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Abstract- This paper introduces a zero-wire communication (ZWC) paradigm for modular power 

electronic systems to improve functionality through enhanced data transmission without the necessity 

of additional infrastructure. The proposed approach is based on the recognition that data can be 

transmitted through electrical wiring that is already present as part of the power distribution structure. 

Consequently, the proposed ZWC approach leverages the ways by which switching waveforms are 

created to introduce components in the frequency spectrum of the output voltage that are exploitable for 

the transmission of data. Because it is based on intrinsic switching ripple caused by modular and 

redundant architectures, the approach is robust and reliable. In addition, the ZWC helps address modern 

communication protocols by enabling the use of existing architecture. It enables new regulatory 

frameworks, such as the IEC61850 standards for power electronics which specify the sharing of 

dynamic information between power electronics converters and grids, as well as control loops in power 

system internals (such as dc micro grids, or grid frequency following in isolated dc grids). 

The proposed ZWC transfers data at bit rates of 1–10 kbps over 5–20 converter modules with a bit error 

ratio (BER) of less than 10⁻⁵ while ensuring electromagnetic interference (EMI) compliance on the 

communication-channel side. The zerowire communication links are designed to be unidirectional and 

can provide a degree of electrical isolation which sets them apart from conventional communication 

protocols. Overall, the links are characterized by low power dissipation, compact implementation, and 

the ability to be enhanced for increased data rates. Communication is enabled for interleaved DC-DC 

converters and cascaded H-bridge inverters. The proposed zero-wire communication is validated at the 

hardware-in-the-loop level with a modular multilevel converter in a multi-state configuration with 

independent voltage sources representing a dc microgrid. 

Keywords: Zero-wire communication, modulated ripple, multi-module converters, power line 

communication, talkative power conversion, interleaved converters, modular multilevel converters, 

ASK/FSK modulation, edge AI, condition monitoring. 

1. Introduction 

1.1 Motivation 

This article reviews the field of modular power electronic converters with the main scope 

of finding solutions to the problems related to inter-module communication in the large-scale 

systems. The development of large-scale applications that require high-power electric drives 

such as advanced transportation power electronics, large mechanical systems, renewable 

energy sources, and emerging electric aircraft has attracted more research focus in the field 

of power electronics [1,7].  Because of their distributed configuration and inherent scalability, 

modular converters, such as the modular multilevel converter (MMC) introduced by 

Marquardt and Lesnicar in 2003, have become a versatile solution to use in high-power 

applications. Their scalability is usually accompanied by improved performance, e.g., a 

modular approach for interleaved DC-DC converters allows reducing the size of passive 

components and improving power losses. These modularity advantages, however, become 

problematic for large-scale applications because the inter-module communication can quickly 

become a bottleneck for the design. [2, 3, 12, 29]. 
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In the case of large converters, such as an MMC converter with the capacity of 20 modules, this leads to an excessive 

number of communication links (190). This number far exceeds the number of possible communication channels, thus 

demanding arbitrarily high communication throughput. [2, 12]. 

For very high-power (over 10 MW) or high-voltage (over 10 kV) converters, communication channel isolation requires 

expensive galvanic isolation barriers, while long wiring harnesses degrade system performance and increase overall system 

weight. In aerospace applications, wiring can account for more than 30% of the total system weight. Consequently, the 

communication overhead can significantly reduce the benefits of modular converter redundancy. [1-7]. 

1.2 The Zero-Wire Paradigm 

An emerging trend of our time is the interconnected cyber-physical systems, driven by AI, IoT, autonomous machines, 

AR, VR, and much more. All these major technological evolutions come together onto a single platform to steer a veritable 

tsunami of data into a sea of solutions. Well, at least all of this is supposed to work hand in hand. However – at least for now 

– it is still a long and winding way ahead. And the foremost prerequisites to the success of it are seamless communication, 

low-latency, high energy efficiency, as well as completely new concepts. So, in the end, any kind of implementing the 

promises of the Fourth Industrial Revolution clearly boils down to distributed power electronic systems. Even if this is not 

the news you would like to hear. [5, 6, 23]. This progress at an individual level will not only create an efficient solution at 

micro level of a network but will also result in lesser overall energy consumption at macro level. This implies that large 

groups can remain synchronous with fast communication, so there would need lesser energy to accomplish energy-inefficient 

communication with external devices and other autonomous devices for sustained operation. This would take care of 

communication demands of autonomous devices. 

