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Abstract – High frequency AC (HFAC) distributed power systems (DPS), where electric power is 

delivered at up to multi-kHz via cables, is an alternative means to conventional centralized power 

systems. This paper explores the means by which real-time information can be achieved without 

installing additional physical communication channels on an existing 50 kHz current-fed HFAC 

DPS in lighting applications. A communication protocol is methodologically developed to 

facilitate robust and efficient inter-device real-time communication. In addition, analytical 

modelling for the current fed coupling circuit is presented. The utility of an intelligent HFAC DPS 

is demonstrated by experimental results from comprehensive circuit level implementation. 
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Nomenclature: 

pC  Parallel capacitance  

sC  Series capacitance 

|)(| sH  Magnitude of the voltage transfer function 

k  Tuning ratio 

pk  Peak tuning ratio 

pL  Parallel inductance 

sL  Series inductance 

n  Number of receiving node 

N  Number of transmission modem 

|)(| sP  Magnitude of the ratio of |)(| sH to the 

current 

pmQ  Quality factor of the parallel branches 

smQ  Quality factor of the series branches 

INR  Input impedance of the modem at the 

carrier frequency 

TR  Total impedance of the remaining modems 

V  Transmit amplifier output voltage  

INVERTERZ  Inverter impedance 

pm  Resonant frequency of parallel branches 

sm  Resonant frequency of series branches 

 

 

 

I. Introduction 

Transmitting and receiving data over the traditional 

Distribution Power System (DPS) using Power Line 

Communication (PLC) or Broadband over Power Line 

(BPL) have been in service for a while [1] – [3]. 

However, such systems were not designed for frequencies 

other than 50 / 60 Hz and they tend to have limitation on 

data transfer speed and capacity. Alternative solution was 

first introduced by NASA in 1980s to power the on-board 

equipment in space station using High Frequency AC 

(HFAC) [4]. Later, other research activities but limited in 

scope of HFAC system have been reported in [5] – [9]. 

Results revealed that such system offers numerous 

potential benefits including but not limited to the higher 

speed of data transfer, flexibility of voltage levels, 

significant savings in number of system components and 

improving system dynamic response. However, progress 

of work on HFAC DPS system in our daily life has been 

very slow. Some initial work on HFAC lighting was 

reported in [10], [11]. Works on intelligent distributed 

lighting systems have been introduced, but they were 

based on conventional power using wireless sensors [12], 

or separate communication networks [13]. Other research 

activities on smart control of lighting involving new 

power grids have been tackled in [14], [15]. Marginal 

work has been focused on developing converters for 

lighting applications [16] - [18].  

 

 

 

 

e802180
Text Box
Luk, P., El-Hasan, T., Toward an Intelligent High Frequency AC Distributed Power System - Part II: Analytical Modelling and Experimental Realization, (2016) International Review of Electrical Engineering (IREE), 11 (6), pp. 618-625. DOI :https://doi.org/10.15866/iree.v11i6.9284 



 

Patrick C. K. Luk, Tareq S. El-Hasan 

Copyright © 2007 Praise Worthy Prize S.r.l. - All rights reserved                                    International Review of Electrical Engineering, Vol. 

xx, No. x 

In a typical HFAC network, it is anticipated that there 

would be many agents all communicating with each other 

over the same HFAC bus, causing potential data collision. 

Bus arbitration mechanism is necessary to ensure that 

collisions are avoided and detected if they do happen. As 

the communication is required mainly for telemetry 

purposes, the required data bitrate is relatively low. A 

data rate of less than 1kbps is sufficient for most 

applications [19], [20]. 

 

In this paper a HFAC data modem is proposed to 

facilitate communication over the HFAC power bus 

without the need for additional communication channel. 

Implemented on a lighting application, the analytical 

model of the coupling circuit is developed, buss access 

mechanism is defied and the realization of an intelligent 

HFAC distributed power network is demonstrated by the 

cost-effectiveness and a high degree of retrofitability 

offered by the proposed data modem. 

