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P O W E R E L E C T R O N I C S S Y S T E M C O M M U N I C AT I O N S
Ivana Milosavljevic

Abstract

This work investigates communication issues in high-frequency power converters. A novel
control communication network (Power Electronics System Network or PES Net) is proposed for
modular, medium and high-power, converters. The network protocol, hardware and software are
designed and implemented. The PES Net runs at 125 Mb/s over plastic optical fiber allowing
converter switching frequencies in excess of 100 kHz. Communication control is implemented in
a field programmable gate array device. A novel synchronization method applicable to ring
networks is proposed. The effect of the communication delay on the power converter operation is
studied.
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Ch ap t e r 1

I N T R O DUC T I O N

Power electronics converters are used today in many applications ranging in power from a few
watts in power supplies for portable telecommunications and computer equipment, to hundreds
of kilowatts in complex industrial motion control systems, and even tens of megawatts in power
utility installations. Although specific implementations of the switching power converters vary as
much as their applications, every converter consists of three different functional units, as shown
in Figure 1.1.
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Figure 1.1 Principal functional blocks of a switching power converter
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The core power processing is performed by the switching network composed of electronic
switches such as MOSFETs, IGBTs, GTOs, and diodes. By using high switching frequencies, the
desired low-frequency waveforms of output voltages and currents can be obtained from many
different waveforms of the input voltages and currents. The high frequency components are
filtered out by the L-C networks, which together with the switching network comprise the
converter power stage. Operation of the power stage is controlled by a separate, signalprocessing block, on the basis of the reference commands and measured system variables.
Different power processing functions (such as DC-DC conversion, AC-DC rectification, DC-AC
inversion, etc) are achieved by varying the circuit topology of the power stage and by different
control algorithms [1], [2].
The switch control signals are “ON – OFF” commands which are pulse-width-modulated (PWM)
in most of the new applications, although frequency modulation or combined frequency and
PWM are also used. In most applications, the measured variables are continuous analog
quantities, while the reference commands could be analog or digital. Although analog controller
implementations are still widely used in industry, most new designs are fully digital, especially
in medium– and high-power applications (a 10 kW and more) [3, 4, 5].
Very often, individual power converters are a part of more complex power processing systems.
In those cases, the system control structure is usually hierarchical, as shown in Figure 1.2.
Typical examples of such configurations are motion control systems (e.g.: in machine tools,
paper and steel mills, robotics…) where the system controller generates coordinated reference
commands for the power converters (called “motor-drives”), whose controllers are then
responsible for achieving the commanded mechanical motion in only one coordinate. The highlevel controllers in such power electronics systems are always digital and the data transmission
between them and the individual controllers is also digital in most cases.
Because the high-level controllers and data transmission had been digital for over twenty years,
standardized communication protocols have been developed for the links between the power
converters and the system level control [17-23]. However, up to now, the connection between the
controller and power stage within each converter, was not even considered to be a
communication link; it was viewed more as a set of connection lines. In the low power
converters this may still be true, since both the control and the switches are implemented close to
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each other, usually on the same board. The power stage is then directly linked to the controller.
In medium- and high-power converters, where the controller is set at some distance from power
switches this is not true. When the point-to-point link wires were substituted with optical fiber to
improve the noise immunity, it became obvious that this is in fact a communication system.
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Figure 1.2 Principal control structure of a power electronics system
Today’s digitally controlled power converters tend to imitate the structure of the analog ones.
Although control processing is now in a digital form, control communication topology is not
utilizing that. Information such as currents and voltages are sensed on the power stage and
brought in analog form to the controller board. Control signals are sent in point-to-point line
structure and sensed variables are received in the same manner. Structure such as this, just
mimics the communication structure that is used in analog converters. In a digital system there is
no need for this anymore; a structure that utilizes the digital nature of the control can be used.
The problems with the conventional communication structure will be illustrated on the example
of a digitally controlled three-phase rectifier/inverter shown in Figure 1.3. Each switch receives
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an on/off command from the controller and sends back the fault information through an interface
block called “gate-driver” (GD). Analog variables that could be sensed are phase currents ia, ib,
ic, phase voltages va, vb, vc, dc-link voltage vdc, as well as temperatures of all switches. Not all of
these have to be measured in every application because some of them may be redundant and
some may be known apriori. However, it is safe to assume that in many applications the number
of sensed variables is approximately equal to the number of active switches.
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Figure 1.3 Conventional topology of a digitally controlled three-phase
rectifier/inverter
In a soft-switching converters, additional auxiliary switches are used to relax the switching stress
of the main switches. Each auxiliary switch also requires two commands (on/off and fault), but
usually no additional variables are sensed. Therefore, the number of different variables that need
to be communicated in a converter can be estimated as
Nvar ≈ 3 * Nsw + 2* Naux,

(1.1)
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where Nsw and Naux are the numbers of active main and auxiliary switches, respectively. For the
converter in Figure 1.3, (1.1) estimates 3* 6 = 18 variables, while the actual number of variables
in some specific implementations of different three-phase converters is given in Table 1.1.
Table 1.1. Number of variables transmitted between controller and power stage in threephase converters
TOPOLOGY

3-Phase
rectifier
3-Phase
rectifier with
soft switching
3-Phase VSI1
with neutral leg
3-Level NPC2
VSI with soft
switching

NUMBER OF
SWITCHES
Nsw
Naux

PWM

NUMBER OF LINES
Sensing
Fault
Iac
Vac

TOTAL
Vdc

6

0

6

6

2

2

1

17

6

6

12

12

2

2

1

29

8

0

8

8

3

3

1

23

12

12

24

24

3

3

2

56

In the conventional converter communication architectures, one transmission line is used for
every variable. The length of the communication links depends on the physical size of the
converter, which in turn depends on its power level. For a 100 kW rectifier from Figure 1.3 the
distance between the controller and the power stage is approximately Llink ≈ 3 ft. Then, the total
length of the communication links is
Lcomm = Nvar * Llink ≈ 50 ft ,

1

VSI: Voltage Source Inverter

2

NPC: Neutral-Point Clamped

(1.2)

1-5

In order to increase the noise immunity and safety, the optical fibers are often being used for the
communication links, especially in higher-power applications. For every optical fiber link, an
optical receiver and transmitter pair has to be used. Therefore, 17 optical receivers and 17
transmitters are required for the three-phase rectifier, in addition to the 50 ft of the optical cable.
This amounts to a considerable quantity of hardware.
The capacity of such a communication system is hugely underutilized. The required
communication capacity can be easily estimated by assuming that all the variables have to be
transmitted with the same accuracy and the same sample rate equal to the converter switching
frequency, fsw. The capacity, without any data compression, is then
Creq = Nvar * nb * fsw,

(1.3)

where nb is the minimum number of bits required to code the variable with the highest required
accuracy. For example, if a 16 bit accuracy (more than enough in most applications) and 20 kHz
switching frequency are used in the three-phase rectifier/inverter, the required total capacity is
Creq ≈ 5.5 Mb/s. On the other hand, if the transmission medium is twisted-pair wire or plastic
optical fiber (POF) with only 5 Mb/s capacity, the system with 17 parallel links has the total
capacity of 85 Mb/s, yielding the utilization of under 7%. If standard commercial POF with
150 Mb/s is used, the communication channel utilization would be about 0.2%; obviously a gross
waste of resources.
Finally, the power converter with a number of wires hanging around (Figure 1.4), is not only
susceptible to noise and is costly, but can also lead to confusion, be a safety issue and an obstacle
to converter modularization.
By using a more modularized converter topology, module boundaries can be defined so that the
modules have functional and communicational independence. New topologies that better utilize
and benefit from digital control concept, and cannot be applied to converters with analog control,
are now emerging [6, 7]. A type of the modular control concept has been implemented in a
converter, which is using a variable hysteresis band current loop [6].
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Figure 1.4 Fiber-optic interface in a digitally controlled three-phase converter
The objective of this thesis research was to devise a new approach to the communications
between the controller and the power stage in medium- and high-power switching converters, by
exploiting the digital controller implementation and modularized converter topologies. The
approach should be able to provide significantly better utilization of hardware resources (i.e.
potentially lower cost and complexity), without sacrificing and possibly improving electrical
performance and reliability of the converters. The concept must be suitable for use in different
converter implementations for a wide variety of applications, and should take into account
expected future developments in power electronics technology.
The main result of this work is the development of a daisy-chained, ring communications
architecture for data transmission inside power converters. The new communications protocol
suitable for these applications, named “Power Electronics System Network – PES Net”, is
proposed. A novel solution for the critical issue of the power stage switch synchronization has
been developed. The architecture and the protocol have been implemented in hardware and
software. Operation of the proposed communication system has been evaluated and verified.
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The following chapter describes the concept of modularization of the power converter topologies
and analyzes the communication system requirements in detail. Existing communications
standards, which are mostly used for high-level communications in power electronics systems,
are surveyed in Chapter 3. The issue of switching synchronization is addressed in Chapter 4, and
possible solutions are evaluated. The PES Net architecture and protocol are defined in Chapter 5,
while its implementation and measurement results are presented in Chapter 6. Evaluation of the
proposed system and suggestions for future developments are given in the last chapter.
Appendixes contain technical documentation for the implemented experimental system.
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Ch ap t e r 2

C O M M UN I C A T I O N R E Q UI R E M E N T S I N
M O D UL A R P O W E R C O N V E R T E R S Y S T E M S

2.1

M ODULAR P OWER C O NVERTER S YSTEMS

Recently, the concept of modular power converter systems became more popular. This concept
requires intelligent power modules, which can replace complex power electronics circuits with a
single device [8]. The efforts are made to develop universal, intelligent, scaleable power control
devices, which will become standardized units, easy to manufacture, replace and use. A high
volume production of such devices would contribute to its decreasing cost and, consequently, the
price reduction of power electronics systems [9] enabling their application in many new areas.
This principle also minimizes the layout and packaging parasitic, because all of the power
semiconductor device control circuits and interconnections will be integrated together as a large
intelligent power device [10].
U.S. Navy has considerable efforts in developing such systems through the Power Electronics
Building Blocks (PEBB) program. This work is a part of that undertaking.
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2.2

P OWER C ONVERTER S YSTEM

A conventional digitally controlled three-phase converter is shown in Figure 1.3. The controller
calculates duty cycles based on control algorithms and the measured values of currents and
voltages on the power stage. The controller contains all of the ‘intelligence’ in this system. The
processor, analog-to-digital (A/D) converters and field programmable gate array (FPGA) are all
located in that same place [11]. All of the data acquisition, processing and gate drive signal
formation is performed on this board. Power stage contains just the components related to
power-processing.
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Converter Module Communication

Communication
interface
Processor

Controller
Figure 2.1 Modularization of a power converter
In this work a modularized approach is used. Instead of having just one smart module, all of the
modules have some local intelligence (Figure 2.1). Such ‘smarter’ modules can execute the lowlevel control functions: local A/D control, gate-drive signal generation, fault control and
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communication functions (Figure 2.2). The controller keeps the supervisory and converter
control functions.
Control algorithm of a power converter is based on the values of two currents, two AC voltages
and a DC voltage. In Figure 2.1 analog variables ia, ib, Va, Vb and Vdc are measured and
converted into digital form, within a power module. Based on them, in a closed loop operation
controller calculates the PWM variables, two-level analog signals, for all of the switches: Sap,
San, Sbp, Sbn, Scp and Scn. The PWM signals are sent to switch gate drives, which then handle
switch operation. Their turn-on and turn-off times are assigned so that the output voltage would
follow the desired line-to-line AC voltage waveforms.
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_

Serial Communications Link & Control Power Supply

Figure 2.2 PEBB module
Not all of the switching combinations are allowed during the converter operation. Often switches
of one power module operate in complementary manner (Figure 2.3). To prevent the shorting of
the DC link voltage a ‘dead-time’ has to be implemented. This is the time during which both of
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the switches have to be turned off, after either of them has been conducting. The dead time
between two transitions may be variable and should be programmable.

