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The increasing power demand and emerging applications drive the design of electrical power

converters into modularization. Despite the wide use of modularized power stage structures,

the control schemes that are used are often traditional, in other words, centralized. The flex-

ibility and re-usability of these controllers are typically poor. With a dedicated distributed

control scheme, the flexibility and re-usability of the system parts, building blocks, can be

increased. Only a few distributed control schemes have been introduced for this purpose, but

their breakthrough has not yet taken place. A demand for the further development of flexible

control schemes for building-block-based applications clearly exists.

The control topology, communication, synchronization, and functionality allocation aspects

of building-block-based converters are studied in this doctoral thesis. A distributed control

scheme that can be easily adapted to building-block-based power converter designs is devel-

oped. The example applications are a parallel and series connection of building blocks. The

building block that is used in the implementations of both the applications is a commercial

off-the-shelf two-level three-phase frequency converter with a custom-designed controller

card.

The major challenge with the parallel connection of power stages is the synchronization of

the building blocks. The effect of synchronization accuracy on the system performance is

studied. The functionality allocation and control scheme design are challenging in the series-

connected multilevel converters, mainly because of the large number of modules. Various

multilevel modulation schemes are analyzed with respect to the implementation, and this

information is used to develop a flexible control scheme for modular multilevel inverters.
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Nomenclature

Roman letters

∆t Duration of asynchronous switching

îc Circulating current peak value

Cdc DC link capacitance

irms
c Circulating current RMS value

irms
m Motor current RMS value

L Inductance

R Resistance

tm
rx Synchronization frame reception time, master node

tm
tx Synchronization frame sent time, master node

ts
p Synchronization frame pass-through time, slave node

ts
delay Sum of the partial delays from master tx to slave rx

ts
error Error of the counter in the slave node

ts
rx Synchronization frame reception time, slave node

ts
tx Synchronization frame sent time, slave node

tavg Average internode delay

ttot Synchronization frame total pass-through time

Udc DC link capacitor voltage

Acronyms

AC Alternating Current

APOD-PWM Alternate Phase Opposition Disposition PWM



CPES Center for Power Electronics Systems

DC Direct Current

DCM Duty-Cycle Modulation

DLL Delay-Locked Loop

DSP Digital Signal Processor

DTC Direct Torque Control

EMI Electromagnetic Interference

FDDI Fiber Distributed Data Interface

FIFO First In First Out

FPGA Field-Programmable Gate Array

IGBT Insulated-Gate Bipolar Transistor

IGCT Integrated Gate-Commuted Thyristor

IPM Intelligent Power Module, Integrated Power Module

MACRO Motion and Control Ring Optical

NPC Neutral Point Clamped

ONR Office of Naval Research

PCB Printed Circuit Board

PD-PWM Phase Disposition PWM

PEBB Power Electronic Building Block

PESNet Power Electronics System Network

PLL Phase-Locked Loop

POD-PWM Phase Opposition Disposition PWM

pu per-unit

PWM Pulse-Width Modulation

RMS Root Mean Squared

SERCOS Serial Real-Time Communication System

SHEPWM Selective Harmonic Elimination PWM

SPI Serial Peripheral Interface

SPWM Sinusoidal Pulse-Width Modulation



Nomenclature 11

STATCOM Static Synchronous Variable Compensator

SVC Space-Vector Control

SVM Space-Vector Modulation

SVPWM Space-Vector PWM

THD Total Harmonic Distortion

UNIFLEX A research project Advanced Power Converters for Universal and Flexible

Power Management in Future Electricity Networks

VHDL Very High Speed Integrated Circuit Hardware Description Language

VSI Voltage Source Inverter
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Chapter 1

Introduction
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The development of power electronics systems has been driven by the improvements in power

semiconductor technology (Lee et al., 2002). Power semiconductors and drive circuits are

available as integrated modules of different kinds, even with cooling and a cabinet casing

included. These integrated modules can be used as building blocks in different applications

and configurations. Modularity increases flexibility and re-usability of components, resulting

in reduced costs. To fully exploit the benefits of the modularity, the converter control should

also be flexible.

Traditional converter control is centralized. The power switches are directly controlled by a

single controller. The flexibility and re-usability of controllers are normally poor. A new con-

trol design cycle may be needed with each application and configuration. Nevertheless, cen-

tralized control can be used in building-block-based designs, and flexibility can be increased

significantly with the use of a proper control scheme. Distributed control is well established

in motion control applications and factory automation systems. However, distributed control

at the converter level has been unexplored (Francis et al., 2005).

A recent example of a building-block-based design with a centralized control is the UNI-

FLEX concept presented in (Watson et al., 2009). The three-phase static variable compen-

sator (STATCOM) consists of 12 building blocks, each having 16 power switches. All the

switches are controlled by a controller consisting of a digital signal processor (DSP), five

field-programmable gate arrays (FGPA), and a fiber optic board. The direct control of 192

power switches and feedback data requires a large amount of cabling (~2 km) and a very

powerful controller. This kind of an application could benefit from the distributed control

design.

A major effort was initiated by the US Office of Naval Research (ONR) to develop modular

building-block-based power electronics systems (Ericsen and Tucker, 1998). The goal has

been to design a set of Power Electronic Building Blocks (PEBB) that can be configured

to cover a large part of power electronic applications. This concept has been discussed for

example in publications (Ericsen, 2000), (Ericsen et al., 2006), (Steimer, 2003), and (Rosado

et al., 2006). Most of the research results concern design, development, and integration of

power modules. A custom distributed control network has been developed during the research

(Milosavljevic et al., 1999), but wide adoption of the scheme has not been reported.

The suitability of existing field bus control networks for power electronic applications have

been studied in (Bassi et al., 1995) and (Attaianese et al., 2005). Field bus systems have

been usually developed for system level control, and therefore many of them are complex

and include unnecessary functionality considering distributed power converter design. Fur-

thermore, the field bus control networks generally do not provide accurate enough synchro-

nization for switch level operation in power electronic converters (Francis, 2004). Only a

few custom control solutions for building-block-based power electronic devices have been

proposed. These include PESNet (Power Electronics System Network) (Milosavljevic et al.,

1999), control network proposed in (du Toit et al., 1998), an FDDI-based (Fiber Distributed

Data Interface) network (Hang et al., 2007), and a hybrid multitap solution (Liu et al., 2005).

Although the possible benefits of building-block-based design methodology are generally
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acknowledged, only a few flexible distributed control schemes have been introduced for this

purpose. Besides, wide utilization of these few control schemes have not been reported, but

only individual applications have been presented. So, there is clearly a demand for further

development of flexible control schemes for building-block-based applications.

1.1 Objective of the study

The objective of this work is to develop a distributed control scheme that can be easily adopted

to building-block-based power converter designs. High flexibility and scalability are required

of the control scheme, so that it can be used with different kinds of applications. Control

topology, communication, synchronization, and functionality allocation aspects are studied.

The example converter applications are a parallel and a series connection of building blocks.

Both of these aim at a higher power rating of the converter. The building block that will

be used in the implementations throughout this work is a commercial off-the-shelf two-level

three-phase frequency converter with a custom-designed controller card. The building block

is unmodified except for the controller. The work regarding the control and communication

schemes of PEBB systems is also valid for different types of building blocks and configura-

tions.

Synchronization is a major concern in the parallel connection of power stages. The effect of

synchronization accuracy on the system performance will be studied. A multilevel converter

with a series-connected building blocks can consist of dozens of modules. This makes the

functionality allocation and control scheme design challenging. Various multilevel modula-

tion schemes will be analyzed with respect to the implementation, and this information will

be used to develop a flexible control scheme for modular multilevel inverters.

1.2 Scientific contribution of the work

The author’s contribution can be summarized as follows:

• A time-stamping-based synchronization method for a cascaded ring topology is pro-

posed. The scheme does not depend on the low layers of the communication protocol,

and thus the scheme can be used with various communication schemes. Information

about the communication delays of the system is not needed, since the scheme auto-

matically defines the intermediate internode delays. A synchronization accuracy of 10

ns per node is achieved with the proposed implementation of the scheme.

• A simple communication protocol for a ring topology is presented. The new synchro-

nization scheme is implemented as a part of the communication scheme. The scheme

decouples messaging of the application and the synchronization. This enables the se-
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lection of synchronization period independently of the application cycle. The commu-

nication and synchronization scheme is implemented to FPGA.

• The use of parallel communication rings is introduced to further increase the flexibility

of the scheme.

• The developed communication and synchronization scheme is utilized in two different

kinds of applications, a parallel and a series connection of building blocks, which both

aim at a higher power of the converter. The series connection forms a cascaded H-

bridge multilevel frequency converter.

• The effects of synchronization jitter and static synchronization error on the system per-

formance in a parallel-connected building-block-based converter are studied by simu-

lations and prototype measurements. The current sharing unbalance is determined as a

function of synchronization error.

• A control scheme for cascaded H-bridge multilevel converters is proposed based on the

common properties of multilevel converter modulation strategies. Modification of the

modulation requires reconfiguration of the application controller only. The control of

the H-bridge building blocks does not need to be altered.

Some of the results of this work has been published previously in:

P1 Laakkonen, T., Itkonen, T., Luukko, J. & Ahola, J. (2009), Time-stamping-based syn-

chronization of power electronics building block systems, in 35th Annual Conference

of IEEE Industrial Electronics Society, 2009. IECON ’09., pp. 925–030.

P2 Laakkonen, T., Luukko, J., Ahola, J. & Silventoinen, P. (2009), Analysis of time-

stamping-based synchronization of a pebb system, in IEEE International Symposium

on Industrial Electronics, 2009. ISIE 2009., pp.12–17.

P3 Laakkonen, T., Naumanen, V., Luukko, J. & Ahola, J. (2009), Universal control scheme

for power electronics building-block-based cascaded multilevel inverters, in 35th An-

nual Conference of IEEE Industrial Electronics Society, 2009. IECON ’09., pp. 931–

936.

1.3 Outline of the thesis

The rest of the thesis is organized as follows:

• In Chapter 2, system integration and modular design of power electronic converters

are discussed. The topics of functionality allocation, layered structure, communica-

tion topologies, and module synchronization are addressed. Existing synchronization

schemes for ring control topology are presented. The deficiencies of these schemes

are derived and a new time-stamping-based synchronization method for a cascaded

ring topology is proposed. A control scheme with the proposed synchronization is

presented.
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• Chapter 3 covers the parallel connection of building blocks. Accurate synchronization

is crucial in applications of this kind. The outcomes of synchronization deficiencies

are explained. A prototype of parallel-connected three-phase frequency converters is

introduced. The effect of synchronization accuracy on load current sharing is studied

with measurements. Both the RMS and peak values of the current sharing imbalance

are derived as a function of synchronization error between the building blocks.

• Building-block-based multilevel power converters are discussed in Chapter 4. Multi-

level converters consist of a large amount of building blocks. Furthermore, there are

various modulation and control strategies. These aspects make the design of reusable

building blocks and functionality allocation challenging. The common properties of

control and modulation schemes are extracted. This knowledge is used to design a

control scheme for cascaded H-bridge converters. The proposed control scheme en-

ables the use of various modulation methods without reconfiguration of the H-bridge

building blocks. The implementation of the control scheme, as well as a multilevel

converter prototype, are presented.

• Chapter 5 concludes the results of the thesis.
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Chapter 2

Modular approach to power

electronic converters
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2.1 System integration in power electronic converters

The trend in power electronics is toward a higher level of integration. Here, the develop-

ment of power semiconductor technology has been the driving force. The development has

resulted in improvements in converter performance, reduced size, weight, and cost. A higher

switching frequency has been a major factor in improved performance in many applications.

However, the limits of the current technology are being reached. To overcome this issue,

radical changes in the design and implementations of power electronics systems are required

(Lee et al., 2002).