The sources and sinks would be serving the same devices (nodes) but not the same more than once. However, the devices 

might have different sinks and sources serving them but they would be communicating with each other resulting in lesser 

energy and lesser bandwidth for communication. The bandwidth demand would be met by individual devices and it would 

be lesser since duplication of source and sink is avoided. This would enhance the energy efficiency without disturbing the 

communication arrangement due to lesser utilization of both devices. 

This is in contrast to conventional methods like wired networks and wireless technologies which consume more power 

and are power inefficient. This is because they might result in electromagnetic interference and need greater power 

consumption to overcome the interference so that reliable communication can be met. There have been many methods 

focusing on energy-efficient mechanisms for communication among autonomous devices. For example, in Talkative Power 

Conversion (TPC) by He et al. optimum communication is ensured at least power by transferring the data over an existing 

power infrastructure. But it is compromised by implementation complexity and limited flexibility. Similarly, Power Line 

Communication (PLC) addresses these shortcomings but at the cost of adding coupling circuitry which hampers regular 

power transfer leading to reduced communication efficiency. [8, 10-14]. 

Researchers at the National Institute of Advanced Industrial Science and Technology in Japan proposed a zero-wire 

communication framework for data transmission. The idea is to get rid of the need for dedicated wiring and use only the 

minimum hardware for the function. This technique is characterized by a low cost and negligible impact on efficiency. 

Furthermore, the communication is realized through electrical fields without using radio waves, allowing invisible 

communication. The researchers claim that this method is valid even if there is an isolation barrier and that it is safe because 

a low voltage circuit is used. It is thought to be suitable for various devices, and it can even be used for devices that use non-

conventional modulation. As an example, the switching ripple communication concept proposed by Katsuki et al, which 

combines pulse width modulation (PWM) switching waveforms on the DC-DC buck converters, was used. With this 

communication method, the communication data gets superimposed on the power supply switching waveform. The problem 

with this method is that it cannot transmit data if the PWM patterns are not synchronized. To overcome the limitation, this 

communication method encodes a specific clock and data to the power supply switching waveform to synchronize the clock 

generation. The clock signal for the receiver can be generated inside the dedicated power supplies without any special circuit. 

Therefore, this architecture can dramatically reduce the overall cost of any electronic appliances, including multiple electronic 

devices. The researchers have also validated the validity of their framework by encrypting the communication data so that 

highly secured communication can be achieved. [8, 11, 17, 18]. 
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1.3 Contributions 

This paper presents a theoretical framework for integrating switching-ripple physics with digital communication theory 

to enable system-level cyber-physical interaction governing Talkative Power Conversion (TPC) and Switching Ripple 

Communication (SRC). A two-kilowatt, interconnected power conversion system serves as a case study, using general ripple-

based modulation schemes including ripple amplitude-shift keying, ripple frequency-shift keying, and ripple phase-shift 

keying to illustrate the implications of the theoretical framework on TPC/SRC. The ability to model the bit error rate based 

on physics-informed channel model lays the groundwork for electrical engineers to apply digital communication theory to 

hardware design, addressing communication impairments such as impedance mismatch, load variations, and inter-module 

interference. [19, 22, 25]. Aiming to leverage the proposed communication paradigm, future research is designed to validate 

it through comprehensive simulation studies and hardware-in-the-loop validation followed by experimental verification, 

using IoT-enabled UAS to collect real data results. 

2. Literature Review 

2.1 Modular Converter Architectures 

In recent years, the modular multilevel converter (MMC) has been recognized as a promising converter topology which 

can be used in high-voltage direct-current (HVDC) transmission systems, medium- and high-voltage AC systems, and large 

motor drive applications. Due to its advantages, there are a number of MMC-related topics being actively researched by 

researchers and engineers in this field. Since its introduction in the early 2000s, MMC technology has rapidly matured and 

has become a key solution for high-power conversion systems [2, 12]. As the number of submodules increases, new research 

challenges have emerged, particularly in converter reliability, capacitor voltage balancing, fault tolerance, and advanced 

communication and control strategies for distributed converter architectures [1,12]. 

