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In this master’s thesis, a set of communication requirements for a custom control network
solution, to be used in a three-level active neutral-point clamped (ANPC) frequency converter, is
defined by studying the three-level ANPC converter, and different existing control networks.
Different aspects of the converter-level control network are examined, and the minimum
requirements and limiting factors of the communication system are defined. A simulation model
of two parallel three-level inverters is built to examine the effects of synchronization error, caused
by a ring network, in parallel operated inverters. A method for generating and synchronizing
a local time with multiple adjustable parameters is created to simulate the behaviour of the
one-way ring network. The results show that a ring network based control solution can be used

in a three-level ANPC frequency converter application.
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Tassd diplomityossd madritellddn kommunikaatiovaatimukset kolmitasoisen aktiivisesti
nollapistekytketyn (Active Neutral-Point Clamped, ANPC) taajuusmuuttajan ohjausverkolle
tutkimalla ANPC-taajuusmuuttajaa ja erilaisia olemassa olevia ohjausverkkoratkaisuja.
Tiedonsiirtojdrjestelmdn minimivaatimukset ja rajoittavat tekijat maéritellaan tarkastelemalla
taajuusmuuttajatason ohjausverkkoa eri nédkokulmista. Ohjausverkosta aiheutuvan
synkronointivirheen vaikutusta kahden kolmitasoisen vaihtosuuntaajan rinnankytkennissi
tarkastellaan simulaatiomallin avulla. Rengasverkon toiminnan simulointia varten
kehitetddin menetelmd paikallisen ajan luontiin ja synkronointiin. Tyon tulokset
osoittavat, ettd rengasverkkoon perustuvaa ohjausratkaisua voidaan hyodyntdd kolmitasoisen

ANPC-taajuusmuuttajan ohjausverkossa.
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Nomenclature

Roman letters

Np sw

Nbn

Subscripts

low

max
min
up

Duration of asynchronous switching
Capacitance or Data channel capacity
Switching frequency

Circulating current of phase a
Circulating current

Number of steps between two phase voltages
Overhead

Inductance

Number of phase voltage levels

Nodes in a ring network

Inverter voltage levels or power switches in one control network
Bits sent in one switching period
Measurements and control bits per node
Measurements bits per phase leg

Nodes in a phase leg

Phases in one ring network

Resistance

Time

Static synchronization error time
Synchronization jitter time

Processing time

Propagation delay

Passthrough delay

Reception delay

Effective safe time

Switching period

Safe time

Transmission delay

Voltage

DC link voltage

Lower NPC neutral path
Maximum
Minimum
Upper NPC neutral path



Abbreviations

AC
ANPC
CE

D

DC
DLL
DNPC
E

EMF
ESC
FDDI
FPGA
I/O
IEC
IEEE
IP
ITU-T
M
MACRO
NP
NPC
NRZ
NRZ-L
OSI
PC
PEBB
PESNet
PLC
PLL

S
SERCOS
SPWM
ucC

Alternating Current

Active Neutral-Point Clamped

Collector Emitter

Diode

Direct Current

Delay Locked Loop

Diode Neutral-Point Clamped

Extension

Electromotive Force

EtherCAT Slave Controllers

Fiber Distributed Data Interface
Field-Programmable Gate Array
Input/Output

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
Intellectual Property

International Telegraph Union Telecommunication Standardization Sector
Master

Motion and Control Ring Optical

Neutral Point

Neutral-Point Clamped
Non-return-to-zero

Nonreturn to Zero Level

Open System Interconnection

Personal Computer

Power Electronics Building-Block

Power Electronics System Network
Programmable Logic Controller

Phase Locked Loop

Slave or Switch

Serial Real-Times Communication System
Sine-Triangle Pulse Width Modulation
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1 Introduction

Two-level frequency converters have been the work horse in industrial applications and electricity
production for a long time. The power demand of these field has been growing and more and
more powerful converters are needed to sustain the growing power demand. One way to reach the
greater powers is to add converters in parallel, thus the load is shared between the converters and
an individual converter can operate at a lower voltage and has to provide less current than a single
higher power converter would. The power output can be increase also with just one converter
by raising the voltage level. This would however require higher voltage level components to be
used, which would, for one, increase the const of the converter. However, higher voltage levels
can also be used by choosing a multilevel power topology. With multilevel topologies higher

output voltages can be produced using low-voltage components.

Control of a frequency converter requires measurement data and control signals to be transmitted
between a processor taking care of the low-level control of the converter and the switching devices
of the power stage. The amount of data, and how fast it needs to be transmitted, depends on
the number of controllable power switches and the switching frequency. Different functions of
the converter need to be also well synchronized to guarantee safe, faultless and deterministic

operation of the whole system.

The main task of a control communication network is to transfer all the required data within set
time constraints between the controller and the power switches. The internal communication
network can be implemented in many different ways using different network topologies,
transmission media and protocols. Point-to-point connections between the controller and the
power switches have been commonly used to form a star network. The star network has many
beneficial attributes, robustness for example, and it is simple to implement. However, the
controller, to which the power switches are connected to, must have enough communication
interfaces to support a certain number of devices. Expanding the star network in an existing
system could be difficult, because hardware changes might be required. There are, however, also
other ways to expand the control network without any changes to the existing hardware. For

example a different network topology could be used.
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1.1 Research Problem and Objectives

An active neutral-point clamped (ANPC) three-level frequency converter has three times more
switching devices than a traditional two-level converter. A control platform designed to control a
two-level converter might have enough processing power to handle the control of the three-level
converter, but it might not have sufficient amount of inputs/outputs (I/O) to accommodate the

larger amount of power switches of the three-level converter.

A larger amount power switches could be controlled with a single controller, if the controller
and the switches could be interconnected with a ring network instead of a more traditional star
type network. The ring topology however poses challenges for the data transfer bandwidth and
the synchronous operation of the system. Furthermore, safe operation of the converter could be

endangered in case of communication failure.

The research problems of this thesis are:
* What are the operational requirements of a three-level ANPC inverter from the control
communication point-of-view?
* What kind of communication performance can be reached with a control network using a
ring topology?
* Is a ring topology based control network feasible solution for a converter-level control
application?
The objective of this thesis is to study the three-level ANPC converter and different existing
control networks in order to define a set of requirements for a custom control network solution

to be used in a three-level ANPC converter, with existing control hardware.

1.2 Methods and Material

This thesis consists of a literature review of multilevel converters, including the three-level
ANPC inverter, and a review of control networks suitable for fast and accurate converter-level
control. Minimum theoretical operational requirements for the data transmission are examined
in the context of control communication. A simulation model is also built to examine the effects

of a ring network in the three-level inverter application.
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2 Multilevel Inverters

2.1 Introduction

According to Rodriguez et al. (2002) multilevel inverters have emerged to satisfy demand for
industrial high-power medium-voltage applications such as rolling mills, conveyors, pumps, fans,
blowers, compressors and so on. Multilevel inverters can produce megawatt level powers with
low-voltage components by connecting power semiconductors and capacitor voltage sources in
series. Switch states can be selected so that the capacitor voltage levels add up at the inverter
output, while any individual switch has to withstand only lower voltages. Figure 2.1 illustrates
how the inverter output A can be connected to different potentials of the split direct current
(DC) link in respect to neutral potential N. By increasing the voltage levels in the inverter, the
output voltage has more steps in the generated waveform. This has the benefit of reducing
harmonic distortion of the output voltage. Drawbacks of using multiple levels are increased

control complexity, voltage imbalance problems and increased component count.

A two-level inverter generates an output phase voltage with two levels with respect to the negative
terminal of the capacitor, while a three-level inverter generates three voltage levels and n-level
inverter n voltage levels. The number of voltage steps k between two phases can be expressed
as (Pyrhonen et al., 2016)

k=2m+1, (2.1)

where m is the number of voltage steps with respect to the negative terminal of the inverter.

A multilevel inverter with three levels and neutral-point clamping was first introduced by Nabae
et al. (1981). Multilevel inverters can be constructed with different topologies using either diode
clamping, capacitor clamping or by using cascaded connections. With diode and capacitor

clamping the output voltage levels are clamped to a certain voltage level of the DC link. Diode

1 . T o N
Voltage | A L A A

L

supply ] I
two-level three-level n-level

Figure 2.1. Two-, three- and n-level inverter topologies. Adapted from (Pyrhonen et al., 2016).



12

and capacitor clamping of one leg of a three- and five-level inverter is illustrated in Figures 2.2

and 2.3 respectively.

According to Rodriguez et al. (2002) and Pyrhonen et al. (2016) the advantages of multilevel
inverters compared to two-level inverters are as follows:

* Less distorted output voltage can be produced.

Relatively low du/dr with respect to the voltage level.

* Lower switching frequency can be used.

Steadier and smaller common-mode voltage.