Power semiconductors are available in modules with associated drive circuitry. Numerous

power switch components can be found in integrated power modules (IPM). Examples of a

high integration level can be found in the Semikron SEMISTACK product range that provides

modules such as single-phase inverters, three-phase inverters, and rectifier-inverter modules.

DC link capacitors, low level protections, gate drivers, power semiconductors, liquid or air

cooling, and cabinet assembly casings are included in these products.

Integrated power modules provide a base for the building-block-based converter design. A

power converter can comprise multiple modules. The increased power may lead to a modular

structure. The power density may become too high to be implemented as a single power mod-

ule with a high level of integration. Even discrete components may have to be used. Another

factor that may lead to a modular design is the power stage topology itself; some topologies

may not be available as a single module. On the other hand, power stage topologies not avail-

able as single power modules become available. Moreover, scalability can be achieved with

a modular design. Control designs have not developed at the same pace with power module

integration, and therefore a conventional centralized control is often relied on. The control

scheme itself can be the major factor that restricts the modularity and scalability. To fully take

advantage of the opportunities provided by the modular structure, a flexible converter-level

control scheme is needed.

The distribution of intelligence has been envisioned for factory-wide power electronics sys-

tems, connecting different kinds of system components into the same control system. This

would require a matured standard for the control system, which is not likely in the near fu-

ture. The distribution of the intelligence can be considered also for smaller system entities

such as modular power converters. The need for a widely accepted control system standard

is not necessary for applications of this kind, since the functionality of the control system is

embedded in the device.

2.1.1 Power electronic building block – PEBB

In the 1990s, the Office of Naval Research (ONR) initiated a research effort to develop a

concept for modular building-block-based power electronics designs (Ericsen and Tucker,

1998). Numerous universities and industry partners have been involved in the research. The

goal of the PEBB research has been to come up with a set of power electronics blocks that can
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work together to cover a wide range of power conversion applications. This would require

standardization of building blocks and design procedures. Modular system can result in a

smaller size, weight, and cost reduction. The main focus has been on naval applications.

Center for Power Electronics Systems (CPES) is also participating in the PEBB concept

development (Lee et al., 2002). Power module integration is a key topic of the research.

The PEBB concept and applications have been discussed in (Ericsen, 2000), (Steimer, 2003),

(Ericsen et al., 2005), and (Ericsen et al., 2006). The design process of PEBB-based de-

signs is addressed in (Rosado et al., 2006). PEBB-based high-power IGCT (Integrated Gate-

Commuted Thyristor) technology is presented in (Steimer et al., 2005). Guidelines for future

PEBB-based power transmission and distribution systems are introduced in (Herold, 2008).

The PEBB concept development has been envisioned to reach the point of plug-and-play

functionality in the future (Ericsen, 2009). In this vision, intelligent building blocks would

automatically detect the other connected blocks, and the system would be self-configuring.

The control of multi-converter systems has also been studied (Ponci and Ginn, 2008).

Distributed control development has been part of this research. Numerous Master’s theses

have been published on the topic, such as (Celanovic, 2000), (Francis, 2004), (Lee, 2006),

(Liu, 2005), and (Milosavljevic, 1999). Other publications have also been produced regarding

the subject. A distributed control scheme called Power Electronics System Network (PES-

Net) is introduced in (Milosavljevic et al., 1999). A digital controller design for distributed

control applications is presented in (Celanovic et al., 2000) and (Francis et al., 2005). Tran-

sition to a dual ring topology is addressed in (Francis et al., 2002).

The power stage topology of a building block is not restricted by the PEBB concept. A

different kind of a PEBB may be considered according to the application and power level.

A three-phase inverter can be integrated into a single block at power levels up to 100 kW

(Ericsen, 2009). The availability makes it reasonable to use three-phase inverter building

blocks (Fig. 2.1(d)) in lower power PEBB applications. With higher power levels other kinds

of power stage blocks become more feasible, such as single switches and half bridges. The

most typical module power stage structures are illustrated in Fig. 2.1. A two-level three-

phase frequency converter (Fig. 2.2) can be considered a building-block that has integrated

cooling, casing, and so on.

(a) (b) (c) (d)

Figure 2.1: Power electronic building block can be based on a) a single switch, b) a half-bridge, c) an

H-bridge, and d) a three-phase inverter.
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PEBBs require functionality, such as power stage control, measurements, and protections

that are specific to a certain module structure. Because of this, the module control should

be partitioned into module-dependent and independent parts. Also the application-specific

functions should be separated from the re-usable functionality. Converter-level functional

layering (Fig. 2.3) is introduced in (Ericsen et al., 2005) and (Herold, 2008). This kind of

layering of converter functions can be achieved when the application-specific functions are

placed in a single controller. This controller is called an application controller or a universal

controller. The application controller sends data concerning the power stage control to the

building blocks. Building blocks operate their power stages according to the information and

send measurements back to the application controller.

L 1
L 2L 3

U V

D i o d e  b r i d g e D C - l i n k I n v e r t e r

Figure 2.2: Three-phase two-level frequency converter consists of an input diode bridge, a DC link, and

an inverter. L1, L2, and L3 are the three-phase input. U, V, and W are the three-phase output.

2.2 Control topologies of building-block-based systems

Optical communication is desired in a PEBB-based system for two reasons. First, optical

communication provides galvanic isolation of modules, and thus no unwanted current paths

are formed through the communication media. Second, optical communication has very good

EMI (Electromagnetic Interference) tolerance. This increases the reliability of the communi-

cation.

The suitability of existing control networks has been investigated in (Milosavljevic, 1999).

The term ’Control network’ refers to a communication network that is designed to have good

reliability and predictability, rather than just high data throughput. Most of the network

schemes under investigation are found to be insufficient in data throughput. The requirement

for synchronization further limits the usable solutions. The conclusion of the study was a

customized network scheme that is based on a MACRO protocol (Motion and Control Ring

Optical). The custom-made solution, PESNet, has features of MACRO with an improved

synchronization scheme.

Data messaging is not the only function of the communication scheme in PEBB-based sys-
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S y s t e m  c o n t r o l

A p p l i c a t i o n  c o n t r o l

P L L ,  c o o r d i n a t e  t r a n s f o r m a t i o n s ,  
c u r r e n t  c o n t r o l

M o d u l a t o r

S w i t c h i n g  l o g i c

2 n d  l e v e l  
p r o t e c t i o n

A / D  &  D / A A / D  &  D / A

G a t e  d r i v e s ,
p r o t e c t i o n

i a / b / c
u a / b / c

u d c
T

A p p l i c a t i o n  c o n t r o l  ( 1  m s  -  1  s )
-  o v e r r i d i n g  c o n t r o l s
-  m e a s u r e m e n t s  
C o n v e r t e r  c o n t r o l  ( 1 0     s -  1  m s )
-  P L L  s y n c h r o n i z a t i o n
-  t r a n s f o r m a t i o n s ,  c u r r e n t  c o n t r o l

S w i t c h i n g  c o n t r o l  ( 1    s  -  1 0    s )
-  m o d u l a t o r
-  c o n v e r t e r  s w i t c h i n g  l o g i c
-  2 n d  l e v e l  p r o t e c t i o n

P E B B  c o n t r o l  ( 0 , 1    s  -  1    s )
-  s t a c k  o r  m o d u l e  a s s e m b l y
-  g a t e  d r i v e r s  a n d  f e e d b a c k s
-  1 s t  l e v e l  p r o t e c t i o n
-  A / D  &  D / A  c o n v e r s i o n
-  g a t e  d r i v e  p o w e r  s u p p l y
-  c u r r e n t  a n d   v o l t a g e  s e n s o r s
-  A C / D C  p o w e r  t e r m i n a l s
-  t h e r m a l  m a n a g e m e n t

Figure 2.3: Functionality of a PEBB-based system (Herold, 2008)

.

tems. Synchronization is also a very important function that can be included in the commu-

nication scheme. Because of this, the communication-synchronization scheme as a whole

is referred to as a PEBB control scheme. The converter-level communication topology of a

PEBB system is from here on referred to as a control topology.

There is a variety of options when deciding the control topology for a PEBB system. The

simplest solution is the star topology (Fig. 2.4(a)), where each PEBB is connected to the

application controller by an independent communication channel. A simple communication

protocol is adequate for a star topology, since only point-to-point connections are needed.

The drawback is that the communication interface of the application controller restricts the

number of PEBBs that can be connected to the system. If the number of building blocks varies

a lot in different applications, it may not be practical to use a single application controller
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design. With only a few building blocks, the star topology is worth considering. If the

amount of building blocks increases, some other topology may become more attractive.

A shared bus topology (Fig. 2.4(b)) provides good scalability. For example, Ethernet-based

communication solutions could be used. Although an optical bus-like communication is pos-

sible, the technology is very expensive (Milosavljevic, 1999). Bus communication also re-

quires a rather complex communication protocol compared with a star topology. The inte-

gration of a highly developed communication scheme to the converter-level control system

would also be difficult.

The cascaded ring topology (Fig. 2.4(c)) is a prominent candidate for the PEBB control topol-

ogy. The module controller introduced in (du Toit et al., 1998) performs the inner loop con-

trol. Rather low-speed communication is used. A similar solution, the PESNet, is presented

in (Milosavljevic, 1999) and (Milosavljevic et al., 1999), but with high-speed communication.

The communication concept is further developed in (Celanovic, 2000) and (Celanovic et al.,

2000). Each node has only one transmitter/receiver pair regardless of the system configura-

tion, thus providing good scalability of the PEBB system. The drawback of the ring topology

is the possible failure in the data channel that affects the whole communication ring. The ring

topology requires a more complex communication protocol compared with the point-to-point

star topology.

The utilization of a double cascaded ring (Fig. 2.4(d)) in PESNet is discussed in (Francis

et al., 2002). Although the reliability of the communication system increases, the other com-

munication ring is only used during a fault situation. The double ring increases the costs

of the communication system, and half of the communication infrastructure remains unused

during normal operation.

The issue of synchronization has led to the choice of a multitap topology instead of a cascaded

ring in (Liu et al., 2005). The multitap topology resembles the star topology. The difference

is the shared forward communication path from the application controller to the modules.

A p p l i c a t i o n  
c o n t r o l l e r

P E B B P E B B P E B B

(a)

A p p l i c a t i o n  
c o n t r o l l e r

P E B B P E B B P E B B

(b)

A p p l i c a t i o n  
c o n t r o l l e r

P E B B P E B B P E B B

(c)

A p p l i c a t i o n  
c o n t r o l l e r

P E B B P E B B P E B B

(d)

Figure 2.4: Different communication topologies, such as a) star, b) bus, c) ring, and d) double ring can

be used to connect the PEBBs to the application controller.
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The need for communication channel capacity is often estimated by calculating the amount

of data that has to be transfered during a switching cycle. In (Milosavljevic, 1999) the data

channel capacity C is calculated as

C = Nnode ×nn ×nb × fsw × (1 + koh), (2.1)

where Nnode is the number of variables per node (references and measurements), nn is the

number of nodes, nb is the number of bits per variable, fsw is the switching frequency, and

koh is the data overhead. Besides the data transfer and communication propagation delays,

the process time of the controller should be taken into account when defining the maximum

switching frequency fsw,max, and in (Milosavljevic, 1999) it is calculated as

fsw,max =
1

tprocess + ttx + trx + tpropagation

, (2.2)

where tprocess is the time the control takes to calculate new references, ttx is the data trans-

mission time, trx is the data reception time, and tpropagation is the data propagation delay. It

is assumed in the calculation that the measurements are sent to the controller, new reference

values are calculated, and the references are sent to the nodes during a single switching cycle.

The communication channel capacity should not become a restrictive factor in the system

design process, and a higher capacity provides more flexibility. Although the calculated need

for the communication channel capacity is in the range of a couple of Mb/s, a considerably

higher (100 Mb/s) data rate is proposed to guarantee flexibility (Milosavljevic, 1999). A

double ring topology 2.4(d) can be used if better redundancy and reliability are needed.