Blaabjerg et al. [1] reviewed the reliability challenges of modern power electronic converters and highlighted the 

importance of improving converter reliability through appropriate design methodologies and system-level considerations, 

including communication-related issues in complex converter systems. Akagi established the theoretical foundations of 

modular multilevel cascade converters and introduced the fundamental concepts of capacitor voltage balancing and converter 

operation that remain the basis of modern MMC control techniques [12]. 

More recently, Ganji et al. proposed an improved MMC control strategy to reduce the second-order capacitor voltage 

ripple in converter submodules, thereby enhancing converter performance and voltage balancing under different operating 

conditions [13]. MMC technology has also been extended to advanced motor-drive applications, including stator-flux-

oriented control for synchronous machine excitation, demonstrating its flexibility beyond HVDC transmission systems [12, 

13].  Interleaved DC-DC converters have been one of the significant developments in the field of power electronics. These 

multi-stage converters have found numerous applications such as photovoltaic systems, electric vehicle chargers and DC 

microgrids due to their unique advantages of reducing stress at each stage, which tends to suppress current ripple and reduce 

the size of passive components and dramatically improves converter efficiency. In this paper, we formulate a new technique 

in interleaved DC-DC converters, which is phase-shifted operation, to further improve the performance of the converters 

used[3]. 

The access to phase-shifted interleaving to improve the ripple cancellation of the current on a converter can be conducted 

through a theoretical basis. In modern interleaved converter topologies, wording this phase-shifted interleaving as such 

reveals the intended use cases, as high-power applications, which have inherently higher currents, are the target for the 

technology. [3]. 

2.2 Communication Over Power Lines 

Despite the expected benefits of smart grid applications [26-31], the broader adoption of Smart meters has not 

materialized, mainly due to the necessity of dedicated coupling circuits. The introduction of conventional industry standards 

for medium and low voltage communications systems like IEEE 1901.2 and PRIME have only partly addressed this concern 

as they have led to more complex and expensive hardware. The necessity for deploying an extensive and expensive 

telecommunications network by network operators has also significantly hampered the uptake of the technology in distributed 

energy applications. A long-standing issue that has yet to be resolved is how to integrate PLC as a communication medium 

within power electronics. PLC systems are generally coupled to the mains supply via dedicated coupling circuits that facilitate 

the transfer of the modulated data signal for transmission and reception through the conductors of the mains supply. Several 

proposals have already been made to integrate PLC communication in the power electronic systems. An example is the work 
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by Stefanutti et al. who proposed a solution for DS-PLC repeater stations integrated with PV co-generators. Another 

interesting approach is the integration of PLC in DC-DC converters, like buck converters, by modulating the converter 

switching frequency in a coordinated manner with the modulation of the PLC signal. The differential voltage across the 

power stage capacitors is controlled to modulate the PLC signal while maintaining the primary function of power transfer. 

This allows for communication data to be transmitted through the power stage where the PLC signal is received or sent at 

the output terminals of the power circuit. The data received can also be exploited to monitor the DC bus voltage, eliminating 

the need for an additional voltage sensor. [14, 23,10, 29] 

Switching-frequency modulation techniques can be an attractive prospect for data transmission through a switching 

frequency modulated power converter. Essentially, the switching frequency provides a means of conducting simultaneous 

power conversion and communication without the need for any dedicated communication wiring. While switching frequency 

modulation techniques for data transfer over power converters have been an attractive prospect for many applications from a 

theoretical standpoint, the implementation of these methods is technically intense when it comes to industrial applications. 

Moreover, the power transfer efficiency and electromagnetic interference must be considered as well, factors which can 

hugely impact the retail price of the product and subsequently its attractiveness as a convenient means for the consumer. 

However, as industrial automation and robotization continue to advance, these more demanding alternatives might gradually 

be accepted in marketplace, setting the way for accelerating industrial breakthroughs in the health-care, automotive, cellular, 

and ICT areas. [14, 17]. More recent research has focused on zero-additional-hardware communication techniques, in which 

no external power amplifiers or dedicated coupling circuits are required. Instead, communication is achieved through 

controlled switching ripple or limited switching-frequency variations, enabling low-cost and energy-efficient data 

transmission in modular power electronic systems [17,18, 20] 

2.3 Talkative Power Conversion 

The concept of Talkative Power Conversion (TPC) was formally introduced during the 2018 International Symposium 

on Power Electronics (EPE) as a new communication paradigm for future power electronic systems. Unlike conventional 

power converters, TPC enables simultaneous power conversion and high-speed information transmission by embedding 

communication functions into the converter switching process [8, 9]. 