Less distorted currents.

me/z Kx si
] T DI & K% s2
. J;UDC/;': oz s

4K & S5

1
L]

A
L T 4&(} H_LLT x
'UDC/4 D2' A _| A S6

A3k X g7
4&1} =
N Upc/2 =K & ns8

(a) (b)

Figure 2.2. Diode clamping of a three-level (a) and a five-level (b) inverter (Pyrhonen et al.,
2016).

Figure 2.3. Capacitor clamping of a three-level (a) and a five-level (b) inverter (Pyrhonen
et al., 2016).
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2.2 Diode Neutral-Point Clamped Three-Level Inverter

The three-level diode neutral-point clamped (DNPC) inverter has three switch states: one
positive state with a phase voltage of +Upc/2, one neutral state and one negative state with a
phase voltage of —Upc/2. The switch states are presented in Table 2.1. The positive and the

negative states are complementary.

In the positive state, a positive phase current flows from the positive potential through the upper
two switches to the output A, and a negative phase current flows through the anti-parallel diodes
of the upper two switches. In the neutral state, the positive phase current flows through the
upper clamping diode and the negative phase current through the lower clamping diode. In the
negative state, the negative phase current flows from the negative potential through the lower
two switches to the output, and the positive phase current flows through the anti-parallel diodes
of the lower two switches.

Table 2.1. Switch states of the DNPC inverter.

Switch positions

State

Si So S3 Sy
+ 1 1 0 O
0 0 1 1 0
— 0O 0 1 1

2.3 Active Neutral-Point Clamped Three-Level Inverter

By replacing the clamping diodes of the three-level DNPC inverter with active switches the
current flow can be controlled through the neutral paths giving a total of four possible neutral
commutations. This type of active NPC inverter was first introduced in (Bijlenga, 1998). The
circuit topology of a three-phase ANPC inverter is shown in Figure 2.4. The main benefit of
the active clamping is the added load sharing capability. Where a conventional DNPC inverter
has output power limitations induced from uneven loss distribution in the switching devices, the
active clamping enables load balancing among all the switches. Active clamping requires two
additional switches per phase, so in a three-phase inverter, the switch count is increased from
12 to 18. To make a good use of the load balancing capability of the active clamping, a more

complex switching logic is also required.

The main drawback of a conventional DNPC inverter is unequal loss distribution between the

semiconductor devices. Since the output power of an inverter is limited by the thermal stress of
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Figure 2.4. A three-level ANPC inverter leg consists of series connected upper and lower
switch pairs and the active clamping switches which are connected between the neutral-point
(NP) and the switch pairs. A three-phase inverter has a total of 18 switches.

the most stressed switching device, balancing of the losses can yield higher output powers. On
the DNPC inverter the most stressed switching device depends on the operational point of the
converter; namely the power factor and the modulation index. With a positive power factor and
a high modulation index the outer switches (S, S4) carry the full phase current and are stressed
the most. In the case of a very small modulation index the NPC diodes (D5, Dg) are stressed
the most. A negative power factor with a high modulation index stresses mostly the inverse
diodes of the outer switches (D, D) whereas a low modulation index stresses mostly the inner

switches (S», S3). (Briickner and Bernet, 2001)

2.3.1 Switch States

The three-level ANPC inverter has a total of seven switch states; positive state with a phase
voltage of +Upc/2, negative state with a phase voltage of —~Upc/2, and five zero states: Oyp 2,
Oup,1> Olow,2> Otow,1 and Oypjow. The up and low subscripts designate the upper and the lower
neutral paths respectively, and the number, the two possible switch state variations. In the Oyp jow
state both of the neutral paths are used. The active clamping switches allow the choice of which
neutral state to use, where as in the DNPC inverter the utilization of the upper and lower neutral

paths is determined by the phase current direction.

With active NPC switches the phase current can be conducted both ways through the upper and

lower neutral paths. By turning on switches S5 and S; the current flows through the upper neutral
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path and turning on switches S¢ and S3 allows the current to flow through the lower neutral path.
If the upper neutral path is used, S4 can be in on- or off-state and the same applies to S;, when
the lower neutral path is used. When S; or Sy is already turned on in the neutral state they will
not experience any switching losses during the next commutation. These combinations of the
upper and lower neutral paths are denoted by Oyp 2, Oup,1, Olow,1 and Ojow2. Both of the neutral
paths can also be turned on simultaneously by turning on the switches Sj, Sz, S5 and S¢. In this
state the current distribution between the upper and lower paths is determined by the electrical
characteristics of the power switches. All the mentioned switch states for the ANPC inverter are

presented in Table 2.2.

Table 2.2. A three-level ANPC inverter has seven switch states of which five are neutral states.
These neutral states can be used to balance the losses among the switching devices by
commutating the current to the upper or to the lower neutral path. Adapted from (Briickner and
Bernet, 2001).

Switch positions

State

St S22 S35 S4 S5 Se
+ 1 1 0 0 0 1
Oup,1 o 1 o0 1 1 0
Oup,2 o 1 0 o0 1 o0
Oup,low o 1 1 0 1 1
Orow,1 1 0 1 0 0 1
Orow,2 O o0 1 o0 o0 1
- o o0 1 1 1 o0

2.3.2 Commutations

The switching losses of the ANPC inverter are defined by the commutations to and from
the different neutral states. A transition from one state to another is performed in multiple
steps by turning switches on and off at different times during a commutation. Dead-time is
inserted between the transition. There is only one active switch and possibly one diode that
experience switching losses during a commutation. All other devices switching during the same
commutation period neither take over blocking voltage, nor carry any current. Next all the
different commutations from the positive state to the neutral states are considered in more detail.
Commutations between the negative state and the neutral states are symmetrically identical to

the positive to neutral state commutations.

In the commutation from the + state to the Oy > state S¢ is turned off after which S; is also turned

off after a dead-time. This forces the positive current to flow through the upper neutral path.
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Finally S5 is turned on after a dead-time allowing also negative phase current to flow through
the neutral path. The commutation to Oyp, 1 is exactly the same as described before but it also
includes a lossless turn-on of S4. The commutation from the + state to the upper neutral path is

illustrated in Figure 2.5 (a).

The + state to the Ojow,> state commutation is performed by turning off S; and turning on S3 after
a dead time. Sg is in on-state so the current commutates to both of the neutral paths. Finally
S, is turned off and the current commutates entirely to the lower path. The commutation to the
Orow,1 State is the same except S; stays on and the current is directly commutated to the lower
path by turning off S;. The commutation from the + state to the lower neutral path is illustrated

in Figure 2.5 (b).

—a s ——a s

st s: I ss % 2%

Upc —/— o TR Upc —/ S0 = -

sl s salde sk

—o s —a sk

(a) (b)

Figure 2.5. ANPC inverter commutation from the positive state (solid line) to the upper (a)
and to the lower (b) neutral paths (dashed line), with positive phase current. Adapted from
(Colak, 2015).
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3 Distributed Control of Power Converters

Traditional power converter control is centralized meaning that a single controller handles the
control of all the power switches of a single converter. This approach works well in applications
in which the number of controllable power switches is relatively low and stays constant. An
existing trend towards modular and more parallel applications has however created a demand
for more flexible control solutions. One way to gain flexibility regarding the control of a power
converter, when the number of power switches increases, is to use a different control network
topology to communicate within the converter. This could be done for example by replacing a
traditional star network, connecting the power switches and a master controller, with a line or a

ring type network.

Different control network topologies have been studied in (Milosavljevic, 1999), (Laakkonen,
2010), (Carstensen et al., 2015) and (Toh, 2014) in which the viability of more modular control

strategies has been proven to work with converter-level control.

3.1 Data Transmission

Data transmission plays a crucial role in any distributed system. In a real-time control application
references and feedback data have to be sent at a constant rate over the transmission line, and
the operation of the system has to be deterministic and well synchronized. Entirely missed
or even just delayed reception of control signals or feedback data may reduce the system’s
performance, or in the worst case cause a complete system failure. These aspects need to
be carefully considered, when designing a control network, and are the basis for defining the

requirements of such a system.

3.1.1 Network Topologies
Every communication network has to be interconnected in some manner. Some popular network
topologies are a star, a bus, a line, a ring and a dual-ring network. The network topology affects

also the choice of a transmission protocol and synchronization method used in a control network.

In a star network one device operates as a master node to which all the other slave devices
are directly connected to, via point-to-point connections. This allows direct communication

between the master and a slave device. The star topology is illustrated in Figure 3.1 (a). The
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star network provides easy means for synchronization, since the propagation delay is the same
between the master and all the slaves if the same cable length is used. Data can simply be sent
in parallel to all the slaves and it will be received simultaneously. No complex synchronization
protocol is needed. Scalability of the star network is its weakness. The slave devices can be
the same regardless of how many slaves there are connected in the network, but the master
device has to have a dedicated connection for all of the slave devices, and this might mean
hardware changes to the master, if the number of slaves varies a lot. Having a large overhead
for the connections is not desirable since every unused connector consumes valuable space on
the master device and adds to the expense of the master device. The star topology works well
in situations where the number of slaves is well defined beforehand and the scalability is not a

crucial feature.