Sap

tdt

tdt

San
Figure 2.3 The PWM sequences of two complementary switches: Sap and San; tdt is
a switch ‘dead-time’’
The power modules in Figure 2.1 and 2.2 are, what we call, PEBB modules. In each of them,
current, voltage (AC or DC) and temperature can be measured. A fault signal is generated in a
PEBB module in case of an over-current. For each of the switches a PWM signal is needed, but
when the switches operate in complementary manner, only one PWM signal needs to be sent.
The ‘dead-time’ can be pre-programmed into the PEBB module, along with the converter
switching frequency and a sampling frequency (the last two are usually the same). The
communication between PEBB modules and a controller is the communication system that this
work is most focused on.
In this part, the implementation and design of a power electronics communication system is
discussed in terms of a three-phase converter. However, it is also applicable to more complex
topologies: when the system has more than three PEBBs (such as a three-phase converter with a
neutral leg [12]) or when there are more than two switches within a module (soft-switching
case).
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2.3

C ONTROL C OMMUNI CATION

The communication in the power electronics system should be hierarchical in nature. Control of
the power electronics system can be defined on three hierarchical levels (Figure 2.4). The highest
hierarchical level is an Executive Level. The middle one is Zonal level, and the lowest is the
converter level [13],[14].
Executive
Controller

System Level

Executive
Communication
Zonal
Controller

Zonal
Controller

Zonal
Controller

Zonal Level

Zonal Communication
Controller

Controller

Controller

Power
Stage

Power
Stage

Power
Stage

Converter 1

Converter 2

Converter Level
Converter Module
Communication
Converter Module
Level

Converter 3

Figure 2.4 Structure of a communication system
An option is to have just one communication network for all levels. That way all zonal
controllers, converter modules and executive controller would communicate over the same
medium. In this case we would have fewer cables and probably a cheaper network. Also, it
would be easier to reconfigure the network (zonal controller could reassign working converter
moudle in the place of the one that just broke down). A disadvantage would be that heavier
traffic would cause the higher delay over such networks and possible network congestion
problems. Probably, a better option is to have separate networks. This would enable us to pick
one or two protocols and topologies that could better suit the particular needs of each hierarchy
level. It would also allow less complex network control and interface hardware.
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Communication in Higher Levels
The purpose of an executable level communication is to monitor the work of the zonal
controllers. Zonal controllers monitor operation of the systems located in close proximity. Some
of those systems are the power converters.
Examples of information passed on executive and zonal level are: shutdowns, power-ups,
downloads of the power converter controller’s code, changing the proportional gain, etc. A
higher level of communication does not have very strict timing requirements, because the human
or a computer issues the commands. Data messages could be between 1 bit (command “turn on”)
and 2KB long (usual size of a converter controller’s executable code).
The system should be reliable, flexible, re-configurable and possibly zonal. A possible network
configuration at this hierarchical level could be from 3 to 10 higher level controllers in charge of
50 to 500 converter controllers. An optical fiber network would also be beneficial for this
application, since the lines would be in the same environment.

Converter Module Communication Requirements
The communication system, within a power converter, carries messages with different
information about PEBB modules (values of current, voltage, temperature, and duty-cycle
ratios). Messages at this level are short. They are sampled at the converter’s switching frequency.
Data that is exchanged at this level is isochronous. This is similar in nature to audio data delivery
requirements: all of the packets are the same size and are sent at a constant rate [17]. The
difference is that audio data is not affected by processing delay, as long as it is fairly constant or
smaller than a certain value. This is not true in the case of converter communication.
At converter module communication level, there is a much harsher time delay constraint since
one switching cycle of a converter lasts only few tens of microseconds. Communication concerns
on this level are high speed, implementation delay and synchronization of operation of PEBB
modules. Standardization is a key issue here, since today this is mostly custom designed and
topology dependant.
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The requirements of this kind of system are discussed based on necessary communication
transmission medium, bandwidth, number of nodes, synchronous operation capability and
desirable features.
Bus Arbitration
The controller is processing measured data once in every switching cycle. Based on calculation
results, it generates control signals. Both measurement and calculation information has to be
delivered in every switching cycle. The system is controlled from one point, making it a masterslave structure (controller acts as a master).
The largest amount of data (except status information) is isochronous. Consequently, an
appropriate network for this system does not need a sophisticated bus arbitration scheme,
because all of the nodes, except the master node, are the same, and messages are occurring
regularly.
Transmission Medium
In power electronics systems, there are numerous transitions between high and low energy
levels. That creates a very noisy environment. Since copper cables pick up electromagnetic
radiation and act as an antenna, non-conductive optical fibers are a much better choice.
In this system, plastic optical fiber (POF), Hard Clad Silica® (HCS) and glass fiber can be used.
Plastic fiber is the cheapest, lightest and easiest to work with, but glass optical fiber has lower
attenuation. Some of the relevant fiber characteristics are given in Table 2.1.
The medium of choice for this system is plastic optical fiber because of its low cost and because
it is very easy to work with. No special training is required for its termination. Plastic fiber can
be cut with a wire cutter and then polished with a grid paper. POFs are not as fragile as glass
fiber. Their bend ratio is much higher.
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Table 2.1. Characteristics of different types of optical fibers

POF[15]
(AT 650 nm)

HCS®[15]
(AT 650 nm)

MULTIMODE GLASS
FIBER[16]
(AT 1300 nm)

22 dB/m

7 dB/m

0.0011 dB/m

1 mm

0.43 mm

3 mm

5.3 g/m

6.1 g/m

9 g/m

25 mm

9 mm

45 mm

bend radius

35 mm

15 mm

30 mm

Cost

lowest

medium

Cable Termination

Easy

Easy

PROPERTY

Typical Cable Attenuation

Diameter (core and cladding)

Mass
Short term bend radius
Long term

Highest

Requires Training

The Link Length
The length of physical medium in this system is not a critical requirement. Phase legs are very
close to each other (tens of centimeters), while the controller is usually in the same room (several
meters). The POF easily can support a 100 m long link. That is more than is needed for this kind
of a system.
Number of Network Nodes
The number of nodes in the system is small compared to some other systems where control
networks are used (automotive, appliance control, etc.). In a three-phase system, there is a main
node (controller) and three more nodes – one for each of the phase legs. It is possible to have one
controller supervising more than one converter, to have more than three-phase legs in the system
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or to have a load as a network node. It is reasonable to assume that it will be less than 32 nodes
in this type of network.
Bandwidth
In a power converter system, only short messages are exchanged. Resolution of PWM signals
sent from the controller to the PEBB modules is usually between 8 and 12 bits. The number of
different PWM variables that need to be sent to each PEBB module vary from 2 (in the case of
single switch or two complementary switches) to 8 or more (in the case of complex, softswitching assemblies). The resolution of used A/D converters determines the length of digital
representation of converter’s currents and voltages. It is usually set from 8 to 12 bits. Control
algorithms usually require the measurement of one current and one voltage to be received from
every PEBB module in each switching cycle. Often, other variables (e.g. module temperature)
also need to be measured and transmitter to the controller.
The necessary channel capacity can then be calculated as:
C = Nvar/node * nn * nb * fsw * (1 + koh) ,

(2.1)

where Nvar/node is the number of variables per node and nn is the number of nodes in the system
(not counting the controller). The koh is defined as a percentage of data overhead, which needs to
be transmitted along with the data. The minimum channel capacity, for the simplest case, would
be: 4 variables per node, 3 nodes, 8-bit resolution and switching frequency of 10 kHz. Assuming
50% data overhead and based on (2.1) the minimum channel capacity is about 1.5 Mb/s. For the
more complex case, where there are 10 variables per node, 4 nodes, 12 bit resolution is used and
switching frequency is 50 kHz, with the same overhead, a capacity of 36 Mb/s is required.
From the equation (2.1) it obvious that a channel capacity is directly proportional to switching
frequency of a converter. For a two times higher switching frequency, we would need twice as
much bandwidth.
Furthermore, within a switching cycle, besides the time necessary for transmission and reception
of data (equivalent to channel capacity), the time has to be allotted for the data propagation delay
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and for the converter controller to process the received data and recalculate new duty cycles.
This can be represented in a following equation:
fswmax < ( TDSP + TTX + TRX + Tp)-1 ,

(2.2)

where fswmax is the maximum converter’s switching frequency; TDSP is the time that a converter
controller needs to recalculate converter parameters based on newly received data; TTX is the
time needed for data transmission; TRX is the time needed for data reception and Tp is time delay
due to data propagation.
Based on this discussion, it can be safely assumed that the needed bandwidth should be at least
1.5 Mb/s, but than this communication system would be applicable in very few cases. Desired
bandwidth is more that 100 Mb/s. A higher speed would just be to a benefit, as it would allow
more flexibility in a system design. It would also provide means to use this structure in more
complex systems.
Synchronization
For this type of system it is not only important to deliver data in every switching cycle, but also
to do it in such way that it would not disrupt a normal converter operation. Since the network
nodes are, in fact, phase legs of a converter system, it is necessary to ensure their synchronous
operation. If this were not accomplished, the converter’s operation would not follow the intended
control algorithm.
Beneficial features
Modularity is desirable for this kind of system. Due to the fact that many in the power electronics
field are working on ‘building blocks’, it would be good if communication is based on the same
principle. Modularized nodes with an identical interface would make the network easier to
redesign in case a node needs to be added or simply replaced. It is especially good if all hardware
interfaces remain the same for different types of systems.
Engineers building a power converter should not have to use time to work on a communication
interface, which is topology dependent. A standardized interface does not need to be changed
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each time the converter topology or control changes. The more a communication system is
independent of these, the better.
The desired characteristics of a control network within PEBB-based power converters are
summarized in Table 2.2.
Table 2.2 Desired control network characteristics
Aspect

Optimal

Transmission Medium Plastic fiber
Arbitration

Isochronous data,
Master-Slave type

Link Length

Max. 30 m

Network Nodes

Min. 4, Max. 32

Bandwidth

> 100 Mb/s

Synchronization

Necessary
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Ch ap t e r 3

3.1

C O M M UN I C A T I O N B A C K G R O UN D

C OMMUNI CATION T OPOLOGY

When designing a power electronics system, one of the choices that a designer needs to make is
which communication topology should be used. Two of the appropriate ones are described
below.