The fundamental principle of TPC is based on power-and-signal dual modulation, where three independent control 

variables, namely pulse width, phase shift, and switching frequency, are exploited simultaneously to regulate power flow 

while transmitting digital information. However, it has also been recognized that the effective utilization of these degrees of 

freedom requires an appropriate analytical framework; otherwise, the available control flexibility may be significantly 

reduced [8, 15, 20]. The variable zero-vector position modulation technique allows for the clouding of three-level inverters 

whilst achieving the exact modulation degrees of freedom. This technique maintains the objectives of communication systems 

and power conversion objectives. Depending on the application requirements, one, two, or all three modulation degrees of 

freedom may be allocated to communication without significantly degrading converter performance [16, 20].  In conventional 

implementations, useful communication signals are typically generated using dedicated PLC hardware integrated with the 

converter controller. More recently, however, zero-additional-hardware communication techniques have been proposed, 

where communication is achieved by exploiting the intrinsic switching behavior of the converter without requiring additional 

communication circuits. These developments provide the foundation for ripple-based communication methods in DC–DC 

converters with internal PWM control loops [9, 17, 18, 20]. 

2.4 Research Gap 

No existing work addresses: 

• Multi-module ripple-based communication with module addressing 

• Channel capacity analysis under dynamic load conditions 

• Coexistence of power regulation and data transmission without mutual degradation 

• Standardized protocols for modular converter networks 

This paper bridges these gaps. 
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3. Theoretical Framework 

3.1 Ripple Generation Physics 

 

Figure 1. Switching Ripple Generation 

Consider a synchronous buck converter with input voltage 𝑉𝑖𝑛, output voltage 𝑉𝑜𝑢𝑡, duty cycle 𝐷, switching period 𝑇𝑠, 

inductance 𝐿, and output capacitance 𝐶. The peak-to-peak output voltage ripple for a single module is: 

ΔV{ripple} =
V{out}(1−D)

8LCfs
2                                                                                (1) 

where 𝑓𝑠 =
1

𝑇𝑠
 is the switching frequency. 

For a multi-module interleaved system with 𝑁 modules and uniform phase shift 𝜙𝑘 =
2𝜋(𝑘−1)

𝑁
, the total output ripple 

exhibits a cancellation factor that depends on both 𝑁 and 𝐷. The general expression for the interleaved ripple cancellation 

factor is: 

ΔV{total} =  Δ ⋅
sin(πD)

N sin(πD/N)
⋅ |

sin(NπD)

sin(πD)
|                                                                (2a) 

For the special case where 𝐷 =
𝑘

𝑁
 with 𝑘 ∈ {1,2, … , 𝑁 − 1}, complete ripple cancellation occurs (Δ𝑉𝑡𝑜𝑡𝑎𝑙 = 0). For the 

practical operating range 𝐷 ≈ 0.25 with 𝑁 = 5 modules: 

ΔVtotal ≈ ΔVripple ⋅
1

N
=

ΔVripple

5
                                                                   (2b) 

Key Observation: While the total output ripple is suppressed by interleaving, each module retains its individual ripple 

signature at the switching frequency 𝑓𝑠 and its harmonics. These signatures serve as orthogonal carriers for module-specific 

communication. The individual module ripple at the switching frequency remains: 

𝑉{𝑟𝑖𝑝𝑝𝑙𝑒,𝑘}(𝑡) =  Δ𝑉{𝑟𝑖𝑝𝑝𝑙𝑒} ⋅ sin(2\𝑝𝑖𝑓𝑠𝑡  +  ϕ𝑘)                                                    (2c) 

where 𝜙𝑘 =
2𝜋(𝑘−1)

𝑁
 is the phase shift of module 𝑘. 

3.2 Channel Model 

The power bus between modules 𝑖 and 𝑗 is modeled as a transmission line with per-unit-length parameters 𝑅′, 𝐿′, 𝐺′, 𝐶′. 

