose
control points to external networks.
e Example: Smart inverters with open Modbus ports accessible from the Internet can be

targeted for remote manipulation.

Impact: Compromised communication protocols can enable false data injection (FDI),
command manipulation, or man-in-the-middle (MitM) attacks, potentially destabilizing grids

or damaging equipment.

2.2.2 Embedded Controllers
Embedded controllers, such as microcontrollers (MCUSs), digital signal processors (DSPs),
or field-programmable gate arrays (FPGASs), are the brains of PES devices. They control

inverters, converters, and motor drives in real-time.

Key vulnerabilities include:
1. Outdated Firmware: Controllers often run firmware with unpatched security flaws.

Attackers can exploit these flaws to gain unauthorized access or alter control logic.
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e Example: A PV inverter running outdated DSP firmware may allow attackers to change
switching patterns, causing overvoltage conditions.

Hard-Coded Keys or Passwords: Some controllers store cryptographic keys or passwords

in firmware without encryption.

e Example: An embedded MCU with a hard-coded default key can be remotely exploited
to bypass secure boot mechanisms.

Insufficient Physical Security: Controllers can be physically accessed for tampering,

reverse engineering, or side-channel attacks.

e Example: Attackers may extract keys from a motor drive controller using power
analysis or voltage glitching.

Impact: Vulnerabilities in embedded controllers can compromise system stability, efficiency,

and safety, with potential for cascading failures in larger networks like microgrids or industrial

plants.

2.2.3 Remote Access

Remote access features are widely deployed for monitoring and controlling PES devices in

smart grids, EV charging stations, and industrial automation systems. While these features

improve operational efficiency, they introduce significant attack surfaces.

Key vulnerabilities include:

1.

2.

Unsecured Remote Interfaces: Web portals, cloud APIs, and mobile applications may

lack proper encryption or authentication.

e Example: A remotely accessible EV charging network with weak HTTPS configuration
could be exploited for unauthorized access to charging setpoints.

Insufficient User Access Controls: Shared or default credentials can allow unauthorized

users to control devices.

e Example: Industrial motor drives accessible via VPN may be vulnerable if multi-factor
authentication is not enforced.

Exposure to Internet Threats: Direct connection of devices to the internet without

firewalls or network segmentation increases susceptibility to malware, ransomware, and

botnet attacks.
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Impact: Compromised remote access can allow attackers to inject malicious commands,
disrupt operations, or manipulate energy flows, affecting both local and grid-wide

reliability.

2.2.4 Software Integration
Modern PES are often integrated with supervisory software like SCADA (Supervisory
Control and Data Acquisition), HMI (Human-Machine Interface), and cloud-based
analytics platforms. These integrations can introduce software vulnerabilities:
1. Unpatched Software: SCADA systems or HMI applications with outdated patches are
prone to remote code execution and malware attacks.
e Example: A SCADA interface for controlling inverters may be exploited if SQL
injection or buffer overflow vulnerabilities exist.
2. Third-Party Dependencies: Libraries or modules imported from external sources may
contain untested security flaws.
e Example: An HMI visualization tool using an outdated JavaScript library may allow
cross-site scripting (XSS) attacks.
3. Misconfigured Interfaces: Incorrect configuration of data acquisition channels, logging,
or permissions can expose critical control points.
e Example: Improperly configured OPC UA servers can allow attackers to manipulate

power setpoints remotely.

Impact: Vulnerabilities in software integration can compromise data integrity, control

reliability, and operational safety, especially in interconnected or automated PES.

3. CYBER-SECURITY FRAMEWORK FOR POWER ELECTRONICS SYSTEMS
(PES)
The increasing digitization and interconnectivity of power electronics systems—covering
applications such as inverters, motor drives, EV charging stations, and microgrids—requires a
structured and layered cybersecurity framework. Such a framework ensures protection of PES
at multiple levels: hardware, software, network, and control architecture.
A comprehensive cybersecurity framework addresses the following key objectives:

a) Confidentiality: Prevent unauthorized access to system data, control commands, and

operational parameters.
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b) Integrity: Ensure that control signals and measurement data remain accurate and
unaltered.

c) Availability: Maintain uninterrupted system operation even during attempted cyber
attacks.

d) Resilience: Enable rapid recovery from cyber incidents without permanent damage to

equipment or processes.