Star Structure
A star structure [17] (Figure 3.1.a) is also called a Star Bus. It is a geometric description of the
network topology in which each of remote terminals or nodes is connected directly to a central
node. The bus lines run from the center of the star structure to the peripheral nodes.
In conventional converter topologies shown in Figure 1.3, this is the structure that is used. All
lines are point-to-point and are used for sending one signal, in one direction, over one line. As
the controller generates the PWM signals, it sends them over the transmission lines to each of the
controlled switches. The sensed values, whether they are in analog or digital form, are also sent
one per line, but in other direction.
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(a)

(c)

(b)

Figure 3.1 Communication topologies: (a) Star structure (b) Ring structure
(c) Multitapped bus
It is tempting to use this topology for a new redesigned communication system. There are few
possible ways to utilize this topology. One is to keep the point-to-point links between the
controller and modules while multiplexing all the data that needs to be delivered. The number of
lines would, in that case, equal the number of modules. In the case that communication in a line
is uni-directional, the number of lines would be equal to two times the number of power
modules.
A drawback is that this approach makes the controller interface dependant on converter topology.
Since there is a link between each of the modules, there must be a port (optical transmitter or
receiver) that serves as an interface to each of the modules. In the case that the number of
network nodes needs to be increased, a new controller interface would have to be made. This is
undesirable because the modularity is lost.
Another way to implement a star topology is to use the ‘T’ connectors of a ‘star’. For electrical
signals, it is easy to implement either of these. Unfortunately, in the case of optical fibers, this
technology is very expansive and developed primarily for glass fibers, while the preferred
medium for power electronics system is plastic fiber. Both the fiber splice (equivalent of ‘T’) and
‘star’ are expensive products, fragile or big in size if mechanically shielded.
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Again, there is a problem with modularity. If the ‘star’ coupler is used, the number of output
ports has to be specified. If all of the ports are not used, a proportional fraction of optical power
is wasted. On the other hand, if the system is tightly dimensioned, another ‘star’ would have to
be used if, the number of nodes increases.
Similarly, if a splice is used, there are problems with dimensioning the system in terms of optical
power. When a splice is designed it is pre-specified in what ratio it divides optical power among
fused fibers. In the network environment they would be daisy-chained. In the case that the
optical power is divided evenly, the optical power that reaches the last module would be much
smaller than the original signal. This may cause problems. If care is taken and splices with
different characteristics are used, the system would not lose optical power easily, but the system
itself becomes more complex in a hardware sense.
An effort was made to produce an inexpensive, less that 4 cm2 in area, ‘T’ connector for plastic
optical fiber []. The problem of uneven optical power distribution also stands in this case.

Ring Structure
The ring structure [17] shown in Figure 3.1.b is a network topology in which terminals are
connected in a point-to-point serial fashion forming an unbroken circle. A ring structure is,
because of its simplicity and low cost, a very attractive topology.
The benefit of this topology is that only the optical fiber and the transmitter-receiver pairs need
to be used. No other passive or active optical component is necessary. This, consequently, lowers
the cost of the system. In the case that system needs to be expanded, the interface to the other
nodes remains the same. Still, only one fiber goes into the module, and one goes out. This is also
true for the controller module. The modularity is constituted.
The problems of ring networks are that they are susceptible to failure. When just one
communication link or node ceases to operate, the whole ring fails. The other issue is inherent to
ring structure: a propagation delay is created as data propagates through the ring.
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In a ring structure that would be implemented with ‘T’ connectors, propagation delay would not
be a problem since it would be reduced dramatically. Most of the delay in the previous structure
is created by reception and re-transmission of information through the node. However, the same
discussion about optical power distribution applies here. The difference is that, in this case, a
double path would be provided (optical signals would propagate in both directions) to the
controller board.

3.2

D ATA M ULTIPLEXI NG

Data over optical fiber can be multiplexed in three ways:
-

Frequency multiplex

-

Time multiplex

-

Wavelength multiplex.

In frequency multiplex, channels are transmitted using different frequencies. Information has to
be shifted from its original frequency range to the carrier frequency. In time division multiplex
(TDM), channels are sent each in a predetermined time slot in a frame.
When wavelength multiplex is used, each channel is sent using a different wavelength (color of
the light carrier). The problem is that a different type of transmitter/receivers has to be used (they
operate on different wavelengths), and it is difficult to implement if more than two channels
should be multiplexed. At the reception point, filters have to be used before receiving the signal.
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3.3

ISO/OSI

Data network layering is a principle in which network operations are grouped into hierarchical
functional blocks. The module within hierarchy performs a part of the overall functions. Data
messages can be repackaged or analyzed at each of the layers.
One of the best known reference models is the model of Open System Interconnection (OSI)
developed as an international standard for data networks by the International Standards
Organization (ISO). This model defines seven network layers:
•

Physical interface

•

Data link control

•

Network

•

Transport

•

Session

•

Presentation, and

•

Application layer.

The physical layer (PL) provides a link for transmitting a sequence of bits between any pair of
nodes joined by the physical communication channel. The physical interface module is on each
side of the communication channel whose function is to map the incoming bits from the next
higher layer (Data link control).
The data link control layer (DLC) data is encoded for transmission over the physical layer. It
provides some error detection and puts data into data frames that will be recognized at the
reception point.
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The network layer checks the data header for the purpose of routing and flow control. Packet
address field is checked at this layer.
At application layer a use of specific fields, within a data packet, is defined.

3.4

C ONTROL N ETWORKS

In standard voice and data communication networks over which multimedia, audio or other types
of data are transmitted, data frames can be several kilobytes long. In contrast, in the discussed
modularized, PEBB-type system, only short messages are exchanged. Networks that are
designed for this type of communication are control networks. While the major concern of data
networks is throughput, in control networks, it is reliability, responsiveness and predictability
[19]. The development of these networks started around 1980 when smart sensors began to be
developed and to be used in digital control [20]. Today, there are many standards on the market;
they were developed for different purposes (within cars, buildings, for motion control, etc) and
by different companies [21].
Typically, control networks operate on low-cost, twisted pair cables. Today, for many of these
networks, optical fiber is considered a new medium. There are also some types of control
networks that developed from opposite directions - they started with optical fiber, and then added
to their standard the use of copper cable, such as Fibre Channel.
A summation of characteristics of some of the popular control networks is given in Table 3.1.
Most of the networks have an arbitration scheme, which would be excessive in a power converter
communication system, while a speed requirement is reached only by a few. Standards that are
intended for motion control are closer in nature to power converter systems, as those are also
synchronization critical applications. The popular SERCOS [22], [23] standard does not have
enough throughput. The MACRO protocol [24] comes closest to the needs of power converter
communication system, so the solution proposed here is based on modification of MACRO with
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an improved synchronization scheme. The most relevant control networks are briefly presented
below.
Table 3.1 Control Network Characteristics
Network

Speed

Max # of Arbitration Cable type
nodes

BITBUS 375Kb/s

Primary
application

32 or 250 Master/

Twisted pair Intelligent I/O

Slave

modules, Process
Control

World
FIP

31.2Kb/s, 64 or 256 Bus Arbiter Twisted pair, Real-time Control,
1Mb/s,

copper wire, Process/ machine

2.5Mb/s

optical fiber

Profibus 9.6,..,

32 or 127 Hybrid

1500kb/s

CAN

1 Mb/s

30

Twisted pair, Inter-PLC

medium

preparing for communication,

access

fiber

CSMA/CD

Twisted pair Sensor/ actuators,

enhanced
Lon
Works

Factory automation

automotive

Up to 1.25 32000

Predictive

Twisted pair, Appliance control

Mb/s

CSMA

coaxial

Collision

cable, fiber

Avoidance

optic cable,..

Ring

Plastic

SERCOS 2-4 Mb/s

256

Motion Control

management Optical Fiber
MACRO 100 Mb/s

256

Ring

Glass

management Optical
fiber, twisted
pair
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Motion control

LonWorks Networks
LonWork [25] technology is used today for different applications. It is intended to provide
solutions to problems of designing, building, installing and maintaining control networks.
Intelligent nodes communicate with each other using a common protocol. The LonTalk protocol
implements all seven layers of the OSI model. Its main characteristics are summarized in Table
3.2.
Table 3.2 The LonWork network characteristics
Characteristics

LonWork

Transmission Medium twisted pair, power line, RF, coaxial cable,
infrared, fiber optic
Arbitration

Predictive CSMA Collision Avoidance

Link Length

Max. 30 m

Speed

up to 1.25Mbps

Network Nodes

Max. 32000

Synchronization

No

Features

supports large number of nodes, networks
hierarchy, incorporates a full set of network
management

Applications

appliance control

The LonWork protocol is worth considering in executable level communication. It supports a
large number of nodes on a network and is hierarchical in nature. The main benefit is that it is
defined for fiber optic interface and is gaining a larger user base.
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The speed of the network is not very high (1.25 Mb/s), but at executive and zonal level that is not
a critical factor. Executable level commands are not time-critical in nature. Furthermore, if an
operator at a computer is issuing commands, the limiting factor is not the network bandwidth,
but a human reaction time.
The advantage of choosing this network is that LonTalk is the open protocol. The company that
has designed LonTalk protocol, Echelon, has allowed companies to port LonTalk to the
processor of their choice. Besides the expected features, such as media access,
acknowledgments, and peer-to-peer communication, it also includes more advanced services
(sender authentication, priority transmission, mixed data rates, foreign frame transmission, etc.).
Because of its advanced services, it would be easy to implement more than just PEBB
communication at this communication level. It is possible to send other data that is not related to
power converter systems, but intended to the same executable level nodes, through this network.
The limiting factor is bandwidth. If other applications are identified and network speed becomes
an issue, it would be advisable to consider other protocols, such as an Internet-like computer data
network.

Controller Area Network (CAN)
CAN [21] is one of the more popular Fieldbus [20] protocols. CAN is a high integrity serial data
communication bus for real-time applications. It was developed originally for use in cars, but
today it is used in other industrial automation and control applications. It uses carrier sensing
multiple access/carrier detection scheme (CSMA/CD) [17] with the enhanced capability of nondestructive arbitration to provide collision resolution. The priority of a message is determined by
the value of its identifier. Data messages do not contain addresses; instead, the identifier labels
the content of the message. The characteristics of the CAN network are shown in Table 3.3.
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Table 3.3 The CAN network characteristics
Characteristics

CAN

Transmission Medium twisted pair
Arbitration

CSMA/CD enhanced

Link Length

40m-1Mb/s, 1km-20 kb/s

Speed

up to 1 Mb/s

Network Nodes

Max. 30

Synchronization

No

Features

Low cost, efficient for short messages

Applications

In sensors/actuators, automotive

The implementation problem of this scheme is the low network bandwidth. It is simply too slow
to carry the necessary data for a power converter system. The non-destructive bus arbitration is
very interesting, but unnecessary in this application. This network is more appropriate for the
status information oriented systems, where data is transmitted at some random time. The
requirements of a power converter system put more emphasis on the systems data, which are
intended for retrieval of real-time, isochronous data. The ABB Power Systems, a company
involved in a power electronics filed, has included the CAN communication logic on their
controller board for communication to the higher level control [26].

SERCOS
SERCOS (Serial Real-time Communications System) is designed primarily as a multi-axis
motion/machine control standard that provides open controller-to-intelligent digital drive
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interface specifications. It was accepted as an international standard, IEC 1491, in 1995. Its
main characteristics are given in Table 3.4.
As a multi-axis motion standard it is capable of synchronizing communication nodes. It can
support up to 254 digital drives connected to the higher level controller. The network operates at
4 Mb/s speed. Communication cycle time is set during initialization. Predetermined cycle times
are: 0.062ms, 0.125 ms, 0.25 ms, 0.5ms, 1ms or any multiple of 1ms. It utilizes plastic optical
fibers.
It has a ring master-slave structure. The master initiates a communication cycle by sending a
Master Synchronization Telegram (MST). Each slave node uses the MST to resynchronize its
clock, so that it can calculate the exact time it could reply. The one-byte data that is a part of a
MST indicates if the ring is in initialization or communications phase.
Table 3.4 Characteristics of the SERCOS network
Characteristics

SERCOS

Transmission Medium Plastic fiber
Arbitration

Master – Slave

Link Length

Max. 30 m

Speed

4 Mb/s speed

Network Nodes

Max. 254

Synchronization

Yes

Features

Designed for similar application

Applications

Motion control
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The fastest cycle occurrence for SERCOS is 1/0.62 ms = 1.6 kHz. However, data needs to be
delivered to a converter in every switching cycle, which would mean that a converter utilizing a
SERCOS interface could operate at a maximum switching frequency of 1.6 kHz, which is too
low for today’s applications.
A good characteristic is its physical layer, since it is desirable to use plastic optical fiber because
of its EMI immunity and lower cost. Synchronization is necessary for a power converter system,
as well as for a motion control system, because phase legs need to operate synchronously.