The performance of the existing field bus control networks has been analyzed in (Francis,

2004). Two main conclusions are made. Most of the networks have an insufficient bandwidth

regarding PEBB system design, and none of them support synchronization tight enough for

power electronics switch-level operations. The existing schemes are often rather complex

and include unnecessary functionality considering building-block-based converters.

2.3 Synchronization of PEBB systems

The complexity of the synchronization scheme depends on the selected control topology.

The star topology provides easy synchronization if simultaneous node messaging is possible.

Although the cascaded ring topology provides excellent scalability, a dedicated scheme for

synchronization is most probably needed. The synchronization issue in cascaded systems is

approached in (du Toit et al. (1998)) and (Hang et al. (2007)) by reducing the propagation

delays of the communication system. This is done by using communication channel switches

that can bypass a node.
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In this work, the building blocks or modules of the system are referred to as nodes when

considering communication and synchronization. The nodes can be categorized as master

and slave nodes. The application controller is the master node and the PEBBs are slave

nodes. The system is synchronized with respect to the master node that is considered the

time base of the system.

The synchronization can be performed as an offset or a rate correction. In the first, the

difference of the local clock, relative to the reference clock, is checked periodically and the

local clock’s offset is corrected. This means that the value of the local clock is corrected.

The drift of the clock is not controlled. This method is very simple and easy to implement.

In the latter, the correction is made by adjusting the drift of the local clock. The clock drift

adjustment requires a control of some kind. This can be done with a phase- or delay-locked

loop (PLL, DLL), which are used in synchronized data communication.

A synchronization accuracy of 60 ns per node has been reported in (Hang et al. (2007)) in a

system with a minimized propagation delay. A SERCOS-based (Serial Real-Time Commu-

nication System) solution using delay counters has been proposed in Attaianese et al. (2005),

and the system is shown to be capable of accuracy within 600 ns. The synchronization accu-

racy of PESNet (Milosavljevic (1999)) and (Celanovic (2000)) has been stated to be within

40–80 ns.

2.3.1 Synchronization of cascaded nodes

The cascaded ring communication topology provides flexibility and scalability, but the syn-

chronization may become challenging. Synchronization can still be carried out in a star-

topology-like manner by using a separate cabling for synchronization signals as shown in

Fig. 2.5. The use of separate cabling for synchronization cancels out the benefits gained from

the cascaded ring topology. The excess communication infrastructure increases the cost of

the system. To maintain the benefits of the cascaded ring topology, the synchronization of the

nodes should also be performed by using a ring communication path.

Because of the nature of the cascaded ring topology, a synchronous event cannot be directly

signaled to the slave nodes, as is possible in a star topology. A message arrives to the slave

nodes at different times, depending on the communication propagation delays. However, the

synchronization of the nodes is possible if the propagation delays are taken into account.

The basic idea of synchronization of cascaded nodes is quite simple if the propagation delay

td between two nodes, for instance from the message reception in one node to the message

reception in the next node, is known. The master node sends a synchronization message that

is forwarded by each slave node. When a slave node receives the message, a delay procedure

is triggered within the node. This delay is simply a counter. When the counter reaches a

predefined value, a synchronous event occurs. The value set for the delay unit depends on the

actual propagation delays and the node’s location on the communication ring.

When the first slave node receives the synchronization message, it triggers the delay unit and
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Figure 2.5: Synchronization of a building-block-based system with a cascaded ring communication

topology can be carried out in different ways. a) A star topology cabling, separate from data communi-

cation, is used for synchronization. b) The cascaded ring communication topology is utilized also for

synchronization.

forwards the message. The event in the first slave node must be delayed by the time it takes

from the message to arrive at the last slave node. With the total of three slave nodes, the first

node must delay the event by 2×td. When the second slave node receives the synchronization

message, it triggers its own delay unit and forwards the message to the last node. The second

slave node must delay the event in the delay unit by td. When the third slave node receives the

synchronization message, it does not need to delay the event, but it can signal the synchronous

event straight away. At this point, the first slave node has already delayed the event by 2× td
and the second node by td, and thus all the nodes signal a synchronous event at the same time.

This procedure is illustrated in Fig. 2.6.

In a system with n slave nodes, the delay unit value t i
d of the ith slave node must be

t i
d = (n− i)× td, i ∈ {1,2, ..,n} . (2.3)
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Figure 2.6: Simple synchronization of cascaded nodes. a) Three cascaded nodes. The communication

delay between the nodes is td. The first node has a delay unit of 2× td. The second node has a delay

unit of td. b) The first node receives the synchronization message. The message is forwarded to both the

transmitter and the delay unit. c) The second node receives the synchronization message and forwards

it to the transmitter and the delay unit. In the first node, the synchronization message is delayed by

td in the delay unit. d) The third node receives the synchronization message and forwards it to the

synchronous event handler. In the first node, the message is delayed by 2× td and it is passed to the

event handler. In the second node, the message is delayed by td and it is also passed to the event handler.

The handler in each node should receive the synchronous event at the same time.
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This synchronization method requires that the propagation delays are known. In practice,

each internode communication path is reasonable to assume to be identical, so that the delay

unit values only depend on the total amount of the slave nodes and the internode delay. The

predetermined propagation delay includes both the message delay between the nodes and the

delay within a node. Since both of these delays are assumed to remain unchanged, no other

messaging between the nodes is allowed during the synchronization sequence. Otherwise,

the message pass-through delay within a node may vary. This would cause direct error to the

actual propagation delay.

The synchronization issue in a cascaded ring topology is addressed in Milosavljevic et al.

(1999). It is found that if the communication delay between two phase-legs is within 1–2 %

of the swithing cycle at maximum, the cascaded architecture does not significantly affect the

performance of the system. Although the study has been made with a three-phase two-level

inverter, consisting of three phase-leg-based PEBBs, it is stated that the result is applicable to

more complex systems.

2.3.2 Synchronization in PESNet

The synchronization method presented in Milosavljevic (1999); Milosavljevic et al. (1999);

Celanovic et al. (2000) uses predetermined propagation delays. The reception of a certain

field in a synchronization frame is chosen for a synchronization event. The synchronization

frame contains a frame identifier field and all the addresses of the slave nodes. Each address

is stored in a separate field. The addresses are in reverse order starting from the last. The

PESNet synchronization frame is illustrated in Fig. 2.7(a). The transmission of messages is

handled one byte at a time.

When the identifier of a synchronization frame is observed, a node starts to wait for its own

address field. Each node should receive its own address field at the same time, and a syn-

chronization event is signaled within a node. Excess padding between the address fields is

used in synchronization frames, so that all the nodes will receive their own address field at

the same time. The amount of padding must be selected according to the propagation delay

between the reception instants of consecutive nodes. In Celanovic et al. (2000), the use of

local counters as propagation delay compensation is proposed to be used in PESNet, instead

of filler fields in the synchronization messages.

Owing to the use of 4B/5B data channel encoding, the shortest filler that can be used is 4

bits. Data are provided to/from the communication chip (TAXIchip) through an 8-bit wide

interface, so the filler must be a byte multiple in practice, resulting in a 10-bit multiple on the

channel. With this scheme, the propagation delay compensation tfiller made by the filler field

of a synchronization frame becomes

tfiller =
1

Bc
× k×10, (2.4)
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where Bc is the communication channel bandwidth (bits/second), k is the amount of filler

field words, and 10 is the number of bits in a single filler field word. With the proposed setup,

the channel bandwidth is 125 Mb/s and 5 filler field words are used, resulting in a filler field

of 50 bits (channel encoded). The 5-byte filler field has been chosen, because it is nearest to

the actual propagation delay time through a node. The internal synchronization signal of a

node is used to reset the counter logic that controls the AD conversions and PWM generation.

An alternative method for synchronization is mentioned in Cucej et al. (2003). In this scheme,

the nodes are synchronized one at a time by sending synchronization frames containing a node

address and delay data regarding that individual node. This would enable the use of shorter

synchronization frames, as shown in Fig. 2.7(b).

S y n c a d d r e s s ( n ) a d d r e s s ( n - 1 ) a d d r e s s ( 1 )p a d d i n g p a d d i n g p a d d i n g. . .

(a)

S y n c a d d r e s s d e l a y  d a t a

(b)

Figure 2.7: a) Synchronization frame in PESNet consists of a synchronization frame start identifier,

node addresses, and data padding. The addresses are located in reverse order, so that the address of

the last node is sent first and the address of the first node last. Data are transmitted on a byte by byte

basis. Data padding is used to ensure that all the modules receive their own address at the same time,

so the padding should be chosen according to the real node to node delays. b) An alternative way to

synchronize the modules. The synchronization frame contains the address of a node and delay data

concerning that particular node. Each node is synchronized independently (Cucej et al. (2003))

.

The benefit of a synchronization method of this kind is that the compensation of propagation

delays is embedded in the frame structure itself. Outside the communication scheme, there

is no need for any additional functionality to achieve synchronization events. This, however,

is also a drawback of the synchronization scheme. The scheme is tightly coupled with the

structure of the communication frame, and therefore, a customized communication protocol

is needed. Furthermore, the amount of bit stuffing between the address fields must be chosen

according to the propagation delays, which have to be measured or approximated. If the

communication system is altered, for instance, the cable length or type is changed, the data

frame structure must be changed accordingly.

An enhancement to the described method is proposed in Francis (2004). The synchronization

procedure consists of a sequence of synchronization frames, instead of a single frame. When

a node receives a synchronization frame, it waits for a predermined time before sending

it forward. This wait time is chosen according to the real propagation delays. On each

reception of a frame, a node increases its system clock. When the system clock reaches a

certain value, a synchronization event occurs. Because a sequence of synchronization frames

is used to synchronize the nodes, every node must continuously transmit messages, even null

messages, until the synchronization sequence is over.
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The improvement of this method is that the frame structure does not need to be changed when

the propagation delay is changed. It can be taken into account by the wait time implemented

in the nodes. The method is still tightly coupled with the communication protocol. Both

of these methods assume that no other data transmissions occurs during a synchronization

sequence. If the sequence is disturbed and other data are sent during it, the synchronization

is directly affected. To avoid these conflicts, the communication scheme in PESNet is cyclic

and master-slave based, that is, each of the data transmissions is initiated by the master. The

slave nodes cannot initiate a data transmission.

2.4 Proposed time-stamping-based synchronization

method

The message delay times are categorized in the proposed scheme as average internode delay

tavg and message pass-through times tp,i of the ith slave node as illustrated in Fig. 2.8. These

delays are the times between two consecutive time stamping points, from the transmission

time stamping of one node to the reception time stamping of the next node, or from the

reception time stamping to the transmission time stamping within a node.

t x r xM a s t e r

r x t xS l a v e  1 r x t xS l a v e  2 r x t xS l a v e  n. . .

t a v g

t a v g t a v g t a v g

t a v g

t p , 1 t p , 2 t p , n

Figure 2.8: Proposed synchronization method describes the system delays as follows: Time from the

node’s transmit time to the next node’s reception time tavg, and the node’s pass-through time from

reception to transmission tp. The overall delay from the master node’s transmission to the slave node’s

reception is a sum of these partial delays.

The first synchronization sequence begins with an initialization cycle that is performed at

startup. A test message is sent by the master node. This is done to check that the commu-

nication channel is intact, that is, all the nodes are powered and communication is working

properly. Each of the slave nodes receives a device number during this sequence according to

the node’s place in the communication ring. The test message includes an initial ID number

when sent from the master. The first slave node is assigned with this initial device ID, which

is 1, and the ID value of the test message is increased by one. The next node is assigned with

a device ID 2, and so on. When the test message is received by the master node, the total

number of slave nodes is determined. If the test procedure is performed without errors, the

actual initial synchronization sequence can begin.