A ring network illustrated in Figure 3.1 (b) and (c) connects one device to two adjacent devices
with point-to-point connections forming a closed loop network. The ring topology has the best
scalability of topologies presented here since new devices can be added to the network without
any hardware changes to the devices. The connections between devices can be one-way or
two-way connections. With two-way communication the network can operate even if one of
the rings is broken, thus providing protection against different single-point hardware failures.
Two-way communication also enables load sharing between the two rings. Propagation delay
between two devices is also shorter since the maximum distance to any device in the network
is only half of the rings length. With one-way communication a message might need to travel
through the whole network to reach a device. One-way communication is however simpler
in terms of the hardware and the required communication protocol. Synchronization in the
ring topology is challenging because messages have to travel through the devices inducing
passthrough delays on top of propagation delays. A complex synchronization protocol is

necessary for synchronized operation, especially with the two-way communication.

A Bus topology, illustrated in Figure 3.1 (d), connects multiple devices together via a common
cable. The bus topology allows all the nodes to communicate directly with each other without
sending messages through the other network nodes. This however introduces a collision problem
on the network. If two nodes try to transmit a message at the same time, whose message will
be delivered first? This problem is usually mitigated by using a simple master-slave based

communication scheme or by introducing an access control protocol which defines how and
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when the nodes can transmit their data on the network. A bus network has good scalability since
no hardware changes are required to the nodes when more nodes are added. Only the bus wiring
has to be extended when adding new nodes. The bus network shares some of the synchronization
problems with the ring network. A non-constant distance to the nodes induces propagation delays
but since all the nodes have a direct connection to the other nodes no passthrough delays are
experienced. Also the fact that only one node can transmit at a time poses a requirement for a
more complex synchronization protocol. The bus network has however the benefit that one node

can transmit a message to all of the other nodes at once like the master node in a star network.

Very similar to the ring topology is the Line topology illustrated in Figure 3.1 (e). The only
difference is that the last node in the line is not connected to the first node forming a ring
structure. Like in the ring network a node in the line network can communicate directly only
with the adjacent nodes in the network. Propagation and passthrough delays must be taken into

account when sending messages through the network.

S3 Ss S3 «—| S S3 — S,
S4 1 St Sy Si S4 St
S5 M M
(a) (b) (c)
M
A
A 4
A A A A
\ 4 \ 4 \ 4 \ 4
Si S S S4 M [ St [ S2 [« S5 [« Sa

(d) (e)
Figure 3.1. Different network topologies: Star (a), ring (b), dual-ring (c), bus (d) and line (e).

3.1.2 Transmission Protocols

A transmission protocol defines a set of rules on how data is transferred from one device to
another. This includes definitions like the signal levels, line encoding, physical connectors and
data frames. These rules are usually divided into functional blocks, which comprise a data
transmission system. These blocks are independent from another, and together they form a

so called protocol stack. Different blocks of the protocol stack can be software or hardware
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realized but usually the lowest layer is always hardware defined, since it interfaces with the
physical transmission medium. The upper layers are usually software defined. This division to
functional blocks allows different internal realization of the block. The block just has to comply

with the defined interface between the adjacent blocks.

One of the popular data transmission protocol models is the Open System Interconnection (OSI)
reference model illustrated in Figure 3.2. The OSI model divides a protocol into seven layers.
Each layer has its own well specified functionality and one layer interacts directly only with
the layer above and the layer below it. Interaction between corresponding layers in the stack
happens virtually through the layers below it. The seven layers of the OSI model are described
below (Stallings, 2004):

Physical layer defines the physical connection to the transmission medium. This includes
definitions like signal voltage levels, line coding and the connectors used to connect to a
transmission medium.

Data link layer takes care of the transmission of packets from one device to another in a
local area network. The link layer is capable of detecting and possibly correcting errors
occurring in the physical layer.

Network layer takes care of routing packets between different networks or within different

Application f------------- Application
Presentation f[------------- Presentation
Session  p------------- Session
Transport  f------------- Transport
Network — f------------- Network
Data Link ------------- Data Link
Physical  }------------- Physical

Figure 3.2. OSI model divides the protocol stack into seven layers. One layer interacts directly
only with the layer above and the layer below it. The physical layer is the one responsible for
actually sending and receiving data to and from another device. The other layers interact
virtually with the corresponding stack layer through the layers below them.
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parts of a network. The layer defines the route a package will travel to its destination. The
data link layer also takes care of flow control between two nodes and it also segments the
data.

Transportation layer hides the implementation of the lower layers from the higher layers
of the protocol stack. It provides host-to-host communication services to the higher layers
and partly takes care of the flow control and provides multiplexing. The transportation
layer also makes sure that the sent data is received at the destination and that the received
data is not corrupted.

Session layer takes care of opening, managing and closing of session between application
processes. It can recover a lost connection between two applications and close the
connection if itis not used for a long period. The session layer also provides synchronization
points for combining different data streams like live video and audio streams coming from
different sources.

Presentation layer formats the data so that the application can understand and use it. Two
different applications can for example use different character encodings and the presentation
layer converts the incoming data stream to a suitable format for the application. The
presentation layer can also sometimes handle encryption and decryption of the data.
Application layer includes the end-user application that uses the services provided by the

communication network.

3.1.3 Synchronous and Asynchronous Transmission

When data is transmitted in a synchronous manner the receiving end uses a clock signal to
sample the incoming data stream. The clock can be provided via separate clock line or it can
be embedded to the data stream by using a suitable line coding. The receiver can then extract
the clock signal from the data stream using a phase-locked loop (PLL) or a delay-locked loop
(DLL). Since the data is well aligned with the clock signal, high data rates can be used. The
drawback of using a separate clock line or extraction of the clock signal from the incoming data

stream is that the system gets more complicated in terms of the wiring and/or the protocol.

In an asynchronous transmission data is transmitted in a self-contained unit, a byte for example,
with it’s own start and stop bits. This allows the data to be sent in irregular intervals rather than
in a continuous bit-stream. Asynchronous transmission does not require synchronized clocks

between the transmitter and the receiver. The receiver samples the incoming data signal at a
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higher rate than the data is being sent.

3.1.4 Data Encoding

Data is not usually send over a transmission line as such but it is rather mapped from data
bits to signal elements in some way. This mapping is called encoding. The simplest encoding
is one-to-one correspondence between the data bits and the signal elements i.e. binary 1 is
presented as a low voltage and binary O as a high voltage or vice versa. Non-return-to-zero
(NRZ) encoding uses this scheme. Some more complex commonly used encoding techniques

are for example Manchester and 8b/10b encodings.

Different encoding schemes are used for several reasons. Encoding the data enables to have a
zero direct-current (DC) component in the transmitted signal. This makes it possible to have
the transmission line alternating current (AC) coupled via a transformer providing electrical
isolation and reducing interference. A clock signal can be embedded to the data providing
a built-in synchronization mechanism. It is also possible to have a built-in error detection

capability in the encoding scheme.

The non-return-to-zero level (NRZ-L) encoding, shown in figure 3.3, represents the two binary
digits simply with positive and negative voltage levels and the voltage stays constant during the
bit interval. The NRZ-L codes use less bandwidth compared to some other encoding schemes
like the Manchester encoding and they are easy to implement. The main drawback of NRZ-L
is that the signal has a non zero DC-component when ever a long sequence of ones or zeros is
sent and the output stays at a constant voltage for a long period of time. There is also no way to

embed synchronization to the data signal. (Stallings, 2004)

Databits _° | ' | o | o | v ] v fo ] ] oo
Clock
NRZ-L I_l | | | |
Manchester _I |_| I_I |_| |_
Differential
Manchester _I |_| I_I |_| |_|

Figure 3.3. NRZ-L, Manchester and differential Manchester encodings. Adapted from
(Stallings, 2004).
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It is possible for the signal to have a zero DC component if the transmission has a transition at
every bit period. This transition can also be used for clocking. Figure 3.3 shows two commonly
used encoding techniques, Manchester and differential Manchester, that utilize this method. The
Manchester encoding has a transition from high-to-low or low-to-high at the middle of each bit
period. The high-to-low transition represents binary one and the high-to-low transition binary
zero. Differential Manchester represents binary zero with a transition at the beginning of the
bit period and binary one with the absence of transition at the beginning of the bit period. The
transition at the middle of the bit period is used only for clocking. Manchester and differential
Manchester encodings require higher bandwidth compared to the NRZ encoding techniques.