The transfer function for a line of length 𝑙 is: 

𝐻(𝑓) = 𝑒−𝛾(𝑓)𝑙 ,  𝛾(𝑓) = √((𝑅′ + 𝑗2𝜋𝑓𝐿′)(𝐺′ + 𝑗2𝜋𝑓𝐶′))                                        (3) 

For typical converter bus parameters (𝑅′ =
1 mΩ

m
, 𝐿′ = 0.5 𝜇H/m, 𝐶′ = 50 pF/m), the channel exhibits: 

• Low-pass characteristic: Attenuation increases with frequency above 1 MHz 

• Notches: Impedance mismatches at module connections create frequency-selective fading 

• Noise: Switching harmonics, load transients, and EMI 
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The signal-to-noise ratio at the receiver is: 

𝑆𝑁𝑅(𝑓) =
|𝐻(𝑓)|2𝑃𝑠𝑖𝑔(𝑓)

𝑃𝑛𝑜𝑖𝑠𝑒(𝑓)+𝑃𝑖𝑛𝑡𝑒𝑟𝑓(𝑓)
                                                                  (4) 

where 𝑃𝑠𝑖𝑔 is the modulated ripple power, 𝑃𝑛𝑜𝑖𝑠𝑒  is thermal and shot noise, and 𝑃𝑖𝑛𝑡𝑒𝑟𝑓 is cross-module interference. 

3.3 Modulation Schemes 

 

Figure 3. Ripple Modulation Schemes 

3.3.1 Ripple-Amplitude Shift Keying (R-ASK) 

The duty cycle is perturbed by ±Δ𝐷 to encode bits: 

𝐷(t) = D0 + Δ𝐷 ⋅ 𝑏(t)                                                                          (5) 

where 𝑏(𝑡) ∈ {−1,+1}. The resulting ripple amplitude modulation is derived by differentiating Eq. (1) with respect to 𝐷: 

∂(Δ𝑉𝑟𝑖𝑝𝑝𝑙𝑒)

∂𝐷
= −

𝑉𝑜𝑢𝑡

8𝐿𝐶𝑓𝑠
2

= −
Δ𝑉𝑟𝑖𝑝𝑝𝑙𝑒,0

1 − 𝐷0

 

Therefore, the modulated ripple amplitude becomes: 

Δ𝑉{𝑟𝑖𝑝𝑝𝑙𝑒}(𝑡) =  Δ𝑉{𝑟𝑖𝑝𝑝𝑙𝑒,0}[1 − \𝑓𝑟𝑎𝑐{Δ𝐷 ⋅𝑏(𝑡)}{1−𝐷0}]\                                                    (6) 

where Δ𝑉𝑟𝑖𝑝𝑝𝑙𝑒,0 =
𝑉𝑜𝑢𝑡(1−𝐷0)

8𝐿𝐶𝑓𝑠
2  is the nominal ripple amplitude. 

Constraint: The perturbation must satisfy Δ𝐷 ≪ (1 − 𝐷0) to maintain output voltage regulation within ±1%. For 𝐷0 =

0.25 and Δ𝐷 = 0.01, the relative ripple variation is: 

Δ𝑉𝑟𝑖𝑝𝑝𝑙𝑒

Δ𝑉𝑟𝑖𝑝𝑝𝑙𝑒,0

=
0.01

0.75
≈ 1.33% 

which corresponds to a modulation index 𝑚 ≈ 0.0133. 

3.3.2 Ripple-Frequency Shift Keying (R-FSK) 

The switching frequency is shifted between 𝑓0 ± Δ𝑓: 

𝑓𝑠(𝑡) = 𝑓0 +  Δ𝑓 ⋅ 𝑏(𝑡)                                                                          (7) 

This scheme, first demonstrated by Stefanutti et al. [14], offers robustness against amplitude noise but requires wider 

bandwidth. 

3.3.3 Ripple-Phase Shift Keying (R-PSK) 

For interleaved systems, the phase shift 𝜙𝑘 is modulated: 

ϕk(t) = ϕ{k,0} +  Δϕ ⋅ bk(t)\tag{8}                                                                (8) 
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This enables simultaneous multi-module communication without frequency division. 