The master node sends a synchronization message through the system (Fig. 2.9(a)), and

the accurate transmission time tm
tx of the message, that is, the transmission time stamping
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instant, is saved. Each of the slave nodes saves the message reception time t
si
rx, forwards the

synchronization message, and saves the transmission time t
si
tx, si representing the ith slave

node in the ring. The reception time tm
rx of the synchronization message is also saved by the

master node. The master node sends also the transmission time instant tm
tx to the slave nodes

in a separate frame. This master node transmit time is saved by each of the slave nodes.

All the slave nodes calculate a synchronization message pass-through time

tp,i = t
si
tx − tsi

rx, (2.5)

and send it forward (Fig. 2.9(b)), p, i is the pass-through time of the ith slave node. All the

nodes store the pass-through times sent by the preceding nodes, and thus the master node

stores all of the slave node pass-through times. The master node calculates the time ttot from

the transmission to the reception of the synchronization message, that is

ttot = tm
rx − tm

tx . (2.6)

Next, the master node calculates the average internode delay tavg by subtracting the pass-

through times from the total time and by averaging the result

tavg =

ttot −
n

∑
i=1

tp,i

n + 1
, (2.7)

where n is the total number of slave nodes (Fig. 2.9(c)). The average internode delay tavg is

sent to the slave nodes.

The counters of the slave nodes are not yet synchronized to the counter of the master node.

However, every slave node has the information of when the synchronization frame was trans-

mitted by the master and how long the propagation delays were before the reception of the

synchronization frame. Every slave node calculates a total delay time t
si
delay from the master

node transmission to the corresponding slave node reception (Fig. 2.10).

t
si

delay =



































tavg, i = 1

2× tavg + tp,1, i = 2

3× tavg + tp,1 + tp,2, i = 3
...

n× tavg +
n

∑
j=1

tp, j − tp,n, i = n

(2.8)

Each slave node can now calculate the error t
si
error of its counter with respect to the master

node’s counter.

tsi
error = tm

tx + t
si

delay − tsi
rx (2.9)

The counter value of a slave node at the reception instant of the synchronization message

should be the same as the transmission time instant of the master node added with the partial
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Figure 2.9: Partial delay determination in the synchronization sequence. a) The master node sends

a synchronization message through the system. Each node time-stamps both the reception and trans-

mission of the message. b) The slave nodes calculate the internal message pass-through times that are

forwarded. c) The master node calculates the average internode delay.

propagation delays. If this is not the case, the counter of the slave must be corrected. The

synchronization sequence is repeated periodically, with one exception. The average intern-

ode propagation delay tavg is not calculated again. Assuming that the time stamping points

have been chosen so that no significant variation in time stamping instants takes place, no

significant variation in internode delays should occur. In practice, this requires that the time

stamping should be placed in locations where the timing of the message transfer cannot be

interrupted, preferably close to the physical layer of the protocol. The basics of the proposed

synchronization scheme are presented also in (Laakkonen et al., 2009b).

2.5 Implementation of the proposed scheme

Although synchronization is a crucial part of the distributed control system, data communica-

tion aspects should also be considered. The proposed synchronization scheme provides great
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Figure 2.10: a) Synchronization message delay from the master node to the first slave node is the

average internode delay. b) Delay from the master to the second slave is two times the average internode

delay added with the pass-through delay of the first slave node. c) Delay from the master to the nth slave

is a sum of all the preceding average internode delays and a sum of all the preceding slave pass-through

delays.

flexibility when selecting or designing the communication protocol. The data frame structure

is independent of the synchronization, unlike in MACRO or the first version of PESNet. The

only low-level functionality required by the synchronization scheme is the data frame time

stamping. If appropriate time stamping functions are present, the rest of the synchronization

procedures can be performed at higher protocol levels.

The desired requirements for the communication protocol were

• sufficient throughput (~100 Mb/s),

• flexibility,

• option to include time stamping, and

• full FPGA implementation (no external communication chip).

The set requirements lead to designing a simple custom-made communication protocol. The
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base of the protocol is the data recovery block (Sawyer, 2005) provided by XILINX®. Data

recovery is based on oversampling of the input signal. Data recovery is not synchronous

by nature, but the scheme can keep track of the appropriate signal sampling point. The

scheme was tested to reach >100 Mb/s communication speed with Spartan-3® and Virtex-

II® FPGAs.

The block diagram of the developed communication and synchronization scheme is presented

in Fig. 2.11. The system consists of transmitter and receiver blocks, Tx and Rx control

blocks, a synchronization block, and FIFO data buffers (First In First Out). The synchroniza-

tion block includes the synchronization functionality. The transmitter and receiver blocks

indicate a certain point of data transmission/reception by a time stamping indicator signal

that is used by the synchronization block.

The Rx and Tx control blocks handle the passing of data frames to the correct destination. A

received data frame can be destined to the application block, to the synchronization block, or

to the transmitter in the case of data pass through. Correspondingly, the data frame source

can be the application block, the synchronization block, or the receiver. A data buffer is

added between each of the data frame sources and the Tx control block. This decouples the

messaging of blocks from each other. Each data source can initiate a data frame at any time

without data collision. For example, the messaging of the synchronization scheme does not

need to be considered with the application messaging.

The communication of SERCOS, MACRO, and PESNet is master-slave based, meaning that

each of the data frames are initiated by the master node. Slave nodes can pass the frame

as such or add data to certain fields. A slave node is not allowed to initiate a frame. The

developed communication scheme does not share this restriction. Any node can initiate a

data frame at any time. The structure of the scheme enables this without data collision. For

example, the feedback data of slave nodes does not need to be requested by the master node.

The utilization of the communication channel is more efficient this way.

The formation of the communication data frame in each layer is illustrated in Fig. 2.12. The

interface of the communication system and the application consists of application data and

device ID. The application block interface of the master node includes the ID of the receiver.

The slave nodes include the ID of the transmitter. One ID is reserved for the broadcast

message that is destined to all of the slave nodes. The next layer adds a tag and protocol

command. The tag indicates whether the source is the master or a slave. The command

indicates whether the frame includes application data or synchronization data, which can be

of several different types. 8B/10B encoding is performed to the data frame and a 10 bit header

is added to indicate the start of a frame. The application data width is parametrized and can

be changed if necessary.

As was shown in Section 2.4, the base of the synchronization is the local counter in each

node. This synchronization counter can be used by the application block to initiate opera-

tions at certain time instants, resulting in an event-driven application. Another way to include

synchronization to the application is to form a slower synchronized clock signal in the syn-

chronization block and operate the application block with it. This way, the synchronization
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Figure 2.11: Implementation of the communication and synchronization scheme consists of a transmit-

ter, a receiver, transmit and reception controls, a synchronization block, and FIFOs. The master node

has only two FIFOs because no pass-through messaging is needed, unlike in slave nodes.
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Figure 2.12: Data frame formation in different layers of the communication system. The application

data width is parametrized and can be changed. The one bit tag indicates whether the frame is sent by

a master or a slave node. The receiver ID is used in the frames sent by the master, and the sender ID in

the frames sent by a slave. The data are 8B/10B encoded byte-wise, and a frame start header is added

before transmission.

is included in the operational clock signal, and event-driven synchronization of operations

is not necessarily needed. For example, if the switching period of a modulator is calculated

according to the synchronized clock signal, the modulators will be synchronized.

This kind of a synchronized clock signal is used in the implementation of the proposed

scheme. The node counter correction information provided by the synchronization proce-

dure is used to control a slower clock signal generated by the synchronization block. In the
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current setup, the communication and synchronization scheme operates at 100 MHz and the

synchronized clock signal is 10 MHz. The synchronized clock control is demonstrated in

Fig. 2.13. The clock signal operates normally at a 50 % pulse ratio. The clock pulse is

either increased or decreased by a predefined step if the synchronization must be corrected.

If a single pulse correction is not enough, it is performed to several clock pulses, until the

synchronization is achieved. This procedure is illustrated in Fig. 2.14.

a )

b )

c )

t c l k / 2 t c l k / 2

t e

t e

t c l k / 2 t c l k / 2 t c l k / 2

t c l k / 2 t c l k / 2 t c l k / 2 - t e t c l k / 2 t c l k / 2 t c l k / 2

t c l k / 2 t c l k / 2 t c l k / 2 + t e t c l k / 2 t c l k / 2

Figure 2.13: Synchronous 10 MHz clock adjustment. a) Reference clock, 50 % pulse ratio, and clock

cycle tclk. b) The slave node’s clock is preceding by te, and it can be synchronized by lengthening a

single clock pulse by te. c) The slave node’s clock is lagging by te. The clock can be synchronized by

shortening a single clock pulse by te. In practice, a single clock pulse can be adjusted only by 10 ns. If

the error is greater than that, a 10 ns modification is done to consecutive clock cycles.

An example of the messaging is depicted in Fig. 2.15. Six slave nodes are connected to the

system. Both the data reception and transmission instants are included. New reference val-

ues, feedback data, and synchronization data are transfered during a single switching period

(100 µ). The last slave node passes the feedback data of the other slave nodes and sends its

own feedback data. It also receives two data frames from the master node including the ref-

erence data. The last node does not pass the reference frames. The synchronization sequence

frames are also not passed, except in the first synchronization sequence.

The measured synchronization jitter of two slave nodes is illustrated in Fig. 2.16. The mea-

sured signals are the synchronized 10 MHz clock signals. The jitter of these clock signals is

about 10 ns. After the system is powered, the generation of synchronized clock signals should

start at the same time to guarantee synchronous operation of the application blocks from the

beginning. The generation is started after the first synchronization sequence is performed.

This is shown in Fig. 2.17.
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Figure 2.14: Synchronization procedure determines the error of a slave node counter. If the error is

positive, a shorter clock pulse must be generated. If the error is negative, a longer clock pulse has to be

generated. Clock pulse modification is done 10 ns at a time, and thus, if the error is greater than that,

several consecutive clock pulses are modified. A new correction value is defined periodically by the

synchronization protocol.

Figure 2.15: Data messaging during a switching period (100 µs). The system consists of a master node

and six slave nodes. The data reception (topmost waveform) and data transmission (center waveform)

time instants of the 6th slave node are presented. The measured feedback data are sent to the master

during the first half of the period. The sixth node forwards the feedback data frames of the preceding

nodes and sends its own feedback data. The reference value, sent in two data frames, is received in the

middle of the period. The synchronization procedure is performed during the latter half of the period,

consisting of synchronization frame, synchronization time-stamp frame, and pass-through times of the

preceding slave nodes.
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(a) (b)

Figure 2.16: a) Synchronized 10 Mhz clock signals produced by the synchronization blocks. The time

division is 40 ns. b) Zoomed-in synchronous clock signals. The time division is 10 ns.

Figure 2.17: When the system is powered up, the generation of synchronous clock signals starts after

the first synchronization sequence is completed. This way, the application blocks operating with these

clock signals are synchronized from the beginning. The time division is 40 ns.