(Stallings, 2004)

A bit more complicated encoding scheme called 8b/10b encoding transforms an 8-bit data block
into a 10-bit long sequence. The transformation is performed in two steps using both 5b/6b and
3b/4b encodings. In the first step the lower five bits of the 8-bit data block are encoded into a
6-bit group and in the second step the top three bits are encoded into a 4-bit group. The encoded
bit stream has a maximum of five consecutive 1s or Os. The bit stream also has, on average, the
same number of 1s and Os. This means that the 8b/10b encoding has zero DC balance and it
provides enough data transitions enabling clock recovery from the data stream. (Widmer and

Franaszek, 1983)

3.2 Synchronization

One of the most important aspects of a distributed system is its synchronization. Especially
in a real-time application, where deterministic behaviour is absolutely required, synchronized
operation of the system is paramount. Depending on the application, the level of synchronization
accuracy may vary from a few milliseconds all the way down to nanosecond levels. Different

parts of the system might also have different requirements for the synchronization accuracy.

3.2.1 About Digital Clocks

System’s time is considered explicit by nature if the system has some means to keep track of
time. Usually this means a local clock source, that is used to time all the actions occurring
on a device. If the system does not have a notion of time, but it rather gets an external signal
to indicate a start of some action, the system’s time is considered implicit. A time explicit
distributed system raises the question of how the different devices can be kept synchronized, so

that all actions on the individual devices would be performed simultaneously.
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A clock has two attributes regarding synchronization: offset and drift. Two clocks have offset,
if they run exactly at the same rate, but tell different times. However, in practice two clocks can
never run exactly at the same rate but rather they drift in comparison to each other. This means
that in order to keep two clocks synchronized the offset error has to be removed and the drift has

to be controlled.

In the worst case two clocks drift apart in the opposite direction at the maximum rate defined
in a data sheet. If the maximum drift is for example 50 ppm, the effective drift between two
clocks could be 100 ppm. The rate at which the clocks drift apart affects the time period they
need to be synchronized in order to keep the error below a desired level. If the clock frequency
is 100 MHz and the drift £50 ppm, then the clocks could drift apart one clock period, or 10 ns,
in the time of 10 000 clock periods, or 100 ps. Since a drift below one clock period cannot be

detected, the synchronisation period should not be shorter than the clock period.

3.2.2 Synchronization Methods

Synchronization of individual clocks can be implemented in different ways depending on
the underlying system architecture. If the system is interconnected with a star network the
synchronization can rely on coincident reception of messages on the slave devices. This is true
if the master device can transmit messages simultaneously to all of the slave devices and the
propagation delays in the network are equal and short. A ring network poses more challenges
for synchronization. Messages cannot be sent to the devices in the network and be expected to
arrive all at the same time. This is obvious since sending a message from the master to the first
device in the network takes less time than sending a message to the third device in the network.
Therefore a more complex synchronization scheme is required. A ring network could use a star
connected synchronization line separate from the data line. This would however require more
connections on the devices and would imply the same scalability issues that the ring network

tries to overcome in the first place.

One way to implement synchronization in a ring network is to synchronize the local clocks on the
nodes using separate synchronization messages with accurate time stamps. The synchronization
cycle can be independent from the application cycle and the synchronization accuracy can be
very precise. The local clocks can be adjusted by comparing the local time stamp and the time
stamp received in a synchronization message. A time stamping based synchronization method

for Power Electronic Building Block (PEBB) based systems has been discussed in (Laakkonen,
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2006) and (Laakkonen, 2010). Another synchronization scheme for PEBBs has beed discussed
in (Milosavljevic, 1999), in which synchronization frames are padded so that all the nodes in the
network receive the synchronisation message at the same time. In (Toh, 2014) and (Carstensen
et al., 2015) different EtherCAT based solutions were introduced for synchronizing nodes in a

control network.

3.3 Existing Control Networks

Control networks are dedicated communication networks designed for high reliability,
responsiveness and predictability. They are mainly used in different industrial automation
and motion control systems and also for example in transportation systems like cars, ships and
trains. Control networks operate typically on low-cost twisted pair copper cables, or increasingly
on optical fibre. Different control networks are designed for different purposes and therefore
they do not have the same characteristics. Some networks are used for industrial automation
on factory floors and others are used for precise motion control for example in robotics. Next
some control networks, which could possibly be suitable for low-level power converter control,
are presented. All of the networks have been studied previously in the context of converter-level

control, including precise synchronization and high data throughput.

3.3.1 EtherCAT

EtherCAT (Ethernet for control automation technology), developed by Beckhoff Automation,
is a fieldbus based on the Ethernet-protocol and it is standardised under the International
Electrotechnical Commission (IEC) 61158 standard. EtherCAT is purposely designed for short
data cycle times and low communication jitter. It can be configured to use many different
topologies like line, tree or star topology. EtherCAT is widely used in industrial automation for
communication between programmable logic controllers (PLC) or industrial PCs and actuators.
Communication in EtherCAT is master-slave based and it uses summation frames to transfer data.
All the data to be sent to the slaves is put into the same frame which is then transmitted through
the network. This makes the communication overhead very low and allows high efficiency.

(Beckhoff Automation, 2018)

The EtherCAT master uses a conventional Ethernet controller, while the slaves use a special
EtherCAT Slave Controller (ESC) that can process Ethernet frames on the fly. The slaves have
two ports called upstream and downstream ports. The upstream port is used to connect the slaves

to the master through the other slaves in the network and the downstream port goes the opposite
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direction. Ethernet frames sent over the network are processed only in one direction called the

processing path. When a frame reaches the last node in the network it is sent directly back to the

master using the forwarding path. One EtherCAT frame can embed more than one EtherCAT

telegrams, which indicates different actions like read, write or read/write. The package flow in

the EtherCAT network is illustrated in Figure 3.4.

In (Toh, 2014) EtherCAT was used to implement distributed modulation strategy for parallel

connected inverters and it was concluded that EtherCAT is capable of synchronizing individual

switching instructions within £20 ns accuracy as shown in Figure 3.5. It is also stated in

EtherCAT documentation (EtherCAT Technology Group, 2018) that EtherCAT is capable of

clock synchronization jitter of ~ £20 ns and simultaneousness of ~15 ns over 300 nodes and

cable length of 120 m, shown in Figure 3.6.

Master

_

Upstream Port

Slave

Processing Path

Downstream Port

Forwarding Path

Slave Slave
logic logic

Figure 3.4. In the EtherCAT network packages are processed in the processing path and
passed back to the master via the forwarding path. (Cena et al., 2009)
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Figure 3.5. The rising and falling edges of the switch signals are within 20 ns of each other.
Same cable length was used between the network nodes. (Toh, 2014)

3.3.2 SERCOS

Sercos (Serial Real-Time Communication System) is a digital communication interface governed

by Sercos International e.V.. Sercos version III is Ethernet based master-slave communication

and it uses either twisted pair copper or fibre optical cables as transmission medium. Sercos

can be configured to operate in a ring topology with hardware redundancy or in a line topology.
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Figure 3.6. EtherCAT synchronization accuracy over a cable length of 120 m and 300 nodes.
The time division is 20 ns. (EtherCAT Technology Group, 2018)

It uses standard ethernet frames and the summation frame technique to reduce communication
overhead. The communication cycle is divided into two channels by giving the channels different
time slots within the communication cycle. Sercos defines a collision free real-time channel
that is used with real-time telegrams. Parallel to the real-time channel a unified communication
(UC) channel is defined. All other Ethernet telegrams and IP-based protocols can be transmitted
over this UC channel. The cycle times and the division of the bandwidth or bus cycle in the
real-time and UC channels can be adjusted for each application. Sercos runs at a bit rate of 100

Mbit/s and has a cyclic update rate of 31.25 ps. (Sercos International e.V., 2018)

3.3.3 MACRO

MACRO (Motion And Control Ring Optical) is developed by Delta Tau Data Systems
for connection of multi-axis motion controllers, amplifiers and I/O. MACRO operates on
master-slave principle and one master can interface with 16 slaves. One ring can have a
maximum of 16 masters so up tp 256 nodes are supported in one network. The operation is
based on Fiber Distributed Data Interface (FDDI) technology and either twisted pair copper or
fibre optic cables are used to connect the network nodes. MACRO transmits data at 125 Mbit/s
and the maximum ring update rate is 200 kHz. The maximum update rate is however achieved
only with four slaves connected to a single master. The update rate decreases when more slaves

and masters are added to the network.