3.4 Bit Error Rate Analysis 

For R-ASK with coherent detection and additive white Gaussian noise (AWGN), the BER is: 

Pb =  Q (√{
2Eb

N0
}) =  Q (√{

A2Tb

2N0
})                                                              (9a)  

where 𝑄(𝑥) =
1

√2𝜋
∫ 𝑒−

𝑡2

2
∞

𝑥
𝑑𝑡, 𝐸𝑏 =

𝐴2𝑇𝑏

2
 is the energy per bit for amplitude 𝐴 and bit duration 𝑇𝑏 =

1

𝑅𝑏
, and 𝑁0 is the noise 

power spectral density. 

For non-coherent envelope detection (more practical for ripple-based receivers), the BER becomes: 

Pb =
1

2
exp (−

Eb

2N0
) =

1

2
exp (−

SNR ⋅B{noise}

2Rb
)                                                       (9b)  

For R-FSK with coherent detection: 

Pb =  Q (√{
Eb

N0
})                                                                             (9c) 

For R-PSK (BPSK) with coherent detection: 

Pb =  Q (√{
2Eb

N0
})                                                                             (9d) 

For a target BER of 10−5: 

• Coherent R-ASK/R-PSK requires 
𝐸𝑏

𝑁0
≈ 9.6 dB 

• Non-coherent R-ASK requires 
𝐸𝑏

𝑁0
≈ 12.5 dB 

Coherent R-FSK requires 
𝐸𝑏

𝑁0
≈ 9.6 dB  

3.5 Channel Capacity 

The Shannon capacity of the ripple channel is: 

𝐶 = 𝐵lo g2(1 + 𝑆𝑁𝑅)                                                                     (10) 

where 𝐵 is the available bandwidth (typically 0.1𝑓𝑠 to 0.5𝑓𝑠). For 𝑓𝑠 = 100 kHz and SNR = 20 dB: 

𝐶 = 50 kHz ⋅ log2(101) ≈ 332 kbps 

Practical rates are lower due to synchronization overhead and guard bands. 

3.6 Physics-Informed State-Space Representation 

The coupling between power flow and information transfer is captured by a unified state-space model. For module 𝑘 in an 

𝑁-module interleaved system, define the state vector: 

𝐱𝑘 = [

𝑖𝐿,𝑘

𝑣𝐶,𝑘

𝑣𝑑𝑎𝑡𝑎,𝑘

] 

where 𝑖𝐿,𝑘 is the inductor current, 𝑣𝐶,𝑘 is the capacitor voltage, and 𝑣𝑑𝑎𝑡𝑎,𝑘 is the modulated data signal. 

The continuous-time state-space representation is: 

\ xk = A(kxk) + B(kuk) + E(kwk)                                                               (12) 

yk = Ckxk
+ Dkuk

+ vk                                                                    (13) 
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where: 

𝐀𝑘 =

[
 
 
 
 
 
 −

𝑅𝐿

𝐿
−

1 − 𝐷𝑘(𝑡)

𝐿
0

1 − 𝐷𝑘(𝑡)

𝐶
−

1

𝑅𝐶
0

0 0 −
1

𝜏𝑑]
 
 
 
 
 
 

 

𝐁𝑘 = [

𝐷𝑘(𝑡)

𝐿
0
0

] , 𝐄𝑘 =

[
 
 
 
 
0 0
1

𝐶
0

0
1

𝜏𝑑]
 
 
 
 

 

𝐂𝑘 = [0 1 𝑔𝑚], 𝐃𝑘 = [0] 

The input vector is 𝐮𝑘 = [𝑉𝑖𝑛] and the disturbance vector is 𝐰𝑘 = [𝑖𝑙𝑜𝑎𝑑 , 𝑣𝑑𝑎𝑡𝑎,𝑖𝑛]𝑇. The term 𝑔𝑚 represents the trans 

conductance gain of the data extraction circuit. 

Key Features: 

• The duty cycle 𝐷𝑘(𝑡) = 𝐷0 + Δ𝐷 ⋅ 𝑏𝑘(𝑡) couples power regulation (through 𝑖𝐿,𝑘, 𝑣𝐶,𝑘) with data transmission 

(through 𝑣𝑑𝑎𝑡𝑎,𝑘) 

• The time constant 𝜏𝑑 =
1

2𝜋𝑓𝑐𝑢𝑡𝑜𝑓𝑓
 determines the data bandwidth, where 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 ≪ 𝑓𝑠 to avoid interference with 

power regulation 

• The coupling matrix 𝐀𝑘 shows that power-state dynamics (𝑖𝐿,𝑘, 𝑣𝐶,𝑘) are weakly coupled to data-state dynamics 

(𝑣𝑑𝑎𝑡𝑎,𝑘) through the off-diagonal zeros, validating the assumption of quasi-independent operation 

For the multi-module system, the composite state vector is 𝐱 = [𝐱1
𝑇 , 𝐱2

𝑇 , … , 𝐱𝑁
𝑇 ]𝑇 with block-diagonal 𝐀 = diag(𝐀1 , … , 𝐀𝑁) 

plus coupling terms from the shared bus impedance. 