2.6 Performance of the synchronization

The performance of node synchronization in a cascaded ring topology depends on several

factors, such as

• number of nodes,

• accuracy of the node clock sources,

• resolution of the synchronization,

• period of the synchronization sequence, and

• deviation in propagation delays.
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The data being received are relative to the clock source of the sender node. On data recep-

tion, the observation of the incoming signal is relative to the local clock source. The two

clock sources have deviation in properties, and this causes clock drift. The drift causes a

certain phase difference at a given time instant, and it varies over time. A phase-locked loop

(PLL) can be used to align the signal observation with the incoming data, but after the data

are extracted, they are usually handled in a clock domain that is non-aligned, moving the

uncertainty to a different place but not removing the problem. Fig. 2.18 represents three

cascaded time/clock domains. Between time domains there is an uncertainty area, which is

defined by the resolution of the synchronization. All the situations within these uncertainty

areas are considered the same by the synchronization, and no error can be observed. Although

the uncertainty window between each pair of adjacent nodes is the same, the uncertainty ac-

cumulates when considering the whole system. The accumulating jitter is demonstrated in

Fig. 2.19.

t u , 1

t u , 1

t u , 2

t u , 2

t u , 3

t u , 3

t 1 t 2 t 3 t 4

Figure 2.18: Clock drift causes uncertainty between the time domains. The first node observes an

incoming message at t1, the second node at t2, the third node at t3, and the fourth node at t4. The

observation of a message is relative to the time base of the receiving node, although the received signal

is relative to the time base of the sending node. A phase difference exists between the sending and

receiving nodes’ time bases because of the clock drift. In an ideal case, when no phase difference exists,

the time delay between each two message observations is the same (topmost case). If the uncertainty

between the time domains is ±tu,1, the actual time of message observation in the second node is t2 ±
tu,1. The same uncertainty exists between each time domain. Because of the cascaded structure, the

uncertainty of the previous time domain borders can be seen in the following borders. This causes

accumulation of uncertainty. Consequently, the actual message observation time in the third node is in

the range of t3 ± tu,2 and in the fourth node t4 ± tu,3, where tu,2 = 2× tu,1 and tu,3 = 3× tu,1.

For example, using a 100 Mb/s data rate results in a 10 ns uncertainty window between clock

domains. The incoming signal is observed with this 10 ns resolution. The actual difference in

time is defined by the phase difference of clock domains at a given time instant. The data rate

defines the maximum accuracy of the synchronization method if the synchronization event is

based on observation of incoming data. Time-stamping-based synchronization methods with

100 Mbit/s data rate and time stamping resolution of 10 ns also have similar properties. With

the time-stamping-based synchronization method, this uncertainty window can be reduced

by increasing the resolution of time stamping, without increasing the actual data rate. This

way, the propagation delays can be observed with a finer resolution.
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Figure 2.19: Each slave node produces a square wave output, which is observed with a four-channel

oscilloscope. The time division on the left side is 1 µs and 50 ns on the right, where jitter can be seen.

It is important to notice that the synchronization scheme itself does not define the synchro-

nization accuracy of the application by itself. Different parts of a node can operate at different

clock signals. These clock signals can be unsynchronized with each other. This creates addi-

tional clock domain boundaries. This is demonstrated with an example. The system consists

of two slave nodes, both having an identical modulator. The performance of the synchroniza-

tion scheme itself is similar as in Fig. 2.16, that is, the jitter is about 10 ns per node. The

outputs of the modulators are presented in Fig. 2.20, and they seem identical. A close-up of a

rising edge of the modulator outputs is shown in Fig. 2.21. The jitter of the modulator output

is almost 100 ns in the fourth node, although the synchronization scheme jitter is about 40 ns.

The jitter of each clock boundary accumulates. In this case the accumulation takes place also

within a node since there are consecutive clock domains that are not synchronized.

In synchronization methods similar to those used by SERCOS and PESNet, the synchroniza-

tion cycle period is directly coupled to the operation cycle of the application. If a reference

is sent by the master node every 1 ms, the synchronized event also occurs every 1 ms. The

drawback of this direct coupling between synchronization and operation cycles is the varying

maximum synchronization accuracy. If the operation cycle is changed, the synchronization

cycle also changes, and the time that the local clock sources can drift changes accordingly.

Of course this is not a problem if the jitter in the longest operation cycle is low enough, that

is, within the synchronization resolution. If this is not the case, the maximum obtainable syn-

chronization accuracy decreases as the cycle length increases. The switching frequency of a

power converter can typically range from hundreds of hertz to tens of kilohertz, and thereby

the application cycle, that is, the switching cycle in this case, can vary considerably.
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Figure 2.20: In the first test, the application block operating with the synchronous clock signal was a

space vector pulse-width modulator. The outputs of two slave nodes are presented. The time division is

40 µs.

Figure 2.21: Chained system clocks deteriorate the performance of the synchronization. A system of

six slave nodes is studied. Each slave node has an identical modulator. The switching commands of the

slave nodes 1–4 are presented. The modulator consists of sub-blocks operating at 10 and 40 MHz clock

frequencies, both originating from a different crystal oscillator source. Since the clocks of the cas-

caded sub-blocks are independent of each other, the jitter increases compared with the synchronization

mechanism itself. The time division is 20 ns.

The SERCOS operation cycle time can vary from 32.25 µs to multiples of millisecond.

It can be assumed that the obtainable synchronization accuracy varies a lot according to

the configuration. The application defines the operation cycle. The operation cycle and the

amount of data define the maximum amount of nodes. The operation cycle and the number

of nodes define the maximum synchronization accuracy. Synchronization accuracy can be

increased by reducing the operation cycle or decreasing the number of cascaded nodes. In

time-stamping-based methods, the synchronization cycle can differ from the operation cycle.

This means that a proper synchronization period can be defined and used regardless of the
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length of the operation cycle. This way, the same synchronization accuracy can be achieved

with different operation cycles.

The time that the nodes’ local clock sources can drift relative to each other depends on the

synchronization period, that is, how often the nodes are synchronized. This has been studied

in (Laakkonen et al., 2009a). The results with 100 µs, 500 µs, 1 ms, and 2 ms synchroniza-

tion periods are illustrated in Fig. 2.22. The proposed communication and synchronization

scheme is used with a 100 MHz operational frequency. The measured signals are the synchro-

nized 10 MHz clock signals. The 100 MHz crystal oscillators of the nodes have an accuracy

of ± 50 ppm (parts per million), meaning that in the worst case two clock sources can drift

10 ns during a 100 µs period. The resolution of the synchronization scheme is 10 ns, and thus

the synchronization sequence does not have to be repeated more often than every 100 µs. It

can be seen from Fig. 2.22 that the synchronization jitter is almost identical with 100 and

500 µs synchronization periods. The jitter increases noticeably when the period is increased

to 1 and 2 ms.

(a) (b)

(c) (d)

Figure 2.22: Synchronization jitters with a) 100 µs and b) 500 µ, 1 ms, and 2 ms synchronization

periods. The time division is 10 ns.

The deviation of communication propagation delays has an effect on the synchronization.

With the conventional cascaded ring topology synchronization methods, where the internode

propagation delay must be known and included in the configuration, the differences in prop-

agation delays cause static error in synchronization. Also, if the actual propagation delay

differs from the value that is used in the configuration, a static synchronization error will

result. The static synchronization error affects all the nodes that are located after the error

source. The resolution in which the propagation delay can be included in the configuration
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can be limited. For example, in the first version of PESNet, the propagation delay compensa-

tion embedded in the frame structure can be a byte multiple. If there is an error compared with

the actual delay, a static error is created to the synchronization. This static error accumulates

when going along the nodes of the ring topology.

This behavior is demonstrated in Fig. 2.23. The synchronization scheme is fixed so that the

internode propagation delay is not averaged, but a fixed value is used. One of the optical

cables is replaced with a cable of different length. The static synchronization error caused by

the difference in internode propagation delays can be seen. Also, it can be seen that the static

error has an effect on all of the nodes after the error source.

(a) (b)

Figure 2.23: Propagation delay error effect with the non-averaging method. a) A cable with different

length is used between nodes 3 and 4. b) A cable with different length is used between nodes 2 and 3.

The time division is 20 ns.

The situation is different with the proposed time-stamping-based synchronization method.

The average internode delay is defined automatically. If the delays are the same, regardless

of the actual value, no static synchronization error is created. This is beneficial if the synchro-

nization scheme is used with different kinds of setups. Depending of the physical location of

the node controllers, the internode cables can vary in length, and the propagation delays also

vary. No reconfiguration concerning the change in propagation delays is needed with the pro-

posed scheme. If there is deviation in the internode propagation delays, the averaging nature

of the scheme produces a different result than was seen in Fig. 2.23 with the non-averaging

method. The effect of averaging is demonstrated in Fig. 2.24. The actual propagation delays

are identical in Figs. 2.23 and 2.24.

2.7 Discussion

The trend in power electronic converters, especially in power stages, is toward a higher level

of integration. Components from discrete semiconductors to intelligent power modules are

available. For the most common applications, the power semiconductor manufactures pro-

vide “almost” ready converters that only lack the control part. Despite the high level of

integration in volume products, the situation is different with special applications. For ex-

ample high-power converters may require a parallel or series connection of power stages.
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(a) (b)

Figure 2.24: Delay error effect with the averaging method. a) A cable with different length is used

between nodes 2 and 3. b) A cable with different length is used between nodes 3 and 4. The time

division is 20 ns.

If several applications share same kinds of power stage parts, it may become reasonable to

design a reusable building block that can be used in different configurations. The conven-

tional centralized control scheme can be used in building-block-based designs, but the lack

of flexibility may lead to an extensive design process for each application.

The major issue to fully exploit the potential of a building-block-based design is the need

for a flexible control scheme. The key features that are required of the control scheme are

sufficient data throughput, accurate synchronization, and scalability. The type and number

of building blocks can vary from one application to the other. The existing distributed con-

trol schemes do not transform very well to power electronic applications, and hence custom

solutions are needed. The most extensively reported effort concerning building block method-

ology has been the development of the power electronic building block concept (PEBB). The

PEBB research has produced a control sheme called PESNet that is based on a cascaded ring

topology.

A time-stamping-based synchronization method was proposed for a cascaded ring topology.

Because of the independence of the lower layers from the protocol, it is possible to use the

new synchronization method with various communication protocols. Moreover, the synchro-

nization period can be chosen independently of the operation period of the application. The

intermediate internode delay is defined automatically by the proposed scheme, unlike in con-

ventional methods where the delay must be known beforehand and included in the system

configuration. The proposed scheme takes into account the possibility of varying node pass-

through delay of a message, and thus the communication path does not need to be reserved

only for the synchronization messages during the synchronization procedure. This way, the

synchronization procedure can be considered invisible to the application. The synchroniza-

tion accuracy was found to be 10 ns with two modules. The synchronization accuracy de-

creases when the number of nodes increases because of the error accumulation. No static

synchronization error exists if the internode propagation delays are the same.
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Chapter 3

Parallel connection of PEBBs



48 Parallel connection of PEBBs

3.1 Parallel connection of power converters

Parallel connection of power electronic building-block-based (PEBB) power converters is

studied in this chapter. The focus will be on the problem of unequal load current sharing

caused by asynchronous switching of the building blocks. As was shown in Section 2.3, both

static and dynamic synchronization errors can occur in a PEBB system. Since each of the

PEBBs has an independent controller, asynchronous operation within a building block is not

a problem. Particularly, if an FPGA is used as a controller, synchronous operation of gate

drive signals can be obtained owing to the parallel nature of the FPGA. The operation of the

building blocks, with respect to the others, may cause problems. Both the static error and the

effect of jitter on the circulating currents in pulse-width-modulated systems are investigated.

The synchronization method proposed in Section 2.4 was shown to be capable of a synchro-

nization accuracy of 10 ns with two devices, and because of this it was considered to limit

the synchronization error under inspection to the range of 100 ns.

The basics of the behavior of circulating currents are explained. Simulations of the par-

allel connection of phase legs are used as an example to demonstrate the behavior caused

by asynchronous switching of the building blocks. Parallel connection of two-level three-

phase inverters is studied by simulations and measurements. Measurements are made with a

prototype consisting of two parallel-connected commercial three-phase two-level frequency

converters that are used as PEBBs. The measurements are analyzed, and both the RMS and

peak values of the circulating currents are defined as a function of static synchronization error.

Both of these indicators are important, since they affect the switching and conductive losses

in power stages, which have to be taken into consideration when rating the parallel-connected

frequency converter.