The framework integrates security-by-design principles, secure communication protocols,
and intrusion detection mechanisms to form a multi-layered defense approach.

3.1 Security by Design

Security-by-design is the proactive integration of security measures during the conceptual and
design phases of PES development rather than as an afterthought. This approach ensures that
cybersecurity is embedded into both hardware and software components, minimizing

vulnerabilities from the outset.

Key principles of security-by-design include:
1. Least Privilege Access:
e Only authorized users and processes are granted access to necessary functions.
e Example: In a grid-tied inverter, operational access can be limited to monitoring by
remote engineers, while control commands are restricted to authenticated control
systems.

¢ Benefit: Reduces the risk of accidental or intentional misuse of system controls.

2. Defense in Depth:
e Implements multiple layers of security across hardware, communication, and control
levels.
e Example:
e Hardware layer: Secure boot and firmware verification in embedded controllers.
e Network layer: Firewalls and encrypted communication protocols.
e Control layer: Resilient and anomaly-detecting control algorithms.

e Benefit: Even if one layer is breached, other layers mitigate the impact of the attack.
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3. Fail-Safe Mechanisms:

Ensures that PES can continue safe operation under attack or fault conditions.
Example: A PV inverter may automatically switch to local maximum power point
tracking (MPPT) mode if communication with the grid controller is compromised.

Benefit: Prevents catastrophic failures and allows controlled shutdown when necessary.

Other complementary security-by-design practices include secure firmware updates,

hardware isolation, and regular vulnerability assessments during the system lifecycle.

3.2 Secure Communication

Power electronics systems rely on real-time data exchange between sensors, controllers,

actuators, and supervisory systems. Securing these communication channels is critical to

preventing unauthorized access, data tampering, and command injection.

Key approaches for secure communication include:
a) TLS/SSL for Remote Access:

Ensures encrypted communication between PES devices and SCADA or cloud-based
monitoring systems.

Example: EV charging networks use TLS to secure data exchanged between the
chargers and cloud servers, preventing interception of user credentials and load

commands.

b) Message Authentication Codes (MACs):

A cryptographic checksum that ensures message integrity and authenticity.
Example: In microgrid inverters, MACs can verify that control commands are unaltered

during transmission from the supervisory controller.

c) Lightweight Cryptography:

Resource-constrained embedded controllers often cannot handle computationally
intensive cryptographic algorithms. Lightweight cryptography provides a balance
between security and computational efficiency.

Example: AES-128 or SPECK algorithms for secure communication between low-

power motor drive controllers and field sensors.
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d) Network Segmentation and Access Control:

Separates critical control networks from general IT networks to prevent lateral
movement of attackers.
Example: A smart grid system may isolate inverter controllers, energy storage, and

monitoring interfaces using VLANS or software-defined networking (SDN).

Secure communication is a fundamental defense mechanism, ensuring that control commands,

measurement data, and configuration updates cannot be intercepted, modified, or spoofed.

3.3 Intrusion Detection Systems (IDS)

Even with secure design and communication, PES remain vulnerable to novel attacks, zero-

day exploits, or insider threats. Intrusion Detection Systems (IDS) monitor the system for

unusual activity or anomalies and provide early warning of potential cyber attacks.

IDS can be classified into the following types:
a) Signature-Based IDS:

Detects known attack patterns by comparing network traffic or system behavior against
a database of signatures.

Example: Detecting a repeated sequence of malicious commands sent to an industrial

inverter.
Advantage: Low false positives for known threats.