MACRO
MACRO (Motion And Control Ring Optical) is a non-proprietary digital interface developed by
Delta Tau Systems for the connection of multi-axis motion controllers, amplifiers and I/O on a
glass optical fiber or twisted pair ring [24]. It is a master-slave, ring type, motion control
standard. It operates at a considerably higher speed than SERCOS. It utilizes a physical layer of
the Fiber Distribution Data Interface (FDDI), (ANSI X3T9.5) [17] network. It uses 4B/5B NonReturn to Zero, Invert on Ones (NRZI) [28] data encoding and transmits data at a speed of 125
MHz. Such high-speed capabilities are achieved by implementing most of the communication
protocol in hardware.
MACRO protocol allows multiple master nodes, as well as a slave node becoming a master node
in case of a ring break. Nodes on a ring can be passive or active. Only the active ones accept
data, while the passive ones just pass it on.
A master node initiates communication and sends data down the line. The node to which the data
frame is addressed, accepts the frame and substitutes received packages with its own data. That
data goes back to the master node. If the data frame is not addressed to the node, those frames
are just passed on. Communication is unidirectional.
The data frame starts with a “command byte”. An address byte follows. An address consists of 8
bits, where the higher four represent a master number and the lower four a slave address. The
third through eleventh data fields are data bytes. Their format is specified in a MACRO
application layer. The twelfth byte is a checksum byte.
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There is only one master synchronization station on the ring. It is the one that initiates the ring.
Stations on the ring are synchronized on a pre-specified node-number data packet. The purpose
of the synchronization packet is to ensure tight coordination between axes and to keep the clocks
of different stations from ‘walking’ from each other and producing a ‘beat’ frequency.
Data packets are divided into four fields: there are three two-byte fields and one three-byte field.
Their use is defined by the MACRO standard. It does not define these fields for use with a power
stage.
Table 3.5 Characteristics of the MACRO network
Characteristics

MACRO

Transmission Medium Glass fiber, twisted pair
Arbitration

Master – Slave

Link Length

Max. 100s of meters

Speed

125 Mb/s

Network Nodes

Max. 254

Synchronization

Yes

Features

Small user base, designed for similar
applications

Applications

Motion control

Major features of the MACRO network are shown in Table 3.5. This standard has all of the
bandwidth needed for power converter applications. It even allows their operation at higher
frequencies, which are used seldomly. The optical fiber is defined as a physical layer, but the
recent development in plastic fiber transmitters and receivers allows us to use them instead, at
the same speed as specified by this protocol.
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By comparing the Table 2.2, which summarized the requirements needed for the power converter
communications network, with the characteristics of existing standards in Tables 3.2 – 3.5, the
decision was made to use the MACRO standard as a starting point for the design of Power
Electronics System Network (PES Net).
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Ch ap t e r 4

4.1

S Y N C H R O N I Z A T I O N O F C O N V E R T E R M O D UL E S

P ROPAGATION D ELAY P ROBLEM

When a ring communication topology is applied to a power converter system, a problem of
inherent propagation delay is introduced. The commands arrive to the nodes with a delay that
accumulates from node to node. This would cause the nodes located farther away from the
controller to have a larger latency than the ones that are closer. Both SERCOS and MACRO
protocols are based on a ring structure. When a ring-type communication structure is applied to a
power converter system its phase-legs become daisy-chained in the communication sense.
The delay created by a ring structure becomes an important issue for power electronics system
and motion control systems. These kinds of systems need to operate in synchronous way. In the
case of a motion system it is obvious that coordination of movement is important. In power
converter systems, the asynchronous behavior of phase legs can lead to larger ripple of currents
and voltages. Actually, in such a case, the converter does not operate according to the original
control algorithm, and in some cases a catastrophic failure may result.
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For example, in the ring structure, shown in Figure 4.1, communication is uni-directional. Each
node has two fibers connected to it. One is for receiving information, and the other is for
transmission.

Single Fiber Bus
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Controller
Communication
Communication
Interface
Interface&&PWM
PWM

PEBB
PEBB

PEBB
PEBB

Gate
Gate
Drives
Drives

L
e
v
e
l

A
V

B
U
S

M

T

Signal Processing
PEBB
Figure 4.1 Power converter system with daisy chained phase – legs

When the controller sends a synchronization command, we can assume that it has reached the
first phase leg in a daisy-chain almost immediately (Figure 4.2), because the delay through
optical fiber is minimal. The first node passes that synchronization signal to the next node, but
now that signal is sent with a delay, which is equal to the propagation delay through the first
node. When the second node transmits the signal, it has an accumulated delay of propagation
through two nodes, and so on.
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The effect that a ring-type or daisy-chained control/communication structure has on the behavior
of power converters is investigated in [27]. Prior to this, there was no study in the literature on
how to approach this problem and what is a “short enough,” or acceptable, delay. This is a big
problem for a person designing such a system.

Master sync

t

First node

Second node

t

td
t
2td

Third node

t

td - node propagation delay
Figure 4.2 Data propagation through ring type structure
The possible ways to mitigate the problem are proposed in [27]. Using simulation in Saber, the
critical delay at which the operation of the power converter still is acceptable is determined.
Some design guidelines for this type of system also are given. The results form [27] are briefly
summarized below.

Simulation of Converter Operation with Propagation Delay
The three-phase boost rectifier topology was used to investigate the problem of propagation
delay in daisy-chained systems. Figure 4.3 shows a discrete switching model of the digitally
controlled boost rectifier simulated using SABER. The phase legs are modeled as ideal switches
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with anti-parallel diodes. Space vector modulation (SVM) is used in generating the switch duty
cycles [2].
PEBB1 PEBB2 PEBB3
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Voltage
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Idref
Iqref = 0

Figure 4.3 Discrete switching model of a digitally controlled boost rectifier
Three cases were simulated:
a) All phase legs are synchronized,
b) The communication delay between two adjacent phase legs is 1% of a switching period, and
c) The communication delay is 5% of a switching period.
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The switching frequency of the simulated converter is 20 kHz. Figure 4.4 shows the three-phase
current and dc-bus voltage waveforms for all three cases.
These simulation results show that an uneven delay between the modules can cause waveform
distortion as the delay becomes comparable to the operating switching period of the converter.
The simulation shows that a propagation delay of 1% of a switching period causes minimal
difference in waveforms compared to the case without delay. However, a delay of 5% causes
significant change in converter operation and its waveforms.
It is noticeable from Figure 4.4c that the input current distortion is not the same in all three
phases. In the simulations, the converter power stage and control were balanced fully except that
the delay accumulates from one phase to the next. This uneven distribution of the delay among
the three phase legs caused the current imbalance and, consequently, the waveform distortion
and significant oscillations of the dc-bus voltage.

Switching Frequency Limitations
A qualitative conclusion from the simulations is that the performance of a converter with daisychained control architecture is not affected significantly by the accumulating communication
delay as long as the delay between two phase legs is on the order of 1-2 % of the switching
period. This conclusion has been derived from the example of the converter with three phase
legs. However, it is applicable to more complex conversion systems.
The largest amount of the propagation delay is accumulated at the last node. Assuming that the
total allowed propagation delay is 4% of the switching period (i.e. the delay between two phase
legs is 2%) the maximum switching frequency, can be written as:
f sw <

1
,
25 ⋅ (n n − 1) ⋅ τ d

(4.1)

where nn is the number of nodes (phase legs) which need to be synchronized, and τ d is the nodeto-node delay time.
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(a) Case 1.

(b) Case 2.

(c) Case 3.

Figure 4.4 Three-phase currents and dc bus voltage with different propagation
delay: (a) no delay, (b) delay is 1%, (c) delay is 5% of a switching frequency
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Problem Solutions
Classically, nodes in a communication structure are synchronized using one synchronization
command. This is appropriate when the system has a star structure. For a ring topology, there are
few more appropriate synchronization methods that compensate the ring propagation delay. This
delay can be compensated for in the communication algorithm, hardware, or could be avoided by
using a more star-like topology (Figure 4.5). Furthermore, a control design can be modified in
such a way that it takes into account the propagation of the ring structure.
The assumption of these algorithms is that the delay through the slave nodes is known. This is
true, since the hardware introduces a dominant, fixed delay, which can be measured. Some
smaller, variable delay is introduced by the propagation time of a signal through optical fiber.
This delay depends on the fiber length, and it is negligible for shorter distances.

Local
Controller

Phase
Leg

Phase
Leg

Phase
Leg

M

Figure 4.5 Converter topology with a single fiber bus
Ring Synchronization Sequence
The idea of this novel synchronization method is to send a synchronization sequence, instead of a
synchronization command. This sequence would initiate synchronization in each of the slave
nodes at approximately the same time (see Figure 4.6). The assumption of this algorithm is that
we know the delay through the slave nodes.
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Figure 4.6 Synchronization sequence
The sequence consists of (n+1) fields (Figure 4.7.a), where ‘n’ is the number of nodes that need
to be synchronized. The first field is a synchronization command that alerts the nodes to wait for
their time to synchronize. Following this are the address fields of nodes being synchronized.
After the synchronization command has passed, the node awaits its address field. When it is
received (Figure 4.7.b), the node generates an internal synchronization signal.
The importance of the new synchronization method increases at a slower speed of
communication, because in that case propagation delay also increases. This synchronization
technique can also be applied in motion control networks, such as SERCOS and MACRO.
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Figure 4.7 Illustration of the ring synchronization sequence in three-phase
converters
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Hardware Compensation
The hardware compensation of the propagation delay can be done in a similar way. Master node
sends synchronization command; after this command is received, each slave node waits for a
specified amount of time, before it issues a local synchronization pulse. The wait-time is
implemented in hardware, through use of counters.
Depending on the position of the node in a network chain, the implemented wait-time differs, but
is closely related to the node’s position in a chain. When the node addresses (na) are assigned
sequentially, so that the node which is first to receive the master node frames is assigned the
address ‘1’, and each following node is assigned address incremented by one, the node’s address
can be utilized for propagation delay compensation. The slave node wait time can be
implemented in hardware as:
tw = (n – na) * td ,

(4.2)

For example, the first node would wait for td * (n - 1) after the reception of a synchronization
command to issue local synchronization pulse.
This would achieve the same quality of synchronization as the previously proposed
synchronization sequence. Benefit over the previous method, is that the time is not wasted to
transmit the synchronization sequence. Drawback is that the node position, in reference to a
master node and the ring communication direction, has to be known.
In a ring structure, the auto-address assignment procedure in the initialization phase, can be
utilized to assign sequential node addresses.

More about this procedure can be found in

Chapter 5.3.
Topology Modification
One of the solutions to the delay problem of daisy chaining phase legs of the converter is the
application of a different communication topology. A multi-tapped bus (Figure 3.1c) is a
modification of a star topology. The difference is that it no longer has point-to-point links, but it
is a simplex multiaccess system.