II. Analytical Modelling Of The Coupling 

Circuit 

Before proceeding with the analytical modelling, one 

has to consider the requirements of the current-fed 

coupling circuits and the communication challenges 

associated with current fed system [21] – [23]. In a 

current-fed system, the modems are effectively connected 

in series to the HFAC current loop. Fig. 1 shows a 

simplified equivalent circuit for a number of modems 

connected to a HFAC current loop. In this case it is 

assumed that no loads are present in the system. To 

ensure that the impedance of the inverter ( INVERTERZ ) 

does not attenuate the communication signal, a tuned 

band-pass filter can be added in parallel with 

( INVERTERZ ) to offer an alternate low resistance path for 

the communication signal. The simplified equivalent 

modem circuit is shown in Fig. 2. The constraints stated 

above can be achieved by using a coupling circuit of the 

form shown in Fig. 3. Note that the series and parallel 

branch orientation is crucial for proper operation of the 

circuit. Both the series and parallel branch are tuned to 

the carrier frequency. The parallel branch offers a low 

impedance path for the bus current. 

 

 

 

 

 

 

 

 

 

 

 
Fig.  1. Multiple modems on a current-fed HFAC bus. 

 

 

 

 

 

 

 

 

 
Fig.  2. Simplified representation of the modem line interface stage for 

a current-fed system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  3. Modem coupling circuit for a current-fed system. 

    

Assuming the resonant elements in the above circuits 

are tightly tuned, the input impedance of the modem at 

the carrier frequency is simply equal to the value of INR . 

The impedance seen by the transmitting modem in a 

system with modem can be represented as in Fig. 4. If the 

transmit amplifier output voltage is V  , then the voltage 

across each receiving node is equal to 1)/( nV . 

Therefore even under ideal conditions with no line and 

load impedance, amplitude of the received signal falls as 

the number of modems increase. 

 

 

 

 

 

 

 
Fig.  4. Transmit mode equivalent impedance model. 

   

 When two modems are simultaneously transmitting as 

presented in Fig. 5, a signal of amplitude V  due to self-

transmission will be present at the input node of 

MODEM 1. In addition, another voltage component due 

to the simultaneous transmission of modem N will appear 

across the input node of MODEM 1. The amplitude of 

this component will be 1)/( NV . Therefore the signal 

seen at the input of both modems will consist of the sum 

of both the self-transmission component and the 

simultaneous transmission by the neighbouring modem. If 

the number of modems in the system is large, the 

amplitude of the voltage due to the transmission of the 
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neighbouring modem will be small and may be totally 

overwhelmed by the self-transmission component. This 

may potentially impair the collision detection capability. 

Any load connected to the loop increases the total 

resistance and further aggravates these problems. 

Therefore a tuned band-pass bypass filter should always 

be used across all loads to offer an alternate low 

resistance path for the communication signals.  

 

 

 

 

 

 

 
Fig.  5. Multiple transmit mode equivalent impedance model. 

 

In transmit mode, the equivalent circuit of the modem 

and the coupling circuit is shown in Fig. 6 where TR  is 

total impedance of the remaining modems in the system 

and is given by 

 

INT RNR 1)(=                    (1) 

 

    
Fig.  6. Coupling interface equivalent circuit- transmit mode. 

 

The quality factor and the resonant frequency of the 

series smQ  and parallel pmQ  branches are defined as 
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Both the series and parallel branches are tuned to the 

same frequency. The tuning ratio is defined as the ratio of 

the drive frequency to the resonant frequency and is 

given as 
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Using the definitions 2-5, the magnitude of the voltage 

transfer function can be expressed as  

 

 

 

 

  (7) 

 

In receive mode, the modem is driven by a current 

source and can be represented as in Fig. 7. The transfer 

function of the voltage across INR  to the current is given 

as  
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Fig.  7. Coupling interface equivalent circuit- receive mode. 

 

Equations 7 and 8 can be used to identify the 

constraints imposed on the selection the coupling circuit 

element. At this stage it is interesting to note that the 

magnitude of )(sP  is independent of the number of 

modems while the magnitude of )(sH  is not. The 

output of the modem is well controlled and predictable. 