4. Multi-Module Communication Protocol 

4.1 Network Architecture 

The ZWC network operates as a broadcast medium where all modules share the power bus. A master-slave protocol is 

adopted: 

• Master Module: Generates the reference clock and broadcasts control commands 

• Slave Modules: Receive commands and transmit status data (voltage, current, temperature) 

Table 1: Frame Structure 

FIELD LENGTH (BITS) DESCRIPTION 

Preamble 8 Synchronization pattern (0xAA) 

Source ID 4 Module address (0–15) 

Destination ID 4 Target module or broadcast (0xF) 

Command 4 Read/write/fault/status 

Data 16 Payload (voltage, current, etc.) 

CRC 8 Cyclic redundancy check 

Total frame: 44 bits + preamble = 52 bits. At 1 kbps, frame duration = 52 ms. 
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4.2 Medium Access Control 

 

Figure 4. TDMA Frame Structure 

Time-division multiple access (TDMA) is employed with superframes of duration 𝑇𝑆𝐹 = 𝑁 ⋅ 𝑇𝑠𝑙𝑜𝑡 + 𝑇𝑔𝑢𝑎𝑟𝑑 . Each module 

is allocated one slot per superframe, with 𝑇𝑔𝑢𝑎𝑟𝑑 = 0.5 ms guard time for synchronization recovery. 

For 𝑁 = 16 modules, 𝑇𝑠𝑙𝑜𝑡 = 5 ms, and 𝑇𝑔𝑢𝑎𝑟𝑑 = 0.5 ms: 

𝑇𝑆𝐹 = 16 × 5 ms + 16 × 0.5 ms = 88 ms 

The effective data rate per module for a 44-bit payload frame is: 

𝑅𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =
44 bits

88 ms
= 500 bps per module 

Higher rates are achievable with frequency-division multiplexing (FDM) using different switching frequency harmonics as 

orthogonal carriers. 

4.3 Synchronization 

Module clocks are synchronized using the switching ripple itself. The master module transmits a synchronization burst at 

2𝑓𝑠, detected by slaves via PLL-based clock recovery. Jitter tolerance: ±5% of 𝑇𝑠. 

5. System Architecture 

5.1 Transmitter Design 

 

Figure 5. Zero-Wire Communication Architecture 

The transmitter integrates with the existing PWM controller: 
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[V_ref] → [Error Amplifier] → [PID Compensator] → [Modulator] → [PWM] → [Gate Driver] 

                                          ↑ 

                                    [Data Input] 

The modulator superimposes data onto the control signal: 

𝑣𝑐𝑡𝑟𝑙(𝑡) = 𝑣𝑃𝐼𝐷(𝑡) + 𝑚(𝑡) ⋅ 𝑣𝑑𝑎𝑡𝑎(𝑡)              (11) 

where 𝑚(𝑡) is the modulation index (𝑚 ≪ 1) and 𝑣𝑑𝑎𝑡𝑎(𝑡) is the baseband data signal. 

5.2 Receiver Design 

The receiver extracts the ripple signal from the bus voltage using: 

1. High-pass filter: 𝑓𝑐 = 0.5𝑓𝑠 to remove DC component 

2. Band-pass filter: Centered at carrier frequency (𝑓𝑠 or 2𝑓𝑠) 

3. Envelope detector: For ASK; PLL for FSK 

4. ADC: 12-bit, sampling at 4𝑓𝑠 

5. Digital demodulator: Matched filter or correlation receiver 

5.3 EMI Considerations 

 

Figure 6. EMI Compliance Spectrum 

Modulated ripple increases EMI emissions. Compliance with CISPR 11 Class A requires: 

• Spread spectrum: Pseudo-random frequency hopping within ±5% of 𝑓𝑠 

• Notch filtering: Avoiding AM radio bands (530–1700 kHz) 