Limitation: Cannot detect novel or unknown attack patterns.

b) Anomaly-Based IDS:

Monitors deviations from normal operational parameters, such as unusual voltage
fluctuations, abnormal switching patterns, or unexpected communication delays.
Example: A sudden spike in data traffic from a motor drive controller triggers an alert
indicating a potential DoS or malware attack.

Advantage: Can detect previously unknown attacks.

Limitation: Higher rate of false positives; requires accurate system modeling.

c) Hybrid IDS:

Combines signature-based and anomaly-based approaches for improved detection

coverage.
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e Example: In a smart grid inverter system, known malware signatures are detected via
signature IDS, while unexpected operating conditions are flagged by anomaly
detection.

e Advantage: Balances detection of known and unknown attacks with reduced false

positives.

Implementation Considerations:
e IDS can be deployed centrally at supervisory systems or locally within embedded
controllers for real-time detection.
e Integration with security information and event management (SIEM) platforms

allows correlation of multiple alerts, enabling rapid response to complex threats.
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Figure 1: IDS Architecture for PES

4. CYBER-SECURE CONTROL STRATEGIES
Advanced control strategies enhance both performance and cybersecurity:
4.1 Resilient Control Algorithms
e State Estimation with Attack Detection: Kalman filters and observers can identify
false data injection.

e Adaptive Control: Adjusts control parameters when anomalies are detected.
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4.2 Hardware Security Modules (HSM)
HSMs protect cryptographic keys and sensitive data within PES devices, ensuring secure boot

and firmware verification.

4.3 Blockchain-Based Authentication
Blockchain provides decentralized verification of commands and system states, preventing

unauthorized control. Table 2 compares different secure control techniques.

Technique Strengths Limitations
Resilient Control ) Requires accurate modeling of

) Fast response, attack detection

Algorithms system
HSM High security for keys & Costly, increases device
firmware complexity

Blockchain Tamper-proof, decentralized o

o o Latency, scalability issues

Authentication verification

5. CASE STUDIES

5.1 Cybersecurity in EV Charging Networks

EV chargers connected to cloud platforms are vulnerable to FDI and DoS attacks. By
implementing IDS and secure firmware updates, charging stations maintained operational
stability even during attempted attacks.

5.2 Smart Grid Inverter Security
In solar PV inverters, firmware integrity attacks were mitigated using HSMs and secure
communication protocols. Adaptive control algorithms ensured grid stability during attempted

command injection.

STANDARDS AND GUIDELINES

International and regional standards provide guidance for securing PES:

e IEC 62443: Security for industrial automation and control systems.

e NERC CIP: Critical infrastructure protection for North American grids.

e |IEEE 1686: Standard for intelligent electronic devices (IEDs) cybersecurity.
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e ISO/IEC 27019: Guidelines for energy utility cybersecurity.
Compliance with these standards ensures a baseline level of protection against cyber threats.

FUTURE DIRECTIONS

Future research for cyber-secure PES focuses on:

e Al-Enhanced Intrusion Detection: Using machine learning for predictive threat
detection.

e Quantum-Resistant Cryptography: Preparing for potential quantum computing attacks.

e Digital Twin Security: Creating virtual replicas for monitoring and attack simulation.

e Edge Computing Security: Protecting distributed control at local controllers or EV
chargers.

e Integration with Renewable Energy Systems: Ensuring cybersecurity in microgrids and

hybrid energy systems.

CONCLUSION

Cybersecurity in power electronics systems is critical for the safe and reliable operation of
modern electrical infrastructure. The increasing interconnection and digitization of PES make
them susceptible to diverse cyber threats, ranging from data manipulation to ransomware
attacks. Effective protection requires a holistic approach integrating secure control algorithms,
intrusion detection systems, hardware security modules, and compliance with standards.
Emerging technologies, including blockchain, Al-driven IDS, and quantum-resistant
cryptography, provide promising solutions for future resilient PES. Continued research,
development, and adherence to best practices will ensure that power electronics systems remain
robust against evolving cyber threats, safeguarding both operational performance and critical

infrastructure.
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