Power converters can be parallel connected to increase the power rating, reliability, and ef-

ficiency, and to reduce costs compared with the use of higher-rated power semiconductors

instead. On the other hand, the system complexity tends to increase. Moreover, parallel

connection of power semiconductors causes circulating currents when switching operations

create closed loops between converters. Circulating currents result in distortion of the output

currents, which leads to unbalanced load sharing and degraded performance (Pan and Liao,

2007).

The building-block-based design methodology can be applied to parallel-connected power

converters, since they both share similar targets. A single converter can be used as a stand-

alone device, and with proper design these same devices can be parallel connected when

power rating of the converter has to be increased. A three-phase two-level frequency con-

verter can be used as a building block, as was already stated in Chapter 2. This can be

achieved by a flexible control and communication scheme. Of course, mechanical design and

thermal management of the stand-alone devices have to be such that the use as a building

block is possible.

The ideal operation of parallel connection requires that no circulating currents exist between

paralleled power stages. By definition, circulating current ic is a deviation from a situation

where the parallel-connected converters share the load current equally. The definition of
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circulating currents of n parallel-connected converters is given in (Pan and Liao, 2007) as

ic,k j = ic,k j1 + ic,k j2 + . . .+ ic,k jn =
n

∑
m=1

ic,k jm, (3.1)

ic,k jm =
ik j − ikm

n
, k ∈ {a,b,c}; j,m ∈ {1,2, ..,n}, (3.2)

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

ic,a j =
2

∑
m=1

ic,a jm =
1

2
[(ia j − ia1)+ (ia j − ia2)] , j ∈ {1,2} (3.3)

=

{

ic,a1 = 1
2
[(ia1 − ia1)+ (ia1 − ia2)] = ia1 −

ia1+ia2
2

, j = 1

ic,a2 = 1
2
[(ia2 − ia1)+ (ia2 − ia2)] = ia2 −

ia1+ia2
2

, j = 2
(3.4)

Often, the term ’circulating current’ is used to describe the actual current flow between the

output terminals, but also other kinds of current unbalance situations can be referred to and

defined as circulating currents. So, it has to be clarified what exactly is meant by the term in

the given context. The term ’circulating current’ is used in this work to describe all kinds of

current unbalance situations, as defined by (3.1) and (3.2).

The status for ideal operation of parallel-connected inverters is sometimes considered, if no

circulating currents exist when the inverter output voltages have the same frequency, phase,

and amplitude. However, circulating currents can exist even if this conventional status for

ideal parallel operation is met. This is because of the differences in instantaneous output

voltages. According to this, the conventional status for ideal parallel connection is incom-

plete, and the requirement for instantaneous voltages must be included. In (Cai et al., 2008),

this is concluded as

• When two unconnected inverters have the same topology, circuit parameters, and ref-

erence modulating wave, their output voltages have the same fundamental waveform.

If they also have the same large inductance load, there will be no difference between

their output currents.

• The fundamental wave of the output voltage is exactly the same as the reference mod-

ulating wave, which is also the expected sinusoidal wave. So, according to the conven-

tional status for ideal operation, the output voltages of inverters should have the same

frequency, phase, and amplitude, which also implies that their reference modulating

waves should be of the same frequency, phase, and amplitude.

• Both the parameters of the modulating wave and the carrier wave, such as the charac-

teristics of the pulse-width modulation and digital controllers, should be considered in

parallel-connected inverters.
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A phase difference in carrier waves will occur if the inverters are not properly synchronized.

In (Cai et al., 2008), the status when all the modulation parameters are the same is referred

to as uniform modulation. It should be kept in mind that even with a perfect synchronization,

the parameters of the system components are not identical. This can cause differences in

instantaneous output voltages and result in non-uniform modulation.

3.1.1 Parallel connection of phase legs

For simplicity, the behavior of circulating currents is studied first with parallel connection

of two phase legs. A phase leg consists of two power semiconductors, for example IGBTs,

with anti-parallel diodes. The two IGBT/diode pairs are connected in series, and the output

of the phase leg is at the connect point. DC voltage is applied over the series-connected

power semiconductors. When the lower switch is on and the upper switch is off, zero voltage

is applied to the output. When the switches are in opposite states, DC link voltage +Udc

is applied to the output. A parallel connection of two phase legs is presented in Fig. 3.1.

Inductors are installed between the outputs of the phase legs and the point where the phase

legs are connected to each other. Of course, no intermodule inductors are required as such,

but the connection can be made by using cables only. The inductance and resistance of the

inductors are denoted as L1, L2 and R1, R2. These inductors and their properties are from here

on referred to as intermodule inductors, inductances, and resistances.

First, let us consider the parallel connection of phase legs assuming ideal switches. When

the upper switch of one phase leg and the lower switch of the other phase leg are on, the

DC source short-circuits through the intermodule inductors. Of course, a single phase leg

can also short-circuit the DC source. Asynchronous switching can be the source of short-

circuiting, as presented in Fig. 3.2. If phase legs are built from PEBBs, and are thus controlled

independently, an error in synchronization may occur as has been shown above.

U d c

R 1 L 1

R 2 L 2

R L L L

C d c

Figure 3.1: Parallel-connected phase legs. The outputs are connected through output resistances R1 and

R2, and inductances L1 and L2. LL and RL are the load inductance and resistance.

A short circuit creates a closed path for current, as shown in Fig. 3.3. This path is an LR
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t 1 t 1

Figure 3.2: Asynchronous switching in a pulse-width-modulated system. An error in synchronization

(t1) causes asynchronous switching during both the rising and falling edges of a pulse. This can be the

case if there is an error in synchronization in the control of parallel-connected phase legs.

circuit consisting of the intermodule inductance and resistance. The behavior of the short-

circuit current is is defined by the sum of the intermodule inductances and resistances. The

function for the short-circuit current is

is(t) = i0 +
Udc

R
(1− e−t/τ), (3.5)

where Udc is the DC source voltage, R = R1 + R2 , L = L1 + L2, and i0 is the initial inductor

current. The time constant τ is the ratio L/R. When a short circuit occurs, the current in-

creases exponentially. If the short circuit is left on, the current will approach the steady-state

value defined by the sum of the intermodule resistances. If the short circuit is cleared, the

current will decay exponentially.

U d c

R 1 L 1

R 2 L 2

C d c

i s

Figure 3.3: Asynchronous switching creates a short circuit path.

The calculation of the minimum inductance Lmin that is needed between the parallel-

connected terminals is given in (Shi and Venkataramanan, 2004) as

Lmin =
UdcTswεD

î
, (3.6)

where Tsw is the switching period, εD is the asynchronous switching time in percentage of

Tsw, and î is the maximum allowable current change caused by the asynchronous switching.
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If the inductance L is known, the maximum current change can be calculated according to

the same principle. Of course, it is assumed that the intermodule inductors are sized correctly

so that they will not saturate at the peak current. If the time of asynchronous switching ∆t

is directly taken into account, instead of the switching period time and the percentage of

asynchronous time, the maximum current change can be calculated as

î =
1

L
Udc∆t. (3.7)

The short-circuiting of a phase leg is prevented in real applications with a safe time, or a

blanking time. The gate driver signals are manipulated so that both the switches of a phase leg

cannot be on at the same time (Kim et al., 2003). Because of finite turn-on and turn-off times,

the state of the lower switch cannot be just the inversion of the state of the upper switch. The

actual safe time to be used depends on the properties of the power semiconductors. During

some time period within the safe time, both the switches are turned off. This time interval is

called dead time. In the literature, the term ’dead time’ is often used when actually referring

to safe time. The way by which the safe time is included in the switch commands of a phase

leg is presented in Fig. 3.4. The typical safe time for 31 A IGBT is around 2–4 µs (Itkonen

et al., 2006).

Hence, both the switches of a phase leg are in the off-state during the dead time. If an error in

synchronization causes an asynchronous switching, but the synchronization error lies within

the dead time, no short-circuiting of the DC source occurs. This is because there is no short-

circuit current path even if one of the switches is turned on at the wrong time. The switch

that would complete the short-circuit path in the case when no safe time was used, is now in

the off-state. This means that the parallel connection of phase legs behaves differently when

the error in synchronization is within the dead time, or not. If no load current is present, the

asynchronous switching during the dead time does not create a circulating current.

t s t s

s w 1
s w 2

Figure 3.4: Safe time ts is added to prevent the phase-leg short circuit. The upper and lower switches

of a phase leg are not allowed to be in the active state at the same time. The safe time ensures that one

switch is turned off before the other is turned on.

In the case presented in Fig. 3.1, when the load is connected, part of the load current flows

through both of the phase legs. If the properties of the phase legs, such as forward voltage

drops, and the properties of the intermodule inductors are identical, the load current is shared

equally, assuming that both the phase legs are modulated uniformly. Because of the config-

uration, the load current is always positive, that is, flowing out of the phase leg. This means

that the current of a phase leg flows either through the upper switch or the lower anti-parallel

diode. The flow of a positive current in a phase leg is illustrated in Fig. 3.5, and a negative

current in Fig. 3.6.
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Figure 3.5: When the phase-leg current is positive, the current flows either through the upper switch or

the lower anti-parallel diode.

Figure 3.6: When the phase-leg current is negative, the current flows either through the lower switch or

the upper anti-parallel diode.

Let us consider a case when both the upper and lower switches are in the off-state during the

safe time. The current flows through the lower diodes of the phase legs. There is no voltage

source that could supply the load current. Asynchronous switching occurs, turning the upper

switch of one phase leg to the on-state, and the phase-leg current is commutated from the

lower diode to the upper switch. The corresponding switch of the other phase leg is still in

the off-state, and the current flows through the anti-parallel diode. Now there is a voltage

source supplying the load current, but no voltage source short-circuit path exists between the

phase legs. One of the phase legs provides a supply for the load current, while the other does

not. This situation is illustrated in Fig. 3.7.

A simulation model was created with Matlab® Simulink® to demonstrate the situation. The

SimPowerSystems® blockset was used. The simulation model corresponds to the topology

presented in Fig. 3.1. The parameters of the model are presented in Table 3.1. A DC link

voltage of 565 V, a carrier frequency of 5 kHz, a safe time of 2 µs, and the intermodule

inductor parameters are similar to the corresponding parameters of the three-phase prototype

that will be discussed in Section 3.2 in more detail. The switch/diode component models

are ideal, neglecting for instance forward voltage drops and finite rise and fall times. The

simulated load current is illustrated in Fig. 3.8. Because of the topology, the current is

always positive.

The simulated circulating current, when a 100 ns static error in switching commands is in-

cluded, is depicted in Fig. 3.9. The error in synchronization is static, so it is the same in

both the rising and falling edges. Because of the asynchronous switchings, the load current is

unequally balanced. This is due to the voltage difference at the phase-leg outputs. When both

the phase legs are in the same switching states, there is no voltage difference between the
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Figure 3.7: Asynchronous switching during a safe time causes unbalance to the sharing of the load

current iL. The current of the first phase leg i1 increases and the current of the second phase leg

i2 decreases. The current of a single phase leg cannot exceed the load current if the asynchronous

switching takes place during the safe time.

Table 3.1: Parameters of the parallel phase-leg simulation model.

DC link voltage 565 V

Carrier frequency 5/10 kHz

Modulation Sine-triangle

Data sampling 10 ns

Inverter output inductance 10 µH

Inverter output resistance 0,2 Ω
Load inductance 50 mH

Load resistance 10 Ω
Safe time 2/2,1 µs

phase-leg outputs, and the currents start to change toward the balanced situation. This will

take some time because there is energy stored in the intermodule inductors during the voltage

unbalance. During the rising and falling edges, the circulating current of a phase leg flows

in a different direction. This is because the voltage difference in the phase-leg outputs is in

the opposite direction during the rising and falling edges, as was seen in Fig. 3.2. During the

asynchronous switching on the falling edges, one of the phase legs carries a larger part of the

load current, and similarly during the falling edges, the other phase leg carries a larger part of

the load current. It should be noted that the peak value of the circulating current fluctuates.