However in receive mode, the content of the current 

source is less predictable. It represents the sum of the 

communication current, the bus current and any noise that 

may have been picked up by the bus. Therefore the 

coupling circuit will be designed with the desired 

response of )(sP  taking precedence over )(sH . 

 

The first constrain is defined to limit the magnitude of 

)(sP  below a certain frequency to be smaller than a 

prescribed value  . This is to ensure that the HFAC bus 

current is sufficiently attenuated. This can be 

mathematically represented by 9. It is recommended that 

ok  be selected to represent at least the 
th10  harmonic of 

the bus current. Substituting 0.045=k  into 9 and 8, 

the first constraint imposed on the coupling circuit is 

derived and is given in (10).  
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The plot of the magnitude of )(sH  for various values 

of smQ  is shown in Fig. 8. It can be seen that the 

magnitude plot appears to have a peak for some values of 

smQ . The frequency at which these peaks occur and the 

magnitude of the peaks depend on the values of smQ , 

pmQ  and N . 

Fig. 9 shows how the magnitude of )(sH  varies as 

the number of modems in the system change for fixed 

values of smQ  and pmQ . It can be observed from the 

figure that the frequency at which the peak occurs 

remains fairly constant but the peak amplitude increases 

rapidly with N .  

 

Taking the derivative of 7 with respect to k  and 

equating it to zero, the value of k  at which the peaks 

occur can be calculated. This is given in (11). 
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Fig.  8. Frequency response of )(sH  for various smQ . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9 Frequency response of H(s) for various number of modems. 

 

The magnitude of the peaks can be found by 

substituting 11 into 7. It can be further shown from 11 

that the peaks in |)(| sH  start to appear when condition 

given in 14 is met. Similar peaking behaviour can be 

observed in the magnitude of )(sP  when condition 

given in 15 is met.  
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The relationship between the frequencies at which the 

peaks occur to the number of modems in the system has 

interesting properties. This plot is shown in Fig. 10 for 

various values of smQ  and pmQ . It can be seen that for 

values of N  greater than 4, the values of pk  remains 

constant. However the magnitude of the peaks increase as 

more modems are present in the system. A good 

approximation for pk  can be found by letting N  

in 11 and solving the resulting equation yields the 

following relation between pk  and the quality factors:  
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 Fig.  10: pk  as a function of the number of modems. 
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The magnitude of the peaks grows rapidly with the 

increase of the number of modems in the system as can 

be seen from Fig. 11. Therefore it is important to ensure 

that the output of the transmit amplifier does not have any 

harmonic frequency component at these frequencies. 

Although the transmit low-pass filter is designed to have 

a steep roll-off rate, it is preferable to ensure that the 

peaks occur at even harmonics of the carrier frequency. 

The reason for this is that the output of the transmit VCO 

is a symmetrical square wave and does not contain even 

harmonics. 

Fig.  11. Frequency response of )(sH  for the coupling circuit design. 

 

 
Fig.  12. Frequency response of )(sP  for the coupling circuit design. 

In summary, equations 10, 15 and16 can be used as a 

guide to select ideal values for the coupling circuit. Table 

I shows a set of computed values for the first 6 even 

harmonics. Firstly for each even harmonic component the 

product of pmsmQQ  is computed using 16. Then the 

minimum value of pmQ  is determined using 10 for a 

desired value of  . In this case, a value of 0.05 was used. 

It is proposed that a headroom of at least 20 is added to 

the computed pmQ  value and furthermore this must be 

checked to ensure compliance with 15. Once the value of 

pmQ  is finalized, then smQ  can be determined using 16, 

and the physical values of the coupling circuit can then be 

determined. In general it is desired that the coupling 

circuit be designed to ensure the peaks of )(sH  occur at 

the second harmonics. This would give then best 

performance, however in some cases this may impose 

high constraints on the values of the components required 

for the coupling circuit. The first row in Table I gives the 

values of the coupling circuit elements that ensure the 

peak response of )(sH  occur at the second harmonic. 