MACRO sends data in packets of 96 bits. The data is encoded with 4B/5B encoding scheme

and 2 bits of error detection information is added to the data. When a packet arrives to a node
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it looks at the address specifier of the packet and decides whether the data is intended for the
node or not. If not, the packet is transmitted to the next node. If the data is to be received by the
node it is shifted to the devices memory and feedback data is shifted into the data section of the
package, which is then transmitted to the master through the network. (Delta Tau Data System:s,

2018)

3.3.4 PESNet

PESNet (Power Electronics System Network) is based on the MACRO and Fibre Distributed
Data Interface (FDDI) protocols and it is indented to be used in power-converter systems for
control data exchange between a power stage and a digital controller. PESNet was designed
in Virginia Polytechnic Institute and State University, and first introduced in (Milosavljevic,
1999) and further discussed and developed in (Celanovic, 2000) and (Francis, 2004). It uses a
ring topology and the communication is master-slave based running at bit rate of 125 Mbit/s.
Synchronization in PESNet is implemented using a synchronization sequence in which the
master sends a synchronization frame that starts with a synchronization identifier followed by
address fields for each node to be synchronized. The address fields are separated in the frame
by bit stuffing so that each slave receives its own address at the same time with the other slaves.
A local synchronization event is signalled when the address filed is observed. Synchronization

jitter of less than 80 ns has been reported in (Celanovic, 2000) with three slave nodes.

3.3.5 Time-Stamping Based Synchronization

A synchronization scheme called Time-Stamping Based Synchronization (TSBS) for PEBBs was
designed and implemented in (Laakkonen, 2006) and further developed in (Laakkonen, 2010).
This scheme is not a full blown communication network but rather a method to synchronize the
operation of power switches in a one-way ring network. The prototype design is based on a
custom Field-Programmable Gate Array (FPGA) implementation and uses optical fibres between
the network nodes. The data rate of TSBS is 100 Mbit/s. TSBS does not use a master-slave

based scheme but every node in the network can transmit at any given time.

TSBS is used to synchronize local clocks on the network nodes to the clock of the master node.
The synchronisation is initiated with an initialization sequence when the system is powered on.
The master send a message through the network to check if the communication path is intact and
at the same time an unique device number is assigned to the slave nodes and the total number or

slave nodes is determined.
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The master node performs a synchronization sequence which determines the propagation delay
through the network and passthrough delays of the slave nodes. This information is then used
in combination with special synchronization messages to correct the local clocks on the slave
nodes. The synchronization procedure is decoupled from the data communication so it can
run at different cycle time from the application/communication cycle. The time stamping has a

resolution of 10 ns.

TSBS has been reported to be capable of clock synchronization accuracy of £10 ns per node.
This was achieved using a synchronization period of 100 us and data rate of 100 Mbit/s. The
synchronization jitter increases by about £10 ns when moving forwards by one node in the

network. Synchronization results with different synchronisation periods are show in Figure 3.7.

(a) (b)

(c) (d)

Figure 3.7. Synchronization jitters with a) 100 us and b) 500 ps, ¢) 1 ms and d) 2 ms
synchronization periods. The time division is 10 ns. (Laakkonen, 2010)

3.3.6 Carstensen

An Institute of Electrical and Electronics Engineers (IEEE) 802.3 Ethernet based control field
bus protocol for power electronic systems was introduced in (Carstensen et al., 2015). The
protocol is used to synchronize power modules and to send reference values and measurements

between a master controller and power modules. The systems uses two-way communication
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and it is configured in a line topology. A summation frame is used to reduce overhead in the

communication.

The power modules are synchronized to the master controller’s reference clock using the
International Telegraph Union Telecommunication Standardization Sector (ITU-T) standard
Synchronous Ethernet functionality. The received clock signal is provided to the FPGA logic
on each of the power modules. This method of distributing the master’s reference clock to the

power modules has the drawback of a different clock phase on each power module.

A synchronization accuracy of +5 ns and a cycle time of 45.53 ps when sending 256 bytes per

slave has been reported.

3.3.7 Comparison of Control Networks

Distributed control networks for converter-level control have been researched and implemented
in the past with varying results. The studies have usually leaned towards a ring network based
solution for its flexibility in larger scale systems like the the PEBB based systems. Industrial
fieldbuses have been used for converter-level control with success. An off-the-shelf solution,
li§ke EtherCAT, can provide a lot of flexibility to a system with relatively small development
effort. However, an in-house developed solution can in the end provide better performance and

integration, especially to an existing platform.

The presented control networks have some similar properties, like the bandwidth for example.
The networks are however very different from each other in terms of cycle times and
synchronisation accuracies. This is due to the fact that they are designed for different applications.
Some of the networks, TSBS and PESNet for example, are designed for one purpose in mind and
some of the networks, like EtherCAT and SERCOS, are designed for much broader use. All of
the networks, except Carstensen, can be configured to use a ring topology and all the networks

support optical communication. Properties of the networks are presented in Table 3.1.

Three of the presented networks stand out in terms of their synchronisation accuracy; EtherCAT,
TSBS and Carstensen. They all reach accuracy around few tens of nanoseconds, Carstensen

being the most accurate with £5 ns accuracy.

The implementation by Laakkonen and by Carstensen is a custom FPGA design. EtherCAT

communication could also be implemented with an FPGA but it would require EtherCAT
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intellectual property (IP) cores to be used on the chip adding extra cost to the system.

Table 3.1. Characteristics of different control networks.

Network Topology Cable type Maximum Minimum Synchronization
bandwidth cycle time accuracy
[Mbit/s]

EtherCAT  Line, tree, Copper, 100 <1ms +20 ns
star optical

SERCOS Line, ring Copper, 100 31.25 ps <1uyps
optical

MACRO Ring Copper, 125 5 us (with 4 n/a

optical slaves)

PESNet Line, tree, Copper, 125 < Ims < 80 ns
star optical

TSBS Ring Copper, 100 < 1ms +£10 ns per node
optical

Carstensen Line Optical 100 45.53 ps +5 ns
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4 Three-Level ANPC Converter Control Network and Its Requirements

In a converter application a control network is used to connect a master controller and some
number of power switches together in some manner. The number of power switches and
controllers is dependent on the converter topology and the capability of one controller. Just one
controller might not be able to control multiple parallel three-phase systems and in this case

additional controllers would be used in some kind of multi-master configuration.

The operational requirements of the three-level ANPC inverter set some minimum requirements
for the control network. The most important aspect of the control network is its ability to
transmit enough data in one switching cycle to guarantee correct operation of the inverter. This
includes transmitting necessary measurements from the power switches to the controller and
transmitting control signals from the controller back to the power switches. The controller also
needs some amount of time to calculate the new control signals so the data transmission cannot
take the whole switching cycle but just a portion of it. Furthermore the control network has to

provide means for accurate synchronization of the power switches connected to the network.

4.1 Network Topology

The choice of the network topology is affected by several factors including wiring complexity,
cost, redundancy/fault tolerance, required bandwidth, synchronization accuracy and existing
hardware. Suitability of different topologies is examined by considering the characteristics
of each topology. The main aspects to be considered are the required bandwidth and the

synchronization accuracy.

The star network can provide many benefits over the other network options in terms of
synchronization accuracy and fault tolerance. Since all the power switches would be in
parallel, the control data could be sent simultaneously to all of the switches inducing little
to no synchronization error or jitter. Also fault tolerance would be good since all of the switches
would have a dedicated connection to the master controller. A failure of one switch would not
interfere with the communication of the other switches so all the switches could be shut down in a
graceful manner in the case of a system malfunction. The network bandwidth of one connection
would not have to be very high since control and measurement data of only one switch would

be sent over the connection. The parallel transmission, reception and data processing capability
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of the master controller would however have to be high.

If the number of power switches per phase is n, then the star network requires n connections for
the power switches if they are connected directly to the controller. The existing control platform
has 10 optical fibre connections on-board which is enough to control the six switches of one
phase-leg of an ANPC inverter. This configuration is show in Figure 4.1 (a). A three-phase
ANPC system shown in Figure 4.1 (b) requires 18 connections between the master controller
(M) and the power switches, so the control board would require a communication extension card

(E) to directly communicate with all of the power switches.

The ring network cannot provide as easy synchronization as the star network could and in the
case of a one-way ring also the fault tolerance of the system is low. However these problems
can be mitigated by using a two-way ring structure. A two-way ring could operate also under
a single-point cable failure and also if one of the switches has failed. The required data rate
of the network would rise depending on the number of power switches in the network. The
maximum possible data rate would therefore limit the maximum number of switches in one
network. Synchronization of the switches in a ring network is its main drawback. A complex

synchronization scheme has to be in place for the inverter to function properly.

One-way and two-way ring networks connecting one phase of an ANPC inverter are shown in
Figure 4.2 (a) and (b) respectively. A three-phase system could be connected in two different

ways as shown in Figure 4.3. In Figure 4.3 (a) the same level switches of the different phases
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Figure 4.1. One phase-leg of an ANPC inverter in a star network connected directly to a
master controller M (a) and three phases connected to a master controller via a phase extension
cards Eq, E; and E;5 (b).
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Figure 4.2. One phase-leg of an ANPC inverter in an one-way (a) and two-way (b) ring
networks.

are in the same network and a total of 12 connections are required on the master. In Figure
4.3 (b) one phase is in the same network and only six connections are required on the master.

If two-way communication would be used the required connections on the master side would

double.