4-42

The bus, in this topology, is a single fiber (Figure 4.5). Communication signals are sent using
two wavelengths, one for each direction of the data exchange. The controller transmits data to
the bus using one wavelength, and the power module nodes receive information sent on that
wavelength. The modules use the other wavelength to transmit information to the controller. All
of the nodes receive information simultaneously, but only the node that data is sent to, can
transmit an ‘answer’. If the controller transmits a synchronization pulse, no delay is introduced.
To implement this topology, a “T” connector for POF is needed. The system described in
Chapter 5, requires minimal modifications to use this kind of topology. The only change in
protocol described in [5], is that a node would not retransmit data intended for other nodes. It
would only send its own data when it is addressed.
The solution to the delay problem is not the only benefit of this system. With such a structure,
the nodes have just one fiber connector, instead of two. Reliability is also improved since a
malfunction of one slave node does not mean the failure of the complete ring. A drawback is that
the necessary hardware has not matured. An algorithm of self-assignment of node addresses
cannot be implemented. Instead, they have to be programmed into the device or assigned by
hardware.
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Ch ap t e r 5

P O WE R E L E CT R O N I C S S Y S T E M NE T WO R K P ES NET

PES Net is a control network tailored to the particular needs of power electronics systems. It is
intended for use in power-converter systems for control data exchange between a power stage
and a digital controller.
The task in designing this protocol was to come up with a smarter way to utilize the optical fiber
link between the digital signal processor that controls the system and each of the phase legs or
loads (nodes) of the converter system. This consequently would improve the reliability of the
system, ease the hardware debugging process, standardize the interface and reduce the cost of
building the system. Fewer fibers would be used and the number of transmitters, receivers, and
engineers’ time to implement control communication on such system would be brought down.
PES Net is, in fact, a more sophisticated way of using TDM. Information is sent using data
packages, which have their destination address. Since asynchronous communication is
implemented, the beginning of each packet is marked by pre-specified command.
A choice had to be made in respect to network topology. Because of the many benefits that the
ring structure provides, and specifically because just the basic fiber-optic components are
needed, the decision was made to implement this structure. It is very important to use a simple
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technology, which does not require extensive user training. It is much easier to deal just with
optical fibers, transmitters and receivers, than also with splices and optical stars.
The control network design for converter module communication is based on a MACRO and
FDDI protocol.

5.1

P ROTOCO L F UNCTIONING

In the communication sense, this is a ring structure, as shown in Figure 5.1. One fiber leaves
each of the nodes, and one comes in. Information is sent in only one direction. For the sake of
redundancy, a double ring can be implemented.
Master
DSP

Slave
Node

Slave
Node

Phase Leg

Phase Leg

Slave
Node

Slave
Node
Load

Phase Leg

Figure 5.1 Ring nature of proposed topology.
This is a master-slave structure, where converter controller is a master and power modules are
slaves. The master first transmits data packets for each of the slave nodes and then follows with a
synchronization sequence. One communication cycle corresponds to one switching cycle of the
converter.
In the passive state, slaves are just passing data to the next node. When the node recognizes its
own address, instead of passing data to the next node, it starts sending its own data, while it
stores the received data, as illustrated in Figure 5.2. When the packet is received fully and
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transmitted, node goes back to the passive state. Data measured on a power stage and status
information are delivered to the controller.

Phase Leg
(1)

Phase Leg
(2)

Phase Leg
(3)

ACTIVE
(addressed)
NODE

PASSIVE
NODE

PASSIVE
NODE

Figure 5.2 Ring Structure Functioning: Node (1) recognizes its address, transmits local
data, and stores received data. Other nodes are just passing data down the line.

5.2

P ROTOCO L L AYERS

The PES Net protocol does not have all of the proposed ISO/OSI layers. The implemented layers
are described below.

Physical Layer
In the designed system, the PL is plastic optical fiber link. Data that needs to be sent is
transmitted in the light form over the link. The Hewlett Packard’s HFBR-0507 [29] series optical
transmitter and receiver are used. The transmitter is a 650nm LED (HBR-1527) [29]. The
receiver is a PIN receiver HFBR-2526 [29]. They allow data transmission of 125 Mb/s over
100 m. These components can be used with POF or HCS® fiber [15]. Operational wavelength is
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650 nm (red light). The fact that visible light is used is beneficial for debugging and safety
purposes.

Data Link Control Layer
In the FDDI standard a 4-bit data is coded into 5-bit nibbles (4B/5B), making use of the most
efficient combination for transmission with a NRZI scheme. In this scheme, ones are represented
by transition, while on zeroes the signal remains the same. Use of NRZI coding makes clock
extraction from the data stream possible. The used AMD’s communication chip, TAXIchipTM
[28], receiver automatically does this.
The output of the optical receiver and input to the optical transmitter is a pseudo-ECL [29] data
sequence. Complementary pseudo-ECL signals are used. A transition between two levels
represents logical ‘one’, while the lack of transition represents logical zero. This representation
of the signal is particularly good for sending data over long distances or in noisy environments.
A two-line complementary input/output of the fast signals is very appropriate for printed circuit
board (PCB) routing, because it picks up less EMI noise.
TAXIchip™ transmitter and receiver perform functions in this layer. Data is supplied to it on an
8 bit wide bus. TAXIchip™ adds two more bits to every 8 bit word, based on 4B/5B coding.
This coding uses combinations of ones and zeroes, which are best for clock extraction and
resynchronization on the receiver side. This coding is regulated in the FDDI standard, [28].

Network Layer
Data Formats
There are three types of data frames defined in the PES Net. They are: command frame, data
frame and synchronization sequence frame, as shown in Figure 5.3.
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Figure 5.3 Data formats
Data Frame
Data frame is 13 words long. Nine bytes are for data, one is the address field, two are CRC and
one word is the address identifier, as shown in Figure 5.3.
The address identifier command marks the beginning of the data frame. Following is the node
address and data fields. The address field is 8 bits long, so theoretically up to 255 nodes can be
supported. In MACRO protocol, the address field is divided in two. The first part determines the
master address, while the second one determines the slave address. This allows the ring to have
multiple masters. In the PES Net, the upper three bits are reserved for possible multiple master
addresses, while the lower five bits can address 32 slave nodes.
The frame sent by the master has eight bytes intended for real-time data (PWM information) and
one for non-real-time data. The PWM signal information can be sent in two ways. The simplest
way is to send two digital 8-bit values: the ‘up’ time, tup, and the ‘down’ time, tdn. Based on these
two values, on-board digital logic can generate a PWM signal (Figure 5.4). Two time values are
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given and implemented in reference to the synchronization pulse. The controller sends these two
values for every switch.

tup = 3; td = 6

tup = 6; td = 3
Tsw = 10
Figure 5.4 Generation of PWM signal based on two-byte digital information
Table 5.1 Adopted Data Field Format in Master-to-Slave Data Frame
Data Byte

Purpose

Data 9

Non-real time

Data 8

tdown for the switch n, higher byte

Data 7

tdown for the switch n, lower byte

Data 6

tup for the switch n, higher byte

Data 5

tup for the switch n, lower byte

Data 4

tdown for the switch p, higher byte

Data 3

tdown for the switch p, lower byte

Data 2

tup for the switch p, higher byte

Data 1

tup for the switch p, lower byte
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In the soft-switching case, the PWM signals can be locally generated. This is possible because
there is some form of local intelligence on the PEBB board and because the PWM signals for the
auxiliary switches are related to the PWM signals of the main switches. The shape of the
auxiliary PWM sequence depends on the used soft-switching technique, but both PWM signals
can be generated based on the tup and td for the main switch. Consequently, the auxiliary PWM
signals are generated on the slave board, without sending any extra information. Parameters
necessary for the auxiliary switch PWM generation can be negotiated in the initializing phase.
The other option is to allocate a space in a data frame for auxiliary switches tup and td, and treat
them, in communication terms, in the same way as the main switch transition times. Any other
combination of different timing instants with different resolutions can be implemented, as long
as the total information can be coded with 64 bits in every switching cycle.
Table 5.2 Adopted Data Field Format in Slave-to-Master Data Frame
Data Byte

Purpose

Data 9

Status

Data 8

Non-real time data

Data 7

Non-real time data

Data 6

Real-time data, higher byte

Data 5

Real-time data, lower byte

Data 4

Voltage, higher byte

Data 3

Voltage, lower byte

Data 2

Current, higher byte

Data 1

Current, lower byte
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The frame sent by a slave node has six bytes intended for real-time information (digitized current
and voltage values) and three for non-real-time data (temperature, fault and status information).
The data formats have been adopted in this thesis are given in Tables 5.1 and 5.2.
Synchronization Frame
The algorithm implemented is a synchronization sequence described in Chapter 4. The master
sends a synchronization sequence when synchronization is required. Each slave node recognizes
the ‘Sync’ command and goes into Synchronization-state, within which it waits for its own
address. When the address is received, it generates a synchronization signal for its phase leg.

Synch.
Identifier

Address
n

Address
(n-1)

Filler

…

Address
1

Figure 5.5 Synchronization Frame
Format of this sequence is shown in Figure 5.5. Frame starts with Synchronization identifier, and
is followed by the several 8 bit long data blocks containing addresses of slave nodes and ‘filler’
fields. The first address to be transmitted is of the slave node that is last to receive the frame. The
number of address data blocks sent equals the number of slave nodes on the ring, which we want
to synchronize.
The ‘filler’ is used to implement the delay into synchronization frames. From the hardware and
software implementation point, the simplest way to define the filler is in terms of data words.
Instead of having an extra timer that would measure the desired delay, it is much simpler to send
several empty data bytes in between address fields of a synchronization sequence.
For example, in the implemented three phase system the measured propagation delay through
one node is 468 ns. This delay is approximately equal to 4 or 5 data words, because it takes 100
ns to transmit one word at ring speed of 125 Mb/s. If 4 bytes are used, the synchronization
sequence is shorter, so the bandwidth of the whole system is affected less. In the case that a 5word delay is used, synchronization is more precise.
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Figure 5.6 Synchronization frame for the three-phase converter

The synchronization sequence for a three-phase system (one master and 3 slave nodes), shown in
Figure 5.6, has a format:
-

A synchronization identifier is followed by the address of the node that is the last one to
receive the frame (node 3 in Figure 5.2.),

-

After a 5-byte delay (the node address and 4 empty data words, which takes 500 ns to
transmit), it sends the address of node 2.

-

After another 5-byte delay, it sends the address of node 1.

Use of this algorithm reduces the propagation delay from 468 ns to (500 ns – 468 ns) = 32 ns.
This means that its implementation delay is reduced by 93%. If needed, an even better
synchronization can be achieved, but a more complicated implementation is required. For that
purpose, a delay would be defined in terms of master node’s clock frequency or as fraction of
data words.
This algorithm relies on a specific ring topology. The delays are independent of the switching
frequency of the converter, but are related closely to the data transmission rate. An increase in
communication speed causes a decrease of propagation delay.
There is one more assumption made, and it concerns the state of a TAXIchip: the slave node has
completed sending the last package-byte to-be-transmitted. This should always be true because
the slave speaks only when spoken to, and transmits the same number of bytes that it has
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received. Otherwise, a TAXIchip may have a buffered byte of data that is waiting to be sent,
which would distort the timing of a synchronization sequence.
It is a good practice to induce a taxi-synchronization command [28] to be sent prior to the ringsynchronization sequence. This forces the TAXI-receiver to re-synchronize its clock to the
TAXI-transmitter clock. Because of this, the time between the last byte transmitted and the
beginning of the synchronization sequence should be about 1.5 of the line-word length (duration
of 15 line-bits or 120 ns), but, if possible, it could wait the time for the full length of the package
to be transmitted.
Slave nodes use the synchronization pulse generated during the synchronization sequence as a
time-marker for resynchronization of the digital counter logic, which controls A/D converters
and PWM generator. Use of A/D with a built-in multiplexer allows a use of the same A/D for the
conversion of current, voltage and temperature. The most critical and fastest changing variable,
such as current, should be measured last and as close as possible to the time when data is sent to
the controller. The least critical and slowest variable, such as temperature, should be measured
first.
Command Frame
Command frames consist of one word - the actual command, as shown in 5.3c. Since
TAXIchip™ is coding 8 bit data word as a 10 bit word (because of 4B/5B coding) [28], not all of
the combinations are utilized for data word coding. The unused combinations are defined as
commands. TAXIchip™ receiver has a separate output bus for data and separate for commands.
A total of 15 different commands can be specified. Six are predefined.
1. Address Identifier
-

Marks the beginning of the data frame.