This is caused by the pulse-width modulation that alters the pulse ratio in time.

The simulated circulating current, when a 100 ns static error is added to the safe times, is

shown in Fig. 3.10. The averaged circulating currents are presented in Fig. 3.11. The voltage

unbalance occurs only in the rising pulse edges. This causes the circulating current to peak

only to one direction. There is almost no fluctuation in the peak values because the voltage

unbalance occurs at almost the same rate regardless of the pulse ratio, only a minor effect of

difference in consecutive pulses can be seen.
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Figure 3.8: Parallel-connected phase legs. Load current during a fundamental period.
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Figure 3.9: Simulated circulating current during a fundamental period. A 100 ns error is included in

both the rising and falling edges.

Fig. 3.11 shows that increasing the switching frequency increases the RMS of the circulating

current. This was expected since the altering the switching frequency affects the rate at which

the voltage unbalance occurs.

As a result, it was shown that only a minor circulating current can exist when the averaged

volt-second error during a switching cycle is zero, that is, the same volt-second error occurs
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Figure 3.10: Simulated circulating current during a fundamental period. A 100 ns error is included in

the safe times. Simulation was made with 5 kHz and 10 kHz switching frequencies.

0 2 4 6 8 10 12 14 16 18 20

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Time [ms]

C
u

rr
en

t 
[A

]

 

 

10 kHz switching frequency

5 kHz switching frequency

Figure 3.11: Simulated averaged circulating current during a fundamental period. A 100 ns error is

included in the safe times. Simulation was made with 5 kHz and 10 kHz switching frequencies.

in the rising and falling edges but in the opposite direction. This is the case when there

is a static synchronization error and the switching devices are considered ideal. However,

although the error of averaged volt-seconds is zero, the changing pulse pattern can cause a

minor circulating current, which fluctuates around zero.
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If the averaged volt-second error is not zero, a circulating current with non-zero average is

produced. Although the averaged volt-second error remains constant, a minor fluctuation in

the circulating current may exist because of the changing pulse pattern. It was shown that the

average circulating current increases as the switching frequency increases. If the volt-second

error during a switching cycle remains constant, but the switching period is halved, the volt-

second error during the same time duration doubles. This leads to approximately double the

average circulating current.

These results show that the average volt-second error is critical to the circulating current.

Moreover, both the cases when an error occurs only in the rising edge or in both the rising

and falling edges cause the same peak current value because of the asynchronous switching.

However, in the first case, a near-zero average circulating current is excited, whereas the other

case results in a non-zero average circulating current.

It is often stated, for instance in (Cai et al., 2008), that the load has no effect on the circulating

currents, if

L1,L2 << LL, (3.8)

that is, the inductance of the load is much greater than the inductance of the intermodule

inductances. Actually, this holds true only in the case of a short circuit. Asynchronous

switching during safe time can cause a circulating current, the magnitude of which is re-

stricted between the load current and zero. If one of the two parallel-connected phase legs is

in active state and the other is not, and the switching states are not changed, the phase leg in

active state will eventually carry all the load current, while the phase leg in non-active state

will have no output current. The mechanism by which the circulating current limits the load

current is discussed in (Itkonen et al., 2009).

It should be noted that even if the voltage of the output terminals of the parallel-connected

phase legs is the same at all times, the load current may still be shared unequally if there is

deviation in the intermodule resistances. This is demonstrated in Fig. 3.12. The intermodule

inductances are set to 10 µH and the resistances to R1 = 0,2 Ω , R2 = 0,22 Ω. It can be seen

that the current sharing is very sensitive to the unbalance of intermodule resistances. The

resistances define where the current sharing finds a balance in the steady state.

In actual devices, the resistances of the intermodule inductors are not the only resistances that

should be taken into account. For example, the power semiconductors have some resistance

in the on-state. The resistances of the IGBT (x V, x A) can be in the range of 10 to 20 mΩ
(viite, Semikronin datalehti). The smaller the resistance of the intermodule inductors, the

more the variation in power semiconductor parameters affects the current sharing.

As was shown, a circulating current can occur as a result of voltage differences, caused for

instance by an error in synchronization. In reality, there is jitter and possibly a static error

in synchronization of the PEBBs. If the asynchronous switching times during a switching

cycle are assumed to be the same, the average circulating current is still zero, even though the
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Figure 3.12: Circulating current during a fundamental period. The parameters are identical, except that

the intermodule resistances are set to 0.2 Ω and 0.22 Ω.

instantaneous behavior may vary between the switching cycles. In reality, there is always a

difference in the asynchronous switching behavior between the rising and falling edges, even

with ideal switching devices. The asynchronous switching durations during these two edges

differ because of the jitter.

The duration of the asynchronous switching is a function of time. This means that the volt-

second error caused in the rising edge may differ from the opposite volt-second error caused

by the falling edge, resulting in a non-zero average volt-second error during a switching cycle.

If the synchronization error is zero averaged and the jitter is constant in speed, the averaged

volt-second error caused by the jitter should be zero during some time period that depends on

the rate of clock drift causing the jitter.

If the synchronization error is non-zero averaged, meaning that a static synchronization error

is also present, the volt-second error may be non-zero averaged. In that case, the volt-second

difference is non-zero averaged during a switching cycle, and we may now assume that this

was because of the synchronization jitter. The volt-second error is positive for some time.

The synchronization error reaches the positive maximum value, and the synchronization is

corrected, reaching now the negative maximum. Now the synchronization error has the neg-

ative maximum value, and the volt-second difference during a switching cycle is negative.

The volt-second error in switching cycles will exist until the point of synchronous opera-

tion is reached. After this point, the volt-second difference during a switching cycle changes

polarity once again, and becomes positive. If the rate of the clock drift causing the jitter

is constant, and the synchronization error is zero averaged, the time durations when posi-

tive and negative synchronization errors are present should be equal, and the average of the

volt-second difference during the time combined should be zero.
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In the implementation of the proposed synchronization scheme, discussed in Section 2.4,

the clock drift between two PEBBs can be 10 ns during a 100 µs period. The length of the

switching cycle and the synchronization period, that is, how often the synchronization is cor-

rected, affects the possible volt-second error during one switching cycle. If synchronization

is corrected once every switching cycle, the length of the switching cycle affects directly the

volt-second error during one switching cycle. If the switching cycle is doubled, the time that

the clocks have to drift also doubles, and the maximum volt-second error during a switching

cycle doubles.

3.1.2 Parallel connection of two-level three-phase inverters

The fundamentals of the circulating current behavior were explained with the parallel con-

nection of phase legs. In the phase-leg simulations, the load current was always positive

because of the topology, causing the averaged circulating current to be in the same polarity at

all times. The circulating current behavior is studied in the parallel connection of three-phase

two-level inverters. Both the cases of positive and negative load currents can be studied with

a three-phase system. First, the parallel-connected three-phase system is studied by simula-

tions, and then by prototype measurements. A parallel connection with a common DC link is

used in the study.

The parallel connection of three-phase two-level inverters is shown in Fig. 3.13. The phases

are paralleled similarly as the phase legs shown above. Intermodule inductors, with corre-

sponding inductances La|b|c,n and resistances Ra|b|c,n are connected between the phase output

terminals and the point of connection. An LR load is connected to the system. The voltage

supply is not shown in the figure.

Parallel-connected inverters can have common or separate DC links. The system in Fig 3.13

has a common DC link, as does the simulation model and the prototype. In the case of a

common DC link, the parallel connection can be considered as a set of parallel-connected

phase legs, because the current path closes through the DC link side (Itkonen et al., 2009).

The DC links can also be separate, in which case the DC links can be isolated or non-isolated.

It is shown in (Itkonen et al., 2008) that parallel-connected inverters with isolated DC links

behave like a set of parallel-connected three-phase voltage sources. This means that a current

that flows between inverters in one phase flows back through the other phases, including the

circulating currents. This kind of a current flow is referred to as a cross current. It is also

shown in (Itkonen et al., 2008) that in the case of separate, non-isolated supplies, a current can

also flow from the grid, through the converters, and back to the grid, because of asynchronous

switching in the inverter side. This kind of a current is referred to as a zero-sequence current.

Both the cross currents and the zero-sequence currents can cause unbalance of the output

currents.

The parallel connection of power converters has been widely studied, but the studies are often

focused on parallel-connected rectifiers or parallel-connected inverters instead of the whole

converter. With this kind of an analysis of partial systems, all the circulating current paths
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Figure 3.13: Parallel connection of two three-phase inverters. The DC link voltage of each inverter

is Udc. Ra|b|c,n and La|b|c,n are the output resistance and inductance of the inverter n. The load is star

connected, consisting of a resistance RL and an inductance LL in each phase.

may not be taken into consideration.

A modular concept for paralleling IGBT inverters has been presented in (Netzold, 1998). The

power section consists of identical inverters, which are designed to be similar as in a single

inverter application. The concept allows up to eight partial inverters to be parallel connected.

The system is controlled by a main controller that is located in the first inverter. Each partial

inverter has a multiparallel interface that handles the control and feedback signals between

the main controller and the partial inverters. The main controller outputs a PWM pattern that

is sent to partial inverters. The current sharing control in partial inverters is carried out by

comparing the local current feedback with the current reference. The current feedback of the

first partial inverter is used as a current reference. If a difference exists, a partial inverter can

delay the PWM pattern for each IGBT. In a 4 MW multiparallel inverter, using the concept

described here, the maximum current deviation between partial inverters is stated to remain

below 5 %.

The synchronization of the prototype presented in (Shi and Venkataramanan, 2004) is per-

formed as follows. Each inverter has a DSP-based control board. Carrier-based modulation

is used. The master controller sends a carrier frequency synchronization pulse during each

switching period. When a slave unit detects the edge of a synchronization pulse, it determines

the carrier signal phase difference and increases or decreases the carrier frequency for the du-

ration of one switching cycle. The maximum carrier phase difference has been observed to be

about 1 µs. The error of the reference signal is stated to be 3.8 µs at maximum, so the max-

imum switching error can be 4.8 µs. In (Shi and Venkataramanan, 2004), the intermodule

inductances are sized according to the maximum synchronization error.
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3.1.3 Simulation of parallel-connected three-phase inverters

In (Itkonen and Luukko, 2008) and (Itkonen et al., 2009), a state-space model for parallel

connected three-phase inverters is derived, and a simulation model based on this state-space

model is presented for both separate, isolated DC sources and a common DC source. The

simulation model assumes ideal switching devices, but it takes into account the effects of the

dead time, that is, the circulating current is limited to the load current. A simulation model

based on these state-space equations is used to study the effect of the synchronization error

in a parallel-connected three-phase system. A scalar control and space-vector PWM are used

in the simulation. The parameters of the simulation model are presented in Table 3.2.

Table 3.2: Simulation model parameters

DC link voltage 565 V

Output frequency 40 Hz

Switching frequency 5/10 kHz

Simulation step 1 ns

Data sampling 10 ns

Load resistance 10 Ω
Load inductance 50 mH

Intermodule resistance 0,2 Ω
Intermodule inductance 10 µH

The duty cycle pattern of SVPWM during a fundamental period is illustrated in Fig. 3.14.

As was stated above, the static error and the jitter in synchronization can result in a non-zero

average circulating current. This error is caused by the non-zero average volt-second error.

In the simulation, the non-zero volt-second error during a switching cycle is created by using

different safe times for each parallel-connected PEBB, respectively; the device 1 has a safe

time of 2 µs and the device 2 has 2.1 µs. Hence, a 100 ns difference within a switching cycle

causes the volt-second unbalance.
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Figure 3.14: Duty cycle pattern of a single phase during one fundamental period with SVPWM.