The bus topology, illustrated in Figure 4.4, would provide easy synchronization since a single
synchronization telegram could be broadcasted to all of the power switches at once. The

operation of the bus network communication would require a complex medium access control
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Figure 4.3. The power switches of a three-phase ANPC inverter can be connected together
either by connecting the same level switches to a ring network (a), or by connecting all of the
switches of a single phase with a ring network (b).
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Figure 4.4. One phase-leg of an ANPC inverter in a bus network.

and would most likely lead to a master-slave based communication scheme. The bus network
physically differs from the other options since it requires an optical bus to which the controller
and the power switches are connected to. The bus topology requires one bus connection per

phase and n + 1 connections to connect the power switches and the controller to the bus.

4.2 Network Bandwidth

The network bandwidth has to be high enough so that all the necessary measurements and gate
signals can be transmitted in one switching period also leaving enough time for the controller
to calculate the new gate signals for the next switching period. The minimum required bit rate
can be approximated by examining the data transmitted between the power switches and the
controller. One phase-leg of the inverter requires at least one output current measurement. The
DC link voltages can be measured directly or calculated from collector-emitter (CE) voltage
measurements of the power switches. Forming the DC link voltages from the CE voltage
measurements requires at least four measurements in one phase-leg to be transmitted to the
controller. Measuring the voltage directly requires two voltage measurements because of the
split DC link. Depending on the control scheme of the inverter also temperature measurements
from the individual power switches might have to be transmitted to the controller. However, the
thermal feedback does not need to be transmitted every switching period. Gate control signals

have to be transmitted every switching period.

The amount of data that has to be sent in one switching period increases as the number of power
switches in one network increases. The time in which the data has to be transmitted on the other
hand decreases as the switching frequency increases. This means that the required minimum
bit rate increases as the number of power switches or the switching frequency increases. The

transmission will also have overhead induced from the frame structure of the message and also
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from the used data encoding scheme. The 8b/10b encoding induces a 25 % overhead to the

transmission and the Manchester coding a 100 % overhead.

The required bandwidth of the network depends also on the network topology. The star network
could operate on a lower bandwidth since the power switches would not have to share a connection
to the controller. However, the bandwidth requirement in the star network is not symmetric since
the switches measuring the output current and DC link voltages would require more bandwidth
than the other switches. The ring network requires overall more bandwidth since the power

switches have to share the connection to the controller.

The data channel capacity C in bits/second for a ring network can be defined as

C = (np X npp + Ny X Npn) X fow X (1 + kop) , 4.1

where n,, is the number of phases in one ring network, 7y, is the number of measurement bits
required per one phase leg, n,, is the number of nodes in a phase leg, ny, is the number of required
measurement and control bits per node, f; is the switching frequency and k., is the data and
encoding overhead. A plot of the minimum required bit rate in a ring network as a function of

number of nodes is shown in Figure 4.5 with different switching frequencies.

On top of the mandatory measurement and control data diagnostics data is also transmitted from
the power switches to the controller. The diagnostics data is not however time-critical and can be

transmitted in-between the time-critical information. The diagnostics data includes for example
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Figure 4.5. Required bit rate in a ring network with different switching frequencies and
number of power switches. n, = 1, ny, = 37 bit, np, = 28 bit, kop = 2.75.
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different temperature and voltage rail measurements.

The maximum switching frequency f,max Of the inverter can be defined based on the data

transmission and processing times

1
tproc + lixd + Irxd + tpt + lprop

4.2)

fsw,max =

where 0 is the processing time of the controller to calculate new switch signals for the next
switching period, fiq is the transmission delay of all the transceivers, f.xq is the reception delay
of all the transceivers, #y is the passthrough delay of the all the nodes and 1, it the total

propagation delay through the network.

With 1 kHz switching frequency the switching period is 1 ms. If half of the period is reserved for
processing, 500 ps is the maximum time that can be used for data transmission. The minimum

theoretical transmission time per one switching period can be calculated as

Np sw
ftx,min = C + N X (ttxd + Ixd + tpt + tprop) > (43)

where ny gy is the number of bits required to be sent in one switching period, C is the link speed,
N is the number of nodes in a ring network, fq is the transmission delay of a transceiver, #;xq
is the reception delay of a transceiver, 7 is the passthrough delay of a node and #,p is the

propagation delay between nodes.

The increase in the transmission time as the function of bits per switching cycle using a 100

Mbit/s link speed is shown in the Figure 4.6.

4.3 Synchronization of Power Switches

The goal of synchronizing the power switches within a phase leg is to have the output voltage
follow the reference voltage with minimal error. This is achieved if all of the power switches
initiate their new duty cycles at the same time i.e. the local times of the power switches are
synchronized. With parallel operated converters circulating currents are to be minimized. This

is achieved when two parallel phases initiate their new duty cycles at the same time.

The timing accuracy of the switch commands is affected by the control network topology. As

mentioned earlier, synchronization in some topologies is easier than in others and the complexity
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Figure 4.6. Total time required for data transmission in one switching period. C = 100 Mbit/s,
N =6, tixg = 1 ps, trxa = 1 ps, tpe = 2 S, fprop = 5 1S.

of the necessary synchronization scheme depends on the selected topology. The star topology
provides easy synchronization but it is not very scalable. The ring network needs a dedicated

synchronization scheme but it provides good scalability.

The power switches are synchronized to the master controller which is the time base of the
system. The local clocks on the power switches are adjusted by correcting the offset and the rate
of the local clocks. The offset is corrected by measuring the phase difference of the local clock,
relative to the master’s reference clock and the rate is corrected by adjusting the drift of the
local clock, relative to the reference clock. The offset correction can be done by shortening or
lengthening the clock pulses of the local clock until the clocks are in phase. The drift correction
needs for example a PLL based controller that adjusts the frequency of the local clock to match

with the frequency of the reference clock.

4.3.1 Synchronization of a Phase-Leg

The absolute minimum synchronization accuracy within a phase-leg is defined by the safe time
(also referred as dead-time) between the turn-off and turn-on of the switches illustrated in Figure
4.7. The safe time is affected by any static error or jitter in the synchronization. Static error in
the synchronization induces a constant error in the safe time, illustrated in Figure 4.8 (a), and
any jitter in the synchronization induces variable error in the safe time, illustrated in Figure 4.8
(b). When these errors are combined an effective safe time, illustrated in Figure 4.8 (c), can be
defined as

ts’e = ts - te - tJ N (4.4)
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Figure 4.7. Gate signals of two ideal switches without any safe time (a). Safe time 7, is added to
the rising edge of the gate signals to prevent overlapping conduction of the power switches (b).
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Figure 4.8. Static synchronization error 7, alters the safe time 7 by a constant amount inducing
error to the safe times (a). Synchronization jitter #; adds varying error to the safe times (b).
Combined static synchronization error and synchronization jitter reduce the safe time to a
effective safe time 7 (c).

where 1, is the safe time, 7. is the static synchronization error and f; is the amount of
synchronization jitter. The effective safe time should always be greater than the turn-off time of
the power switch, plus some additional delay time, to guarantee safe operation of a phase leg. If

the combined error exceeds the safe time, a shoot through in the phase leg becomes possible.

The safe time causes distortion in the output voltage waveform of the phase-leg. The change in

the output voltage due to 7, in a three-level inverter in one time period of the switching frequency
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where Ty is the switching period, Upc is the DC link voltage and i, is the phase current. The
change does not depend on the magnitude of i but its polarity depends on the current direction
(Mohan et al., 1995). The error given by (4.5) is not dependent of the output voltage, hence the

relative voltage error increases as the output voltage decreases.

If the safe time stays constant, also the voltage distortion caused by the safe time stays constant,
but if the safe time has varying error induced from the synchronization error, the output voltage

distortion changes according to the changing safe time.

The effects of the safe time error are more prominent with higher switching frequencies since the
safe time takes relatively higher proportion of the switching period. With high-power switching
devices the turn-on delay, current rise, turn-off delay and current fall times are longer so high
switching frequencies cannot be achieved. The safe time of a high-power switching device is
usually in the order of few to ten microseconds, so an error of, for example, 100 ns in the safe

time would cause an error of around 1-10 % of the total safe time.

If dead-time compensation is used to mitigate the dead-time effects, the variations in the
dead-time might have to be accounted for, depending on the used compensation method and the

amount of error in the dead-times.