2. Network Synchronization Identifier
-

Marks the beginning of the synchronization frame.

3. Shutdown Identifier
-

Sent by the master when shutdown of the system is desired.
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4. Mater-Reset Identifier
-

Sent by the master when reset of the system is desired.

5. TAXI Sync Command
-

Used to keep TAXI-Rx synchronized to TAXI-TX. This is generated
automatically by TAXI-TX.

6. Broken-line Indicator
-

No light in the incoming fiber.

In the case of a broken line (no light in an incoming fiber), TAXIchip will detect this as a
reception of a ten zero bits. This is interpreted as a command “1111 1111”. This command is not
used in this protocol, so reception of such a command indicates the broken line or improper
function of TAXIchip™ transmitter. In the case when there is no data to send, the TAXI-TX
would send a TAXI synchronization command, and it would never allow TAXI-Rx to receive the
stream of 10 bit zeroes, since it can be interpreted as a valid command. This particular command
can be used for the detection of a line failure. This sequence is not used for any other purpose by
the protocol, so the node knows that failure has occurred in the case of a repetitive reception.
After a failure is detected, the block can employ a converter shutdown.

5.3

P ROTOCO L I MPLEMENTATION

AND

A PPLICATION

Hardware Implementation of Master and Slave Nodes
The architecture of a master and the slave hardware is similar. The difference is that the master
does not need the components intended for the interface with the converter (gate drives, A/D and
PWM generator), but it has a digital signal processor (DSP) with implemented control
algorithms. A filed programmable gate array (FPGA) is used for communication interface in
both cases. In the case of the master node, the FPGA can be of a smaller capacity. The master's
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FPGA is programmed in such way that the DSP ‘sees’ it as Read registers that contain sensed
values (currents and voltages) received from slave boards and Write registers in which the newly
calculated duty cycle information is stored.
A master node (Figure 5.7a) contains a DSP, boot memory, FPGA, optical and TAXIchipTM
receiver and transmitter. A slave node (Figure 5.7b) has a FPGA, boot memory, optical and
TAXIchipTM transmitter and receiver, gate drives, sensors, and A/D. All phase leg control
modules (slave nodes) are the same.
Use of TAXIchipTM receiver and transmitter [28] chips makes the FPGA design easier and its
speed requirements lower. It provides all of the multiplexing, demultiplexing, encoding,
decoding, and time recovery functions. TAXIchip is used as sophisticated serial-to-parallel and
parallel-to-serial register. Parallel data output or received by FPGA at a speed of 10 MHz is
converted to a pseudo-ECL serial 125 MHz datastream using the FDDI standard.

Optical
TAXI
Optical
TAXI
RX
and
TX
RX
RX and TX RXand
andTX
TX

Optical
TAXI
TAXI
Optical
RX
and
TX
RX
andTX
TX
RX and TX RXand

FPGA

FPGA

DSP
DSP

A/D
A/D

Boot
Boot
Memory
Memory

Boot
Boot
Memory
Memory

Sensors
Sensors

Gate
Gate
Drives
Drives

Controller Board

PEBB Board

Figure 5.7 (a) Master node structure; (b) Slave node structure.
The optical transmitter and receiver operate at 125 Mb/s [29]. They can be located on a smaller
independent board that can be used as an FDDI transceiver and can be interchanged easily with
an optical transceiver that supports a different type of optical fiber.
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The slave node’s functional blocks are implemented in an FPGA, as shown in Figure 5.8. The
communication control block is the most complex. It controls the operation of TAXIchip™
receiver and transmitter, performs communication protocol functions, and communicates with
other functional blocks within the node.
The PWM Generator block produces PWM signals for the node gate drives. The data necessary
for this are stored in PWM Memory block. The Sensor Control block supervises the operation of
A/D converters and stores the measured values. The Fault Control block keeps track of the fault
events and reports them to the master node. This block includes a watchdog timer (WDT) that is
activated in the case that the valid data has not been received for several communication cycles.
The CRC block generates and examines cycle redundancy check (CRC) fields in the data frames.

Communication
Interface
CRC

Fault
Memory
Control

Sensor
PWM
Control
Generator
FPGA
Figure 5.8 Functional blocks implemented in slave FPGA.

Communication Control in Slave Nodes
PES Net communication control is built into the hardware, specifically in an FPGA device. This
results in a faster performance. It is easiest to describe and implement the operation of the
designed communication system using state machines [30] and VHDL [31]. State machines are
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supported in the Altera’s MAX plus software for programming FPGAs in both VHDL and
AHDL [32].
The state machine concept implementation is represented graphically in Figure 5.9. ‘clouds’
represent the states. The arrows represent the state transitions. When a specified condition
(written on top of the arrow) is fulfilled, or an appropriate ‘event’ occurs, the state change
occurs.
In the slave nodes, the events that cause ‘change of state’ are commands received from the
master through the optical fiber (address identifier, synchronization identifier, shutdown) and
signals from within, or from outside of the FPGA. States act as memory elements that keep track
of the system history and generate appropriate actions for a specific event.
Event 33 /Action 33

State 3
State 2
Event 12
Event 13
Event 21b /Action 21
!(Variable)

Event 21

State 1

Figure 5.9 State machine concept
Principal state diagram of the communication control block is shown in Figure 5.10. Defined
states are:
1. Wait State
2. Address State
3. Active State
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4. Synchronization State
5. Shutdown State
6. Initial State
The slave node starts out in the Initial state. In Initial state power switches are always off, and
cannot be turned on. The purpose of this state is to assure that the ring is operational before the
power converter is turned on.
Once the node receives an initialization command, it goes to the Wait state. From this state,
depending on the received command, it can go to Address state (used to check the data frame
address), Synchronization state (where it waits for a local address so it would synchronize), or
Shutdown state (if the watchdog timer activates or Shutdown command is received).
Address
State

Synchro
State
Synchronization
Identifier

Address
Identifier

Local Address

!(Local Address)

Local Address

Active
State

Wait State
Last Byte
Received

Master Reset

Master
Reset

Shut-Down
State

Master
Shut-Down

Initial State

Figure 5.10 Basic state machine diagram of the communication control block
The complete state diagram must include fault conditions, which are described next.
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Fault Types
In the network, faults can occur for the various types of reasons. In the PES Net they are
classified as the hardware, communication, and protocol faults. The hardware fault alerts the
system of the mal-functioning of the hardware. The communication fault is identified when there
is a problem with a network connection (a fiber break or bad reception). The protocol fault
occurs when an unexpected command is received.
Some of the faults are fatal and require the immediate system shutdown. The others are just
reported to the master node in the ninth byte of the data field. Flag registers at each of the nodes
keep track of the fault events. After the faults, along with the measured variables, are reported to
the master node, flag registers are reset. These registers and the associated logic form the Fault
control block in Figure 5.8. Implemented fault types are briefly described below.
PEBB Fault
Hardware fault. A phase leg is generating a fault signal because the gate drive detected a switch
over-current condition. Can be generated while in any state. Fault is reported to the master.
Communication operation continues as normal.
Watchdog Timer Fault
Communication fault, connection failure or communication control block failure. When a fatal
communication error occurs, and no data is received for the time specified in a software code,
Watchdog timer shuts down the converter. Can happen in any state. The system goes into the
Shutdown state.
VLTN Fault
Communication fault. The TAXI receiver has generated a ‘violation’ message. There was a
problem receiving data from the serial line. Can be generated while in any state. If the system is
in Active-state or Shutdown-state, it remains there; otherwise it goes to Wait-state. VLTN flag is
set to high, data received is assumed to be all zeroes. The Fault Control block generates a
message to notify the Watchdog timer.
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Protocol Fault
Protocol fault. Unexpected command received. Generated when node is expecting data or its
address, but receives an unexpected command instead. For example: node that is in the address
state waiting to receive its address instead receives synch identifier. Can be generated while in
Address-state, Synchronization-state or Active-state. If the system is in Active-state it remains
there, so it could resume sending of sensed signals. Received data is assumed to be all zeros. The
Fault Control block generates a message to notify the Watchdog timer.
Invalid Data
Protocol fault. Data that is received is, for some reason, labeled invalid. Such data is not used by
the system. The fault is reported to the master. The Fault Control block generates a message to
notify the PWM Generator, so it would produce PWM signals based on old data.
The source of the error may be:
- A data packet is smaller than expected: one or more data bytes were rejected along the
communication line. It may be caused by a VLTN fault in the preceding node. It is
detected when the command is received while the node is waiting to receive data (Activestate). Perhaps the expected detection method would be to see if nine continuous data
bytes are received, but the communication hardware and software do not require data to
be received in consecutive clock cycles.
- VLTN fault is received while node is receiving data (Active-state).
- The Watchdog timer is activated, so all the data is marked as invalid.
- Reception of master shutdown has the same effect.
CRC Check Fault
Communication fault. The CRC check sum does not match the received data frame. It should be
generated while the node is in Wait State. The fault is reported to the master; old data will be
implemented, just-received data is discarded. This fault is not reported to the Communication
Control block.
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Information about Fault events is reported to the master node in each communication cycle.
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Figure 5.11 State machine implementation of the communication control block.

State-Machine in Communication Control Block
The behavior of the slave node’s Communication Control block is implemented using State
machine concept, as shown in Figure 5.11. Modified diagram is used to implement the
Communication Control block in the master node.
In the master node receiving and transmitting functions are separated. The transmitting block is
simple and does not require use of state-machine concept. The receiving part utilizes this
concept. In this case, the Address-state is unnecessary, because the master node receives all the
data and uses the address field as a pointer to the memory location, in which the data should be
stored. The Synchronization-state is also unneccessary, because the controller does not require
high-precision synchronization with phase-legs.
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Wait State
This is the default operational state. Received data or commands are just passed to the next node.
If a valid command is received, the system enters the appropriate state.
Fault Case:

If VLTN fault occurs while in this state, the fault is not reported because that data
is from/for some other node; no data is sent instead. That error will be detected
and reported as Protocol fault at the reception point, since the data frame will
become at least one data byte shorter, depending on the number of VLTN faults.

Address State
The system can be in this state until the next byte is received. The state is entered if the Address
identifier is received. If the frame’s address field matches the node address (local address), the
node goes to Active-state, if not, it goes back to Wait-state. Data received in this state is passed
down the ring.
Fault case:

If a synchronization command is received while in this state, the system goes to
Synchronization state. The information from the last, correctly received, data
frame is going to be implemented. The Protocol fault is reported. If the received
command is an Address identifier, the system remains in this state, but reports the
error as a Protocol fault.

Active State
This state is entered from the Address state. Data received in this state is stored locally, while the
measured signals are sent to the master (i.e. passed to next node). The system goes to Wait state
when all data is received or a Shutdown or Reset command is issued.
Fault case:

The highest priority in this state is given to the data transmission, once it has
started. In other states, where no locally stored data is sent from the node,
priority is given to the newest received command. Therefore in the case of
protocol violation, such as the arrival of Synchronization identifier (arrival of a
Shutdown or Reset command is not a protocol violation), the system remains in
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this state so that the node can finish sending sensed data, but a fault is reported.
In case of a fault, received data or commands are not used.
Synchronization State
The system enters this state after it has successfully received a Synchronization identifier. It
remains in this state until the local address is received. When the local address is received, the
synchronization flag is set to one. The system exits to a Wait state. Data received in this state is
passed down the ring.
Fault case:

The VLTN signal sends the system to Wait state and VLTN Fault is reported. A
protocol fault occurs when the Address identifier is received while in this state:
the system goes to an Address state and a Protocol Fault is reported.