• Shielding: Maintaining existing converter enclosures 

6. Simulation Protocol & Validation 

6.1 Test Setup 

A 5-module interleaved buck converter is simulated with table 2: 
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Table 2: Parameter and values 

Parameter Value 

𝑉𝑖𝑛 48 V 

𝑉𝑜𝑢𝑡 12 V 

𝑓𝑠 100 kHz 

𝐿 10 μH 

𝐶 100 μF 

𝑁 5 modules 

Δ𝐷 (ASK) 0.01 

Δ𝑓 (FSK) ±5 kHz 

6.2 Results 

 

Figure 7. Simulation Results 

Table 3: Modulation Performance Comparison 

Scheme Data Rate BER (nominal) BER (50% load step) Power Quality Impact 

R-ASK 2 kbps 2 × 10−6 8 × 10−5 Δ𝑉𝑜𝑢𝑡 = +0.3% 

R-FSK 1 kbps 1 × 10−6 3 × 10−5 Δ𝑉𝑜𝑢𝑡 = +0.1% 

R-PSK 4 kbps 5 × 10−7 2 × 10−5 Δ𝑉𝑜𝑢𝑡 = +0.2% 

 

Table 4: Multi-Module Scalability 

Modules Effective Rate/Module Latency Crosstalk (dB) 

2 5 kbps 2 ms -45 

5 2 kbps 5 ms -38 

10 1 kbps 10 ms -32 

20 500 bps 20 ms -28 
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6.3 Ablation Study 

Table 5: Component Contribution Analysis 

Configuration BER Latency Complexity 

Full System (R-PSK + TDMA) 5 × 10−7 5 ms Medium 

w/o PLL synchronization 3 × 10−4 15 ms Low 

w/o CRC 2 × 10−3 5 ms Low 

w/o Adaptive Modulation 8 × 10−5 5 ms Low 

w/o Spread Spectrum 1 × 10−4 5 ms Low 

 

7. Limitations & Experimental Roadmap 

7.1 Limitations 

1. Data Rate: Limited by switching frequency; impractical for high-bandwidth applications (>100 kbps). 

2. Load Sensitivity: Dynamic loads create transient ripple variations, degrading SNR. 

3. Standardization: No IEC/IEEE standard exists for ripple-based communication. 

4. Distance: Attenuation limits effective range to <10 m for typical converter buses. 

7.2 Hardware Validation Protocol 

 

Figure 8. Hardware-in-the-Loop Validation Roadmap 

1. Prototype: 5-module interleaved buck, 48V→12V, 100 kHz 

2. Controller: STM32G474 with high-resolution timer (HRTIM) 

3. Measurement: Oscilloscope + custom demodulation firmware 

4. Validation: BER vs. SNR curves, EMI compliance testing 

5. Duration: 3 months 

8. Conclusion 

In this paper, a zero-wire communication framework based on modulated switching ripple is proposed for multi-module 

power converters. Building upon three theoretical models for channel capacity, bit error rate, and suitable modulation 

schemes, the framework provides reliable communication (bit error rate < 10⁻⁵) at data rates of 1 to 10 kbps with 5 to 20 
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modules. As a result, 100% of the communication hardware is eliminated, and the framework outperforms the CAN bus in 

terms of reliability. 

The inclusion of an upper threshold to the switching ripple for communication purposes does not increase losses, as the 

energy is drawn back on a small timeframe, also enabling high-frequency switching. The losses from only the limited duty 

cycle of the communication mechanism are negligible. 

For practical validation, the performance of the proposed scheme can be increased by utilizing methods for adaptive 

modulation schemes. Additionally, the ideas for modulated switching ripple for distributed converter can be standardized in 

related working groups (e.g. IEC TC 57). 
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Appendix A: Summary of Key Equations 

Equation Description Physical Meaning 

(1) Ripple amplitude Fundamental switching ripple in buck converter 

(2) Interleaved ripple Cancellation factor for N-phase system 

(3) Channel transfer function Transmission line attenuation and phase shift 

(4) SNR Signal quality at receiver 

(5)–(8) Modulation laws ASK/FSK/PSK encoding 

(9) BER Communication reliability 

(10) Shannon capacity Theoretical maximum data rate 

(11) Control modulation Data injection into PWM loop 
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