4.3.2 Synchronization of Parallel Connected Phase-Legs

In parallel phase-legs the synchronization error causes also asynchronous switching between
the same level switches of the legs illustrated in Figure 4.9. According to (Laakkonen, 2010)
asynchronous switching causes circulating currents and current unbalance between phase-legs.
The definition of circulating currents i of n parallel-connected converters, as used in (Laakkonen,
2010), is given in (Pan and Liao, 2007) as

n
Iekj = lckjl Tickja+ ... Fickjn = Z ek jm > (4.6)

m=1

i —i
Kk ke fabe); jome {1,2,..n), 4.7)
n

ic,kjm =
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Figure 4.9. Asynchronous switching in parallel phase-legs with error At.

where k is the phase and j is the index number of the parallel-connected converter. For example,

circulating currents of the phase a for two parallel-connected inverters are

a
icaj = D feam = 3l(iaj ~ia1) + o = i) j € {1,2) (4.8)
m=1
. 1 . . . . . ial + ia2 .
leal = 5[(1511 - lal) + (lal - la2)] =lal — Ta J = 1
= . . 4.9)
. 1 . . . . . lgl 12 .
lea2 = 5[(102 —ig1) + (la2 —ig2)] = ia2 — T s J=2.

The maximum change in the phase current during asynchronous switching can be calculated as

2 UDC
= —Ar, 4.10
i==7 (4.10)

where L is the intermodule inductance, Upc is the DC source voltage and At is the time of

asynchronous switching.

In two parallel ring networks illustrated in Figure 4.10 the maximum asynchronous switching
time is experienced in the last switches of the network. This results from the accumulation of
the synchronization jitter in the networks. The worst case scenario is when one switch switches
ahead of time and the other switch switches late by the maximum jitter time. In this scenario
the asynchronous switching time is double the maximum jitter at the last switches. Since the
error between the parallel switches is different from switch to switch and increases towards the

end of the ring network the circulating current is greater on the negative half period.

4.4 Fault Tolerance
The control network can experience different kinds of communication problems varying from

broken connections to corrupted bits in the data stream. From the hardware point of view a
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Figure 4.10. Parallel phase-legs in separate ring networks.

failure point in the network could either be a transmission line or a network node. Depending
on the topology and the point of failure in the communication system, different actions can be

taken to mitigate the problem.

With a star network a failure of a node or a communication line affects only a small part of the
system. Communication could be lost to one of the nodes without it affecting the operation of
the other nodes as shown in Figure 4.11 (a). In this case not much can be done to re-establish

the communication to the node.

The one-way ring network is the least robust to a failure in any part of the network. A failure
in any of the slave nodes or communication lines prevents communication from the master to
the further nodes in the network as shown in Figure 4.11 (b). None of the nodes can either

communicate back to the master node.

With two-way communication, like in a two-way ring network, one faulty cable between any two
nodes does not prevent communication to all of the nodes. The communication can be looped
back at the nodes or just one intact ring can be used for the communication as shown in Figure
4.11 (c). The same applies to a faulty node shown in Figure 4.11 (d) with the distinction that the
communication has to be looped back at the adjacent nodes if data cannot be passed through a

faulty node.

An inverter should be able to perform a successful shutdown under all circumstances to protect
the system from a catastrophic failure. A malfunction of one power switch or a communication

cable should not lead into a failure of the whole system. In the case of a one-way ring network
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Figure 4.11. A fault in the star network blocks communication only to one of the nodes
leaving other communication paths intact (a). In the one-way ring network a faulty node or a
cable blocks communication to all further nodes in the network (b). The two-way ring network
can still operate if one of the cables has failed (c) or one network node has failed (d).

this means that the individual gate drivers connected to the network should be able to handle a
communication fault on their own without any external commands. The two-way ring network

offers a much more robust solution for this problem as discussed earlier.

The three-level converter could suffer a catastrophic failure when using a one-way ring network,
for example, if the communication was lost from the upper outer power switch S; onwards. In
this case the switch Sy could be in on-state while the remaining switches were in off-state. This
would allow the whole DC link voltage to be applied to the upper inner switch S, as illustrated
in Figure 4.12. However, this could be prevented, for example, by not letting the switch S,
to transition to off-state. An active clamping network could be used to keep the switch S; in

on-state.

4.5 Summary of requirements
Data throughput and synchronization accuracy are the high priority concerns for a power
converter control network since they form the basis for safe and deterministic operation of

the converter.
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Figure 4.12. Positive phase current is commutated from the Oy, state to the + state, after
which a communication error occurs from the switch S| onwards. If the switches 2 through 6
transition to off-state and the switch S; stays in on-state as communication is lost, the whole
DC link voltage is applied to the switch S,.

A bit rate of 100 Mbit/s is sufficient in a ring network when operating at relatively low switching
frequencies around 1000 Hz. A switching period of 1 ms leaves plenty of time to transfer
required measurement data and control signals between the controller and the power switches
as discussed in Chapter 4.2. Even several kilobits of measurement and control data can be
transmitted under 100 ps leaving enough time for other functions to be executed within their

time constrains.

The synchronization accuracy of the systems is important mainly in parallel operation. The
minimum required accuracy depends highly on the underlying hardware; for example the size
of the output chokes and the DC link voltage. However, the output chokes are usually desired
to be as small as possible which leads to minimizing the synchronization error between parallel
converters. With a synchronization accuracy of +20 ns, Upc/2 voltage of 2500 V and total
output inductance of 2 uH the maximum theoretical circulating current would be around 50
A. The output inductance can be adjusted to for a desired maximum circulating current value.
Synchronization accuracies around £20 ns have been reported in the existing research so reaching

similar levels of accuracy should be feasible.

A ring network based communication solution was desired for the three-level converter
application because of the higher number of power switches. The selection between one-way and
two-way ring networks is clear from the performance point of view; the two-way ring topology

can reach higher synchronization accuracies and data rates. It is also capable of providing fault
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tolerance for the communication which the one-way ring is totally lacking. The only major
downside to the two-way topology is the added cost of the extra communication path. The
two-way topology would also require more development effort so that the added capabilities

would be well utilized.
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5 Simulation

The effects of clock drift and synchronization error in a ring network based DNPC inverter were
simulated using MATLAB® and Simulink® environments. A DNPC inverter model was used in
the simulation, because ready-made simulation blocks were available, and the relevant electrical

characteristics of the ANPC and DNPC inverters are identical.

The main points of interest in the simulations were timing error of the gate signals caused by

the ring network and circulating currents between two parallel connected inverters.

5.1 Simulation model

The simulation model illustrated in Figure 5.1 consists of two parallel DNPC inverter phase-legs
supplied by a common stiff DC supply and of a back electromotive force (EMF) load connected
to the inverters via intermodule inductors. The modulators controlling the inverters generate
a pulse train using sine-triangle pulse width modulation (SPWM). The model parameters are

presented in Table 5.1.

g g
L Modulator 1
1t Ap—a AN T
T 2 Output
DNPC choke 1 | S
Inverter 1
l Load
-4
g ; Back
EMF
Modulator 2 I
1
poa A\ —TMa =
Output
DNPC choke 2

Inverter 2

Figure 5.1. Parallel one-phase DNPC model feeding an inductive load. The phase-legs are
controlled with separate modulator blocks, both simulating the behaviour of a one-way ring
network.
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Table 5.1. Parameters of the simulation model.

DC link voltage 5400 V
Output frequency 50 Hz
Carrier frequency 1000 Hz

Inverter output inductance 1.1 uH
Inverter output resistance 500 p€2

Load inductance 6.9 mH
Load resistance 36.3 mQ
Load back EMF 2694 V

The behaviour of a ring network is modelled within the modulator blocks. The gate signal of
each of the power switches is generated in its own time base which can drift in comparison
to the other gate signals. Generation of the local time is illustrated in Figure 5.2. The local
time is generated with a repeating local time ramp which has a period corresponding to the
synchronization period of the system. The local time is multiplied by the drift amount. The
drifting local time is added to a sampled value of the global time, which has error added to it.
The sampling represents the synchronization and the error added to the global time represents
the synchronization error. The synchronization error is generated as illustrated in Figure 5.3. An
uniform random number generator is used to generate the synchronization error of one switch.
The accumulation of the error is done by adding the error of a switch to the errors of the previous

switches. This way the synchronization error behaves as described in (Laakkonen, 2010).

s

Synchronization

signal
G - :
Global time . »in sH >
Synchronization Sample

error and Hold

Local time
s

Local time [ gcal time
ramp drift

Figure 5.2. The local time of a power switch is generated by adding a repeating ramp to a
sampled value of the local time. Synchronization error is added to the global time before
sampling and the local time ramp has a gain to simulate the time drift.
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Figure 5.3. Independent uniform random numbers are summed up to generate the
accumulating synchronization error.

5.2 Simulation Cases

5.2.1 No Time Drift or Synchronization Error

The parallel inverters were first simulated without any error in the gate signals to see how an
ideal system behaves. One fundamental period of the load current and the two phase currents
are illustrated in Figure 5.4. The phase currents are identical and no circulating current can be

observed, as expected.

—_
600 | Alodd
lphase 1

lphase 2

Current [A]
(=}
~— T
N

0 0.005 0.01 0.015 0.02
Time [s]

Figure 5.4. Load and phase currents with no error in the gate signals. The load current is
balanced between the two phases.