These values are proposed for this design. The simulated 

response of )(sH  and )(sP  for 560=sL , 

390=sC , 1=pL  and 180=pC  are shown in Fig. 

11 and Fig. 12 respectively. It can be seen that the 

simulation matches the expected response based on the 

approximate modelling. 

III. Frame Format and Bus Access 

Mechanism 

III.1.  Frame Format 

A frame or data packet is constructed by appending 

other relevant information to the raw data such as 

addressing information, error detection and 

synchronization features. The proposed frame format for 

this application is shown in Fig. 13. 

 

 

TABLE I 

Calculation of Coupling Circuit Element Values 

Remarks: RIN = 100Ω, ε = 0.05 

kp 
Qpm x 

Qsm 

Min 

Qpm 

Qpm 

+10% 
Qsm Ls Cs Lp Cp 

2 0.444 0.943 1.131 0.393 5.68E-07 3.68E-10 1.28E-06 1.64E-10 

4 0.071 0.377 0.453 0.157 2.27E-07 9.21E-10 3.20E-06 6.55E-11 

6 0.029 0.670 0.804 0.037 5.29E-08 3.96E-09 1.80E-06 1.16E-10 

8 0.016 0.850 1.020 0.016 2.29E-08 9.15E-09 1.42E-06 1.48E-10 

10 0.010 0.890 1.068 0.010 1.38E-08 1.51E-08 1.35E-06 1.55E-10 

12 0.007 0.900 1.080 0.007 9.43E-09 2.22E-08 1.34E-06 1.56E-10 
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Fig. 13. Data frame format. 

 

This format is a simplified implementation derived 

from the frame structure of the Ethernet protocol (IEEE 

802.3). The total frame length is 18 bytes. The first 3 

bytes are the preamble, defined as 0xAA. These are 

followed by a start frame delimiter (SFD) which is 1 byte 

in length and is defined as 0xAB. The SFD is used to 

indicate the start of the frame. Next, a 1 byte destination 

address (DA) and source address (SA) is used for packet 

routing and addressing. The data length field (DLF) is 

used to indicate the number of bytes of payload data 

present. The data type field (DTF) is used to indicate the 

type of frame; this could be used to distinguish control 

frames from data frames if necessary. Next, eight bytes of 

actual raw data is sent followed by an eight bit checksum 

(CS) information. Finally an end frame delimiter (EFD) 

is used to indicate the end of the current frame. The EFD 

is defined as 0xF0. 

III.2. Bus Access Mechanism 

In this design, carrier sense multiple access with 

collision detection (CSMA/CD) is implemented. Before a 

node attempts to transmit information over the HFAC 

bus, the medium is first checked to ensure it is idle. This 

is done by reading the carrier sense signal. If the medium 

is not idle, then the modem waits until it becomes 

available. When the bus is idle, the modem starts to 

transmit the frame. 

It is possible that two or more modems start 

transmitting at the same instant. Therefore as the modems 

are transmitting, it is programmed to monitor its own 

transmission to ensure no data collision has occurred. 

Collision detection is implemented by comparing the 

received information with the transmitted frame. If a 

mismatch is detected, it is assumed that a data collision 

has occurred. The received information is discarded and 

the frame transmission is aborted immediately. Then the 

transmitter sends a jam signal to ensure all nodes in the 

system are made aware of the collision. The jam signal 

consists of a string of alternating 1's and 0's with a length 

of 4 bytes. After the end of the jam signal transmission, 

all modems wishing to transmit will wait for a random 

period of time before attempting a retransmission. The 

backoff time is typical chosen to be small compared to 

the frame duration. However if there are many modems in 

the system and high communication traffic is likely, then 

the probability of collision will be higher under these 

conditions. Therefore the backoff time will need to be 

determined relative to the number of detected collision. 