Shutdown State
The system can exit this state only when a master-Reset command is received. This state can be
entered when either a master Shutdown command is received or the Watchdog timer expires. A
slave node keeps passing the data on the ring in order to keep the ring functional. The Shutdown
command itself must be passed on. There is no fault case defined for this state.
Initial State
This is the default state on start-up. The node never enters it again. It is used for an initial
network check-up. In this state, the node waits for the initialization command from the master
node. After it is received, the node changes its state to a Wait state. Until that event occurs, the
node passes data down the line. When the master node receives the initialization frame back, it
knows that it can start sending control information. If there is some fatal fault at the initializing
node, it does not pass on the initialization command.

5-63

5.4

M AXIMUM S WI TCHI NG F REQUENCY

To calculate the maximum switching frequency of a converter using PES Net, the following
assumptions are made:
1. There is only one master and all slave nodes are PEBB modules;
2. The switching period and the control sampling period are the same;
3. Maximum computational and communication delay must be less than two switching
periods.
Under these assumptions, the communication and functional timing diagram of the converter is
shown in Figure 5.12.
When the controller finishes the control algorithm calculations, master node initiates sending of
Master Data Frames (MDFs) to each slave node. After certain ring propagation time (TP) these
frames are received in the slave nodes. The MDFs are substituted on the ring with the Slave Data
Frames (SDF). The ‘Sync’ signal is triggered by the interrupt generated by an on-board crystal. It
initiates sending of a Synchronization frame. The TSYNC, the time necessary to transmit the
synchronization frame, is larger that TP, the ring propagation time, because the propagation time
is built into the synchronization sequence.
The analog to digital conversion (A/DI) on the power stage should be performed so that it
provides the most accurate variable values for the controller. The data conversion process should
be finished as close as possible to the moment when the slave node sends SDF. The A/D
conversion can start at any prior time, provided that there is sufficient time to finish the
measurement process. The A/D conversion time is marked as TA/D in Figure 5.12.
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Figure 5.12 Communication cycle timing diagram
It is obvious from Figure 5.12 that the switching period must satisfy
TSW ≥ TDSP + TMDF + TSYNC ,

(5.1)

where TDSP is the time that DSP requires for recalculating the control algorithm and TMDF is the
transmission time for sending MDFs.
The protocol is designed to receive data, while transmitting, so the transmission time for MDFs
equals the transmission time for SDFs. This data transmission time can be calculated as:
TMDF = nn * tdf ,

(5.2)

where nn is the number of slave nodes on the ring and tdf is the time needed to transmit one data
frame.
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Duration of one data frame can be calculated as:
tdf = tw * nwdf ,

(5.3)

where tw is a word transmission time and nwdf is the number of the words in a data frame.
A data word has the same duration as a command word. This is because the TAXIchip
transmitter codes an 8-bit data word, using 4B/5B coding, into a 10-bit word; a 4-bit command is
also coded into 10-bit long equivalent. Duration of one word can be calculated as:
tw = cb / rb ,

(5.4)

where cb is the number of bits in a line word, which equals 10, and rb is a bit-rate used for
transmission of optical signals (for PES Net it is 125 Mb/s).
Duration of a synchronization frame is:
tsync = (nn + 1) tw + (nn – 1) * tsd ,

(5.5)

where tsd is the time delay implemented into the synchronization sequence. This delay is
implemented as the number (nsd) of empty words:
tsd = nsd * tw ,

(5.6)

Total propagation delay can be calculated as:
Tp = nn * tnp + tmp + tcable ,

(5.7)

where tnp is a propagation time through the slave node, tmp is propagation time through the
communication part of the master node, and tcable is propagation time through the optical fiber
(negligible compared to other values).
Propagation time through the slave node depends on a propagation time thorough the
TAXIchip™ receiver (tTAXI-RX) and transmitter (tTAXI-TX), and through the FPGA (tFPGA):
tnp = tTAXI-TX + tTAXI-RX + tFPGA ,

(5.8)
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The maximum tTAXI-TX and tTAXI-RX equals two tw; minimal is equal to one tw. The tnp is
approximately the same as tmp.
Based on equations 5.1 to 5.6, the maximum switching frequency is:

1
f sw max < 
 T + n * n * t + (n + 1)t + (n - 1)n * t + t
n
wdf
w
n
w
n
sd
w
mp
 DSP


.



(5.9)

When the values of tw= 13 and nwdf= 80 ns are used, and it is assumed that: tnp ≅ tmp ≅ nsd * tw,
this equation equals to:

1
f sw max < 
 TDSP + (14 + n sd ) * n n * 80ns


,


(5.10)

where TDSP and tnp depend on implementation; nsd depends on tnp, and nn depends on the
converter’s topology.
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Ch ap t e r 6

6.1

EX P ER I MENT A L V ER I F I CA T I ON

T EST S ETUP

System testing was performed in several phases. For all of them, the same hardware was used,
but with a different FPGA code. A FPGA device can be easily re-programmed from personal
computer (PC), on each power-up.
Control signals were measured with a Hewlett Packard 1661CS Logic Analyzer / Oscilloscope
and using a Tektronix TVC501 Time - Voltage converter (TVC) (Figure 6.1). The Logic
Analyzer was used to observe digital signals generated by the FPGA. The TVC transforms a
PWM sequence into the appropriate low-frequency waveform, i.e. it performs pulse-width
demodulation. The output of TVC is observed on an oscilloscope.
Three identical test boards were built (shown in Figure 6.2). These boards contain TAXIchip™
receiver and transmitter, crystal, and an optical interface board with HFBR-1527 and HFBR2527 [29]. Each of the boards plugs into one Altera UP1 Educational Board [33]. The UP1 board
contains two FPGAs and supporting hardware. The FPGA used is FLEX®10K20RC240-4 [34].
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Figure 6.1 System test setup
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The test setup has only two slave boards and hence cannot be used in a three-phase converter
which has three PEBB modules. However, the DSP code and PWM generation were
implemented as if all three slave nodes are present. It remains as a future work to integrate this
system with a power stage. All of the VHDL and graphic design files used for implementation of
the PES Net can be found in the Appendix.

Figure 6.2 Test board

6.2

M EASUREMENT R ESULTS

Line Signals
A sample of a data byte at the output of optical receiver is shown in Figure 6.3. Logical ‘1’ is
represented by a transition in a signal, while ‘0’ is represented by the absence of transition. The
data sent is “0110 0110.” This is encoded with 4B/5B coding in TAXIchip transmitter as “01110
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01110”, and supplied to optical transmitter. After the signal propagates through the fiber, the
optical receiver converts it from light into its electrical equivalent. The ten-bit sequence is
observed.

Figure 6.3 Pseudo-ECL data sequence sent at 125 Mb/s

Propagation Delay Measurement
One board was programmed to act as a test transmitter. The other two were programmed as slave
nodes. This setup is shown in Figure 6.4.
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Figure 6.4 System test setup: test transmitter is implemented in the first board to
the left; the other two boards act as slave nodes.
A sequence of eight bytes is transmitted. After data becomes valid on a FPGA-TAXIchip data
bus, a strobe (STRB) command is issued. The TAXIchip generates acknowledge signal (ACK) in
response. The transmitter sends the data to the next node, which substitutes it with its own data.
In Figure 6.5, we can see that the time from the first strobe command of the first node (STRB1)
to the first strobe command of the second node (STRB2) is 468 ns. This is, in fact, a propagation
delay through a fully operational slave node. Its duration is inversely proportional to the
communication speed.

6-72

Figure 6.5 Measurement of slave node propagation delay

Switching Cycle and PWM Measurements
For this test, the test transmitter was substituted with Analog Devices SHARC ADSP-21062
(master node), Figure 6.6. The DSP interfaces with a FPGA device that is located on a board
plugged into the SHARC Development board (A1). This is used to interface with one of the test
boards (A2), programmed to perform master node communication functions. In this phase, the
master node consists of a DSP and two FPGAs, because the FPGA on A1 has insufficient
capacity. Two other boards (A3 and A4) were programmed as fully operational slave nodes.
The DSP was programmed to perform open-loop calculations based on space vector modulation
for a three-phase inverter. The calculated data (duty cycles converted into ‘t up’ and ‘tdown’) are
written into A1 FPGA registers. From there, data are transmitted automatically to the ring.
Once in every switching cycle an interrupt occurs. This interrupt is used for sending a
Synchronization identifier. An appropriate register (SYNC) in A1 is set to high, and after it has
been read by A2, it is set to the low (RegCLR), Figure 6.7.
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Figure 6.6 SHARC ADSP 21062 emulator board with Altera board
The DSP uses the same interrupt as a time-reference for the start of calculation. As soon as it is
finished, the DSP writes the PWM information for each of the nodes into the A1, and sets
register Flag to high. This register is set to low, after A2 sends all of the data frames to the
TAXIchip transmitter.
The Logic Analyzer was triggered on Flag pin. The time distance from trigger (in Figure 6.7 it is
marked by ‘t’) to the preceeding ‘SYNC’ (marker ‘X’) is the time that the DSP uses to perform
the calculations, i.e. TDSP. In this case, that time is 7.6 µs.

Figure 6.7 Measurement of the DSP calculation time
The time between two ‘Flag’ pulses is the switching period. In Figure 6.7, it is the time between
‘0’ and ‘t’ markers, and it equals 49.5 µs.
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Information that is sent by the master node is the information for generation of PWM pulses.
Based on this information, slave nodes generate PWM signals. For the testing purpose, the PWM
signal from one of the nodes, was lead to the TVC, Figure 6.8. When the measured waveform is
compared with the simulated waveform, obtained using the DSP Emulator (Figure 6.9), it is
obvious that they are the same.

Figure 6.8 Measured low frequency content of the PWM sequence received from the
master node. Open loop SVM control algorithm for a three-phase inverter is used.
The demodulated waveform and its originating PWM signal are shown in Figure 6.10, during
three line cycles. Figures 6.11a and 6.11b show the same waveforms with increased timeresolution so that changes in the PWM sequence can be observed in more detail.
The PWM signals generated by two adjacent nodes are shown in Figure 6.12. It can be observed
that these signals are shifted by 1/3 of the line cycle. Consequently, the resulting sinusoidal
signals are shifted by 120°.
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Figure 6.9 Modulating signal used by DSP to produce PWM sequence.

Figure 6.10 Demodulated (C1) and originating PWM signal (C2).
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(a)

(b)
Figure 6.11 Demodulated (C1) and originating PWM signal (C2) with increased
time resolution.
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Figure 6.12 The PWM signals received by adjacent phase legs.

6.3

I MPLEMENTATION P ROBLEMS

Some of the hardware problems that were encountered are listed below.
•

TAXIchip™ sometimes needs a reset after a power up. Otherwise, it does not generate
correct ECL signals. This is sometimes manifested in a way that generates ten-times slower
TAXI synchronization commands.

•

Due to parasitic capacitance, board crystal, Raltron 12.288 MHz 18pF 97JN10, had to be
connected to different size capacitor, than specified in [28]. Sometimes, the crystal pin needs
to be touched physically so that it will stop oscillating on its third harmonic, instead at its
fundamental.