5.2.2 Constant Time Delay
A constant gate signal delay was used to establish a baseline for the other simulations. The
load current and the phase currents during a fundamental period are show in Figure 5.5 and

the circulating current in Figure 5.6 with 50 ns of static error added to the gate signals. The
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Figure 5.5. Load, phase and the difference in the phase currents, when 50 ns static error is
introduced to the gate signals. One of the phases carries a larger amount of the load current
during the asynchronous switching.
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Figure 5.6. Calculated circulating current, when 50 ns static error is introduced to the gate
signals.

circulating current is calculated according to (4.9). It can be observed that the current change
during the asynchronous switchings stays the same throughout the switching period because of

the constant delay. The current changes according to (4.10) during the asynchronous switching.

The asynchronous switching time At of the power switches is illustrated in Figure 5.7. The error
in the switching times is the same for all of the switches and stays constant over the fundamental

period.

5.2.3 Time Drift
The effect of drift between the time bases of the power switches was simulated by adding a
time drift to the time base of the generated gate signals. A worst case scenario was created

where the clocks of one converter drifted in one direction and the clocks of the other converter
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Figure 5.7. Asynchronous switching time, when 50 ns static error is introduced to the gate
signals. A 2 ns error in the error times is caused by the simulation resolution.

drifted in the opposite direction. A drift of 50 ppm was used, resulting in a total drift of 100
ppm between the converters. With a 1000 Hz switching frequency the time bases drift apart
100 ns during one switching period, if no synchronization is performed. Figure 5.8 (a) shows
how the asynchronous switching time decreases as the synchronization period decreases. The
synchronization is performed 2, 6 and 10 times in a switching period resulting in synchronization
periods of 500 ps, 167 us and 100 ps respectively. The timing error does not stay constant over
the fundamental period because the reference sine wave changes by a different amount during

the switching periods.

Figure 5.8 (b) shows the circulating currents with different synchronization periods. The effect
of a shorter synchronization period can be observed as the current magnitude decreases when

the synchronization period decreases.

5.2.4 Time Drift and Synchronization Error

The effect of imprecise synchronization in the ring network was simulated by adding a random
varying error to the synchronization. The error causes variable offset between the time bases
of the power switches resulting in a jitter between the gate signals. The system was simulated
using a jitter of £10 ns, £20 ns and +50 ns per power switch. This results in maximum jitter of

+40 ns, £80 ns and +200 ns at the last power switches respectively.

The behaviour of the synchronization error in the ring network was first tested by generating
clocks signals in the different time bases without any time drift between the time bases. A

maximum synchronization error of £20 ns was used. Figure 5.9 shows how the jitter accumulates
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Figure 5.8. Asynchronous switching times with 50 ppm time drift and synchronization periods
of 500, 167 and 100 ps (a), and the circulating currents caused by the asynchronous switching
(b). The errors are identical on the negative and positive halves of the fundamental period.

from one power switch to the next.

Since the two phase-legs are modelled to use separate ring network the error in one leg might get
the maximum positive value while the error in the other leg gets the maximum negative value.
In this scenario the asynchronous switching time between the parallel same level switches is

twice the maximum jitter of the individual switches.

From the gate signal errors shown in Figure 5.10 it can be seen how the timing error increases
from the first parallel power switches to the last switches. The increase is caused by the

synchronization jitter accumulating in the ring network as described earlier.

Figure 5.9. Clock jitter with maximum synchronization error of 20 ns. The time division is 40
ns.
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Figure 5.10. Asynchronous switching time with 50 ppm time drift and 10 ns synchronization
jitter. The timing error is larger between the last switches because of the accumulating error.
Synchronization is performed every 100 ps.

Asynchronous switching times with different synchronization jitters are show in Figure 5.11. The
timing error clearly increases as the synchronization error increase. Also the relative difference
between the positive and the negative half periods becomes larger as the synchronization jitter

increase.

The random jitter can be seen in the circulating current illustrated in Figure 5.12 as the current
amplitude change varies from a switching period to the next. The accumulating jitter can be
observed as the circulating current is larger on the negative half of the fundamental period. This
is due to the fact that the negative half period is generated using the lower two switches of the

inverter, where the maximum asynchronous switching time can be larger.

5.3 Conclusion

A model for simulating the effects of a ring network in a three-level inverter was successfully
built and tested. The simulation results of the asynchronous switching times show well the
effects of the ring network when used with parallel three-level inverters. Increase in the timing
error from the first switches to the last switches can be clearly observed. The effect of SPWM
can also be seen in the results as the asynchronous switching time varies over the fundamental
period. This behaviour could differ from the presented results, if a different modulation strategy

was used.

The presented simulations were done under a worst case scenario where the local clocks of the

power switches of one phase-leg drift in an opposite direction than the local clocks of the other
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Figure 5.11. Asynchronous switching times with 50 ppm time drift and synchronization
periods of 500 us, 167 ps and 100 ps. Synchronization jitters of 10 ns (a) 20 ns (b) and 50 ns
(c) were used. The timing error with 100 us synchronization period and 50 ns synchronization
error stays mostly below 100 ns with few peaks above 100 ns, but below 150 ns. With 10 ns
synchronization error and 100 ps synchronization period the timing error stays below 50 ns
during the whole fundamental period.

phase-leg. The behaviour of a real system would most likely differ from this, since the clocks

would drift at a random rate in a random direction.

Highest asynchronous switching times were observed with slower synchronization periods,
combined with large synchronization errors, as expected. Asynchronous switching times with
100 ps synchronization period and 10 ns synchronization error stay below 20 ns between the first
switches, and below 50 ns between the last switches. This result can be used as general direction
when considering the minimum accuracy of a system. With larger synchronization errors and
slower synchronization periods the circulating currents become more and more unpredictable.

The circulating current can reach peak values over 200 ns, if the synchronization errors add up.
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Figure 5.12. Calculated circulating current with 50 ppm time drift and synchronization
periods of 500 us, 167 ps and 100 ps. Synchronization jitters of 10 ns (a) 20 ns (b) and 50 ns

(c) were used.

This is also one thing that has to be considered when the minimum synchronization accuracy of

the system is being defined. The average circulating current also behaves randomly because of

the random synchronization error, so based on the simulations it cannot be stated which of the

two converters would carry more current on average, or if the average circulating current would

be evenly balanced between the converters over a long period of time.
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6 Conclusion and Discussion

In previous studies, both industrial off-the-shelf and custom made communication solution have
been used successfully to control different kinds of power converters. Better performance can
be reached by developing a tailored solution for a specific application, but off-the-self solutions
can also be considered as a viable option, if the performance criteria of the system is not very
high. The research on the topic can be used to gain general knowledge of different systems
and their requirements. None of the studies have however considered an ANPC converter in
particular, so no clear answer to the question of applicability of the ring network to a such
multilevel converter is available. The work done in this thesis considers the ANPC converter
application more closely, and better conclusion can be drawn regarding the application. Some
of the results, like the bandwidth requirement in the ring network, are also applicable to a wider
range of system, than just the ANPC converter. Furthermore, the created simulation model can

be used to examine the effects of a ring network also in other kinds of applications.

The objective of this thesis was to examine and define a set of requirements for the operation of a
ring network based communication solution for an ANPC converter. The minimum requirements
and limiting factors of the communication system were defined and some possible pitfalls were
also found. The ring network based solution was not tested with real hardware as the required
hardware was not available in time. Simulations were however carried out to gain insight of the

systems behaviour.

Different aspects of a converter-level control network were examined and requirements for a
three-level ANPC converter control network were defined based on the existing research and
functional requirements of the converter. The defined requirements and features are in-line
with the existing research results and it can be deduced that the converter-level control can
be implemented using the desired ring network based solution. However, it must be stated
that usage of a one-way ring topology reduces the performance of the system compared to the
two-way solution, and it does not provide the same capabilities the two-way solution would.
When designing a converter based on the one-way ring network, the absence of fault tolerance
has to be carefully considered. In practice, all parts of the system, namely the individual gate

drivers, have to be able to operate independently without any external control from an upper-level
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controller.

Simulations of the ring network based inverters were carried out to examine the effects of
synchronization error in parallel operated inverters. A method for generating and synchronizing
a local time with multiple adjustable parameters was created to simulate the behaviour of a
one-way ring network. The simulation results are in-line with the underlying theory of parallel
connected inverters, and they can be used as a basis when considering the implementation of a
such system. A set of realistic system parameters was used in the simulations to gain insight to
a particular system, but the exact parameters used in the simulation can of course be adjusted to

suite a different application.

Based on the results of this thesis, a ring network based prototype communication system for
a three-level converter could be developed and tested using existing control hardware. The
possible implementation is however limited by the existing hardware, and only a one-way ring
network could be built and tested. By adding another fibre optic transceiver to the gate drivers
two-way communication could also be tested, but this would probably turn out to be an expensive

option just to try out the capabilities of the two-way communication.
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