IV. Experimental Setup and Results 

The experimental setup to test the capability of the 

system is shown in Fig. 14 and Fig. 15. A constant 

current HFAC inverter were used to establish a loop 

current of 1.35 RMS at 50. A 12 LED load was 

connected to the loop via a DC voltage rectification 

module (VRM). Two modems were connected within the 

loop and data was transmitted over the HFAC current 

bus. Two bypass stubs consisting of a series LC circuit 

tuned to the carrier frequency was used across the 

inverter and the VRM to provide a low impedance path to 

the communication signal. The raw transmit data was 

generated from an external host, a PC in this experiment, 

and based on this information the transmit frame was 

constructed. The NRZ clock frequency is approximately 

38.983, and one bit of data is transmitted at every clock 

period. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.  14. Experimental setup of communication over HFAC current-fed 

bus. 

 

In Fig. 16 the transmitted NRZ data, the clock signal of 

the transmitter, the encoded Manchester data stream and 

the loop current waveform are shown. The reconstructed 

received signal at the receiver modem, representing the 

output of the pulse shaping block, is shown. It can be 

observed that the amplitude of the logic '1' carrier is 

approximately 15 and the logic '0' carrier amplitude is 

approximately twice that of the logic '1' carrier amplitude. 

It is important to note that although the loop current 

waveform resembles an amplitude modulated signal, it is 

in fact a FSK modulated signal with the logic '1' carrier 

deliberately attenuated. This is done to model the non 

idealities in the filter frequency response and the 

attenuation of the signal due to the inductance of the 

HFAC bus which could result in the logic '1' carrier 

frequency (12.5) to be attenuated by a greater degree as 

shown. 
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Figure 17 shows that the receiver is able to reconstruct 

the correct logic levels despite the variation in the 

amplitude of the carrier signal. Using the same setup, the 

communication features were tested with the bus power 

turned ON (1.35 RMS at 50). Fig. 18 shows the 

waveform of the transmitted information captured at the 

source modem and the received waveform captured at the 

destination modem. It can be seen that the information 

was successfully transmitted over a powered HFAC bus. 

The bus current is 1.35 RMS with a frequency of 50.24. 

A stable and consistent bitrate of 38 kbps was achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.  15. HFAC modem experimental setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.  16. a) Communication signals and loop current waveforms; 

Complete transmission frame. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.  16. b) Communication signals and loop current waveforms; 

Zoomed in image showing individual communication bits. 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a) logic ‘0’ 

 

 

 

 

 

 

 

 

 

 

 
(b) logic ‘1’ 

Fig.  17. Reconstructed signals at the receiver 

    

 

 

 

 

 

 

 

 

 

 

 

 
Fig.  18. Transmitted and received NRZ data over a powered HFAC 

bus. 

V. Conclusion 

This paper proposed analytical modelling of the 

current fed coupling circuit and experimental reaslisation 

of HFAC distributed power system. Specifically, a data 

modem capable of implementing bidirectional 

communication at a data rate of 38 kbps over a 50 kHz 

HFAC current-fed power bus in a lighting application is 

successfully demonstrated. Mathematical models were 

derived and used as a guide to select ideal values for the 

coupling circuit.  Simulation results were obtained based 

on the derived models and they were close to the 

expected response.  

The paper also presented the relationship between the 

frequencies at which the peaks of the frequency response 

occur to the number of modems in the system. It was also 

shown that the magnitude of the peaks grows rapidly with 

the increase of the number of modems in the system. 

Therefore it is important to ensure that the output of the 
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transmit amplifier does not have any harmonic frequency 

component at the tuned frequencies. 

 A carrier sense multi access with collision (CSMA-

CD) detection bus arbitration scheme was implemented 

to enable multiple node addressable bidirectional 

communication, a crucial provision for devices to 

communicate reliably and seamlessly on the power bus. 

Experimentations of the proposed modem showed that 

the information was successfully transmitted over a 

powered HFAC bus. A stable and consistent bitrate of 38 

kbps was achieved. The proposed enabling 

communication framework presents significant potentials 

that can be exploited in implementing intelligent power 

management schemes for HFAC distributed power 

systems and other multiple inverter and multiple load 

HFAC power networks. 
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