•

If a pin of a FPGA is connected to some other hardware, it has to be defined in Altera
software. It is wrong to assume that FPGA pin that is not defined is in the state of high
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impedance; it is not. If it is connected, it has to be defined, or otherwise it can affect
behavior of both FPGA and connected hardware.
•

The proto-board made on a PCB Board maker has poor contacts. Many short-circuits were
detected.

•

TAXIchip™ and FPGA consume significant power. Care should be taken to provide
sufficient current from a power supply.

•

The TVC generates the low-frequency information based on a PWM signal, by measuring a
delay between two pulses. The used SVM algorithm produces a segmented PWM sequence,
in which for certain longer time periods a switch is turned off. This delay is much higher
than the delay between PWM pulses in other segments, so it causes the saturation of TVC.
To prevent this, and in order to obtain a correct waveform, the PWM sequence was
modified. During the time period when the switch is inactive, a periodic signal that prevents
the saturation (one bit long pulse per switching period) is added to the PWM sequence. The
pulses in this signal are short enough, so that they do not modify a desired output.
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Ch ap t e r 7

7.1

C O N C L US I O N

P ROTOCO L S COPE

So, what should be specified as a protocol and how much flexibility should be left to the user of
such system? If the protocol becomes too specific, it would narrow its user base. Since this
system is targeting power electronics applications, it should be as general as possible for
different power electronics topologies, but it does not have to satisfy requirement for other
applications.
Probably the protocol scope would be to define the communication system from the moment
when information is written into the master send-registers, to the moment when the information
is written to slave PWM registers. In this way it would be left to the engineer to utilize sent
information as he or she feels suited.
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7.2

A NALYSIS

OF

PES N ET

IN

T ERMS

OF

P ROPAGATION D ELAY

In the PES Net system, the propagation delay between two adjacent nodes is slightly below
500 ns. The largest portion of the delay is caused by the TAXIchip™ [28], which is used to
provide parallel/serial conversion and data coding/decoding at every node automatically. The
availability of the commercial chip significantly simplified the hardware, although faster (custom
designed) solutions could be implemented. With this delay, the maximum switching frequency
for a three-phase converter can be calculated from (4.1) as 40 kHz.
The calculation of maximum converter switching frequency can also be performed based on data
throughput within one communication cycle. Based on equation 5.7 for a three-phase system
(nn=3) and assuming 125 Mb/s bit rate, the DSP calculation time of 7.6 µs (code dependent), and
a 4 byte synchronization sequence (nsd = 3), the maximum switching frequency then can be
estimated as 85 kHz.
The maximum switching frequency in the designed daisy-chain communication architecture is
more constrained by the problem of delayed synchronization pulse than by the limited channel
capacity. The use of proposed synchronization sequence pushes the allowed converter bandwidth
higher.
A similar effort was made recently to design a communication for a power converter system
described in [6], but with a different solution. In the implementation presented there, the
hardware and protocol are designed in such way that the propagation delay is minimized. It is
just one bit per node, but with the slower speed of communication (2.5 Mb/s), so the delay is
τ d = 400 ns . According to (5.1), this limits the switching frequency of a three-phase converter to

around 40 kHz. However, the maximum switching frequency is considerably lower if the
capacity of the communication channel is considered. The data packets have only 12 data bits
and two command bits, which together with formatting require 10 µs to transmit at the 2.5 Mb/s
rate. For a three-phase converter, at least three frames containing PWM data and one frame for
synchronization need to be sent in every switching cycle. Because four packages have to be
transmitted to three nodes, one frame is received with latency. The time needed for this is five
times the time needed to send one frame, i.e. 50 µs. Assuming that the PWM data is updated
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every switching cycle, the maximum switching frequency is then 1/50 µs = 20 kHz. Therefore,
for the system in [6], the problem of delayed synchronization pulse is not as constraining as the
small capacity of a channel.
Structure [6] uses a less general design, has a smaller channel capacity and less propagation
delay. Its propagation delay can be reduced even further by an increase in communicational
speed. The PES Net has better data throughput capabilities per cycle, and it can support higher
switching frequencies. When the proposed synchronization sequence is used, the effective
propagation delay can be reduced by more than 95%, which makes it smaller than in the network
described in [6].

7.3

E NGI NEER – PES N ET

INTERFACE

As a final product, communication interface should be programmed permanently in an FPGA or
programmable logic device (PLD) device. Once the board is powered up, it is network’s
responsibility to initialize and negotiate operating parameters.
Change of the communication crystal affects the transmission speed, so it is easy to lower it, if
desired. The same crystal should supply the clock signal to the PWM generator (PWM clock).
When the DSP control code is designed, this should be taken into account. The converter will
operate at some submultiple of the crystal frequency. User chooses the crystal, based on the
desired converter switching frequency and time (counter) resolution.
The PWM counter has to be able to count for a longer time than the converter switching period.
Otherwise, the switch operation would not be defined through the whole period. The PWM
generator uses the crystal first fundamental as an input clock signal. The generator counts the
clock periods (Tclk) and uses the received tup and tdown, to produce the switch control signals. The
maximum communication, and therefor switching, period, Tsw, with a counter resolution (nc)
would be:
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Tsw = 2nc * Tclk

(7.1)

For example: if a PWM crystal has first fundamental at 25 MHz, one clock period lasts 40 ns.
Assuming that tup, tdown and counter have 8 bit resolution, based on (7.1) the maximum
communication, and therefore switching, period would be 10.24 µs. This means that the highest
switching frequency with 8 bits resolution preserved is 97.66 kHz.
With the same PWM crystal if the 16-bit resolution is used, maximum period is 2.62 ms, so the
highest switching frequency with all 16 bits fully utilized is 381.45 Hz. This would defeat the
purpose of having high-speed communication, because only 381 Hz switching frequency can be
supported. In this case, a higher-frequency oscillator should be used to preserve the resolution.
In terms of synchronization sequence, data and timer resolution again need to be considered.
There is no point in trying to achieve an excellent synchronization if the PWM counter resolution
will annul the effort. At communication speed of 125 Mb/s, the 468 ns delay is measured. The
cumulative propagation delay from the first node in a ring to the third is two times this. With
synchronization sequence used, this delay would go from 2*468 ns to maximum 2*40 ns
(assuming that the 5-byte delay is implemented). But if the PWM counter clock period is greater
than 80 ns (12.5 MHz crystal), the synchronization of 80 ns still would not be achieved.

7.4

MACRO

AND

PES N ET

The PES Net design is based on the MACRO protocol. However, some changes had to be made.
MACRO is a commercial protocol that targets different applications. It has some general
features, which are not needed in this, power electronics, system. The differences between the
two are summarized below.
•

MACRO closely follows the FDDI physical link layer. Therefore its physical link is defined
as a glass multimode fiber, while PES Net will use plastic optical fiber.
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•

In MARCO application layer, data format is defined differently. The PES Net definition of
data bytes does not fit into MACRO’s definition for I/O devices, nor in any other.

•

In the MACRO network, nodes are synchronized on a pre-specified data frame package. In
the PES Net, a novel synchronization scheme is used.

•

Faults and reporting methods are not the same. MACRO has following faults defined: byte
violation error, frame checksum error, frame underflow error, frame overflow error, and ring
break detection. PES Net errors are listed in Chapter 5. A ring break in MACRO definition is
based on repeated reception of the receivers’ ‘VLTN’ signal. The PES Net defines a ring
break as a no-light output of optical fiber, which is caused when the fiber is damaged
physically so no light is received.

•

MACRO uses only one of the commands defined in a data layer, which marks the beginning
of the data package. PES Net also utilizes commands for synchronization, master-shutdown,
master-reset and initialization. MACRO issues those commands by setting appropriate flag
bits in a data-package. This results in slower node and network response since the individual
frames need to be sent to the each of the nodes (unless a broadcast address is used).

•

The differences in the two protocols are not insurmountable. If compromises are made, the
PES Net could ‘fit’ in the MACRO protocol. The most important difference is the
synchronization method, which could be implemented in a MACRO as follows:
-

Node waits for beginning of the data frame (CMD 1)

-

Node checks the address following the CMD; if it is not a pre-specified address, it waits
for the next frame. If it is, then:

-

The furthest node (number n) on a communication link synchronizes on reception of the
address field (second word in a frame)

-

The node before that one (number n-1), synchronizes on 2 words + 4 words of delay =
sixth word

-

Node number (n-2) synchronizes on 6 words + 4 words of delay = 10th word
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Since the frame is only 12 bytes long, only three nodes could be synchronized using this
method and without any changes to the MACRO protocol.

7.5

P OSSIBLE I MPROVEMENTS

The capability of individual addressing of the nodes and their increased intelligence allows us to
explore further improvements in this system. If this is fully utilized, PEBB modules could be
reconfigured ‘on-line’. There could be a ‘silent’ node in a system, which is activated while the
system is running. Implementation of broadcast transmission is also possible.
When this kind of system is commercialized and becomes standard for PEBB communication, a
space should be allocated in a data frame for a pre-assigned PEBB ID number. This number
would characterize the device. When reported to the master node, it would give information
about its current, voltage and temperature ratings, manufacturer and other similar types of
information.
Furthermore, a desirable feature might be the FPGA programming directly through the
communication link during the initialization process. An initial code would be stored in boot
PROM, but some parts of the code could change while the system is running. The benefit would
be that a smaller capacity of FPGA could be used.
For the PES Net, even higher switching frequencies can be achieved if the protocol is modified.
This protocol specifies CRC-16 use. Actually, CRC-8 or a parity check would be enough for this
system, since there is also additional protective coding - 4B/5B. Data frames may be shorter.
Actually, for a three-phase converter in a regular mode of operation, only two data bytes are used
per phase leg. The PWM signal for the second switch can be generated based on the same
information. However, there are converters with more than two switches per phase leg, so some
generality would be lost if the data frame were shortened.
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A topic that may be worth investigating is an implementation of adaptive differential PCM
(ADPCM) or adaptive delta modulation (ADM). The communication cycle equals the converter
switching cycle, and the switching cycle is of much higher frequency than the line frequency.
Since the variables that are measured, such as current and voltages, change with line frequency,
their change is slow compared to the communication cycle. Therefore it may be beneficial to
implement predictive delta modulation, where the information sent to the DSP would be the
information on the measured variable change. The advantage of this is that a smaller number of
bits would have to be transmitted for the same resolution, and lower resolution A/D converters
could be used.

7.6

S UMMARY

In this work, communication issues in power converter systems were investigated. A new
modularized control communication network for this type of system is presented. This type of
modularization is in agreement with the PEBB principle. The proposed topology reduces wiring,
brings down installation cost, makes error detection easier and increases reliability. The PEBB
modules designed with the presented modularized topology are more generic and have more
capabilities.
The network design is based on MACRO motion control protocol. In the PES Net, one
communication cycle corresponds to one switching cycle of the converter. The maximum
communication cycle depends on the number of nodes in the communication system. The
proposed control network can support a converter with three phase legs switching up to 100 kHz.
The data transfer is over optical fiber, at the speed of 125 Mb/s. This high transmission
communication speed provides fast retrieval of sensed information. The number of lines is
reduced greatly since more data is pushed through the lines. The fiber capacity is utilized fully
using this topology.
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Error detection on reception and local intelligence that decides on the implementation of
received data improves the reliability of the system. The transmission medium is plastic fiber
optic cable that provides EMI noise immunity.
The newly proposed modular topology for power converters has many benefits, but it also
introduces new problems. When the communication of a converter has a ring structure, a
propagation delay is created at points of reception. This problem has been investigated here. A
unique method of synchronization is presented that also can be applied to motion control
networks.
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