First, the simulation was carried out by adding a 100 ns static synchronization error to the

system. The result is presented in Fig. 3.15. Since the same volt-second error is caused in

both the rising and falling edge, only a slight fluctuation around the zero can be seen, caused
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by the changing pulse pattern. The spikes in the figure take place at the zero crossing of the

phase current.

The simulation result, when a 100 ns static synchronization error is added to the safe times,

is presented in Fig. 3.16. The error in safe times can be considered as a source of a non-zero

average volt-second difference. When the phase current is positive, a volt-second error is

created when the current is commutated from the lower diode to the upper switch. On the

falling edge, no volt-second error occurs, because the phase current flows through the lower

diode the whole time, regardless of whether the lower switch is on or off. On the other hand,

when the phase current is negative, the situation is reversed. No error is created on the rising

edge, when the current passes through the upper diode. A volt-second error is created on the

falling edges, when the current is commutated from the upper diode to the lower switch. It

should be noted that this is valid only when the error is assumed to be within the safe time.

With the non-zero average volt-second error, a circulating current is excited. This circulating

current is also non-zero averaged over half of a fundamental period. The averaged zero

current changes its polarity at the phase current zero crossings. As was shown previously with

the parallel connection of phase legs, the magnitude of the circulating current is proportional

to the switching frequency.
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Figure 3.15: Averaged circulating current of the parallel inverters. A 100 ns static synchronization error

is added. Both the results with 5 kHz and 10 kHz switching frequencies are presented.
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Figure 3.16: Averaged circulating current of the parallel inverters. A 100 ns error is included in the safe

time. Both the results with 5 kHz and 10 kHz switching frequencies are presented.

3.2 Parallel-connected frequency converter prototype

3.2.1 Prototype overview

Two commercial three-phase frequency converters are used as building blocks in the parallel

connection prototype. The original controller cards were removed and replaced with custom-

made, FPGA-based control cards. These two PEBBs were connected to the application con-

troller, which is also FPGA based. The upper-level control is implemented in a dSPACE®

realtime platform that is connected to the application controller. The real-time platform is

used as the upper-level controller because it saves time in prototyping compared with imple-

menting the whole control in the FPGA-based application controller. A star connection is

used instead of a cascaded ring to achieve the best possible synchronization accuracy. The

communication and synchronization scheme between a PEBB and the application controller

is the same as in the proposed scheme for the cascaded ring (Section 2.4). From the perspec-

tive of communication, there is still a ring topology with only one slave node. A schematic

of the prototype setup is shown in Fig. 3.17.

An upper-level control scheme is implemented to the application controller to handle the two

parallel communication rings, one for each PEBB. A slight addition to the synchronization

scheme is made – the tx time-stamps of the synchronization messages can be manipulated

from the dSPACE platform. The purpose of this is to obtain an ability to adjust the static

error of synchronization for both the PEBBs. With this scheme, the static error to the gate

driver signals of the PEBBs can be altered.
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The effect of the static synchronization accuracy to the circulating current can be studied with

this setup. Since the gate driver signals of a single building block are generated by the same

controller, they are accurately synchronized. A very tight control of signal timing is possible

within a PEBB. In a PEBB system, the synchronization issue exists between the building

blocks, not within a single building block. Because of this, an option for synchronization

adjustment is built in the prototype to affect the whole building block, and not for example

different phases within a building block.

The parameters of the induction motor and the intermodule inductors used in the setup are

shown in Tables 3.3 and 3.4.

The measurement instruments were as follows

• Agilent DSO6104A (1 GHz bandwidth, 4 Gsa/s) oscilloscope,

• Tektronix P5205 100 MHz voltage probe, and

• Agilent 2774A 50 MHz current Probe.

Table 3.3: Parameters of the induction motor.

Nominal input frequency 50 Hz

Nominal power 22 KW

Nominal voltage 380 V ∆
Nominal current 43 A

Nominal speed 1460 rpm

Table 3.4: Parameters of the inductors.

Inductance 10/20 µH

Nominal voltage 400 V

Nominal current 30 A

Nominal frequency 50 Hz

3.2.2 Measurements

Two sets of measurements were made. First, with 10 µH intermodule inductors, and then with

20 µH inductors. The static error of the synchronization of one of the PEBBs was adjusted

for each measurement. The static error in synchronization was altered 22 ns at a time. Both

the current and voltage of a phase were measured from each PEBB.

The results with the 10 µH intermodule inductors are shown in Figs. 3.18–3.23. The phase

currents of the PEBBs are presented for the duration of a fundamental period. Both the phase

currents and voltages are given for the duration of a switching cycle. The averaged circulating

currents during a fundamental period, with synchronization errors of 22, 66, and 110 ns, are

shown in Fig. 3.24.
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Figure 3.17: Parallel-connected frequency converter prototype setup.

The results with the 20 µH intermodule inductors are shown in Figs. 3.25–3.30. The averaged

circulating currents during a fundamental period, with synchronization errors of 22, 66, and

110 ns, are presented in Fig. 3.31.

The common-mode current transients during the switching instances can be seen in the re-

sults. These transients are caused by the cable reflection phenomena. The total cable length

from the frequency converters to the induction motor is about 10 meters. This is relatively

short compared with the motor cable lengths in industrial environments. If the motor cable

were longer, the oscillation frequency of the transient, caused by the cable reflection phenom-

ena, would decrease. The cable reflection phenomena is not a subject of this study.

The reasoning above in this study and the measurements indicated that static synchroniza-

tion error should not cause any significant averaged circulating current, but mostly transients

during the commutations. The reason for this is that the average volt-second error caused by

asynchronous switching should be near zero. It was acknowledged that the rise and fall times

of the inverter output voltage are different, and that the fall times in particular vary according

to the current. However, if the rise and fall times of the parallel inverters’ output voltage are

similar, a significant average volt-second error during a switching period should not occur.

Of course, because the fall time is higher than the rise time, the current transient should be
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Figure 3.18: Phase currents of both parallel-connected inverters during one fundamental period. 10 µH

intermodule inductors are used, no static synchronization error.
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Figure 3.19: Phase currents (red, light blue) and output voltages (dark blue, green) of both parallel-

connected inverters during one switching period, 10 µH intermodule inductors, no static synchroniza-

tion error.

lower on the falling edges, even though the volt-second error would be similar on both edges.

It can be seen from the results (e.g. from Figs. 3.29 and 3.30) that the error generated on

the rising edge is higher than the error generated on the falling edge. On the rising edge, the
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Figure 3.20: Phase currents of both parallel-connected inverters during one switching period, 10 µH

intermodule inductors, 66 ns static synchronization error.
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Figure 3.21: Phase currents (red, light blue) and output voltages (dark blue, green) of both parallel-

connected inverters during one fundamental period. 10 µH intermodule inductors, 66 ns static synchro-

nization error.

inverter output currents become unbalanced. After the transient, the circulating current starts

to decay. The effect is more subtle on the falling edge, and no significant transient is present.

Although detailed waveforms are shown only during a positive phase current, the behavior is
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Figure 3.22: Phase currents of both parallel-connected inverters during one switching period, 10 µH

intermodule inductors, 110 ns static synchronization error.
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Figure 3.23: Phase currents (red, light blue) and output voltages (dark blue, green) of both parallel-

connected inverters during one fundamental period. 10 µH intermodule inductors, 110 ns static syn-

chronization error.

similar with the negative phase current, in which case more error is generated on the falling

edges than on the rising edges. In conclusion, more volt-second error is caused when the

current of a phase leg commutates from the diode to the switch, that is, at the switch turn-on,

and less error is caused on the occasions when the current is commutated from the switch to
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Figure 3.24: Averaged circulating currents. 10 µH intermodule inductors, cases (top to bottom) 22, 66,

and 110 ns static errors.

the diode, that is, at the switch turn-off.

Explanation for this behavior can be seen in Fig. 3.32. Both the rising and falling edges of the

output voltage are shown. On the rising edge, the inverter output voltages behave in a similar

way, and the static synchronization error can be seen from the voltages. On the falling edge,

the device that first commutates the current from the switch to diode behaves differently from

the other device. The device that first turns off the switch has a higher voltage fall time than

the device that turns off the switch next. Because of this, the integral of the voltage difference

during the falling edge is smaller than on the rising edge. So, the average volt-second error

is non-zero, and the average circulating current during half a fundamental period is also

non-zero. This can be clearly seen from Figs. 3.24 and 3.31, where the circulating current

averaged over switching cycles is illustrated. It should be kept in mind that the non-zero

average volt-second error caused by the switching instants is proportional to the switching

frequency.

The RMS values irms
c of the circulating currents were calculated as
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Figure 3.25: Phase currents of both parallel-connected inverters during one switching period, 20 µH

intermodule inductors, no static synchronization error.
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Figure 3.26: Phase currents (red, light blue) and output voltages (dark blue, green) of both parallel-

connected inverters during one fundamental period. 20 µH intermodule inductors, no static synchro-

nization error.

irms
c =

√

i2c(1)+ i2c(2)+ i2c(3)+ · · ·+ i2c(n)

n
, (3.9)
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Figure 3.27: Phase currents of both parallel-connected inverters during one switching period, 20 µH

intermodule inductors, 66 ns static synchronization error.
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Figure 3.28: Phase currents (red, light blue) and output voltages (dark blue, green) of both parallel-

connected inverters during one fundamental period. 20 µH intermodule inductors, 66 ns static synchro-

nization error.

where n is the number of data samples during the fundamental period. The results are sum-

marized in Table 3.5. Both the RMS values and peak values of the circulating currents are

presented. Also, the proportion of the circulating current RMS and peak values to the nom-

inal current RMS and peak values are shown. The nominal RMS current of an inverter is
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Figure 3.29: Phase currents of both parallel-connected inverters during one switching period, 20 µH

intermodule inductors, 110 ns static synchronization error.
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Figure 3.30: Phase currents (red, light blue) and output voltages (dark blue, green) of both parallel-

connected inverters during one fundamental period. 20 µH intermodule inductors, 110 ns static syn-

chronization error.

34 A. The summary is shown also in Figs. 3.33 and 3.34.
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Figure 3.31: Averaged circulating currents, 20 µH intermodule inductors, cases (top to bottom) 22, 66,

and 110 ns static errors.

3.3 Discussion

If the effect of synchronization is considered in a system with power semiconductors, the

output voltage behavior of which is similar, the static synchronization error should not affect

the average circulating current, even though they cause transients. With ideal switches, only

the jitter could cause a minor non-zero average circulating current. Both of these assumptions

require that the asynchronous switching occurs within the safe time. This can be achieved

with the proposed time-stamping-based synchronization scheme that was used in the proto-

type. The results show that this is not actually true, and the static error has some effect on

the current sharing. With the tested intermodule inductors, the RMS value of the circulating

current was found to increase linearly as the static error in synchronization increases.

Following conclusions can be made

• The peak value of the circulating current, that is, the maximum deviation of the output

current, is not a good indicator by itself to size the intermodule inductors. This is

because asynchronous switching may cause a non-zero average circulating current.
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Figure 3.32: Consecutive rising and falling edges of a pulse, 20 µH intermodule inductors, 110 ns

static synchronization error. It can be seen that the volt-second differences during these edges are quite

different, despite the static synchronization error.

Table 3.5: Calculated RMS values of the circulating currents irms
c , peak value of the circulating currents

îc, and relation of the circulating current RMS to the motor current RMS.

10 µH inductors

∆t [ns] irms
c [A] irms

c /irms
nom ×100 [%] îc [A] îc/înom×100 [%]

0 ns 0.41 1.20 1.78 3.71

22 ns 0.39 1.15 2.72 5.67

44 ns 0.56 1.64 3.97 8.27

66 ns 0.79 2.32 4.90 10.21

88 ns 1.05 3.10 6.31 13.15

110 ns 1.31 3.68 7.72 16.08

20 µH inductors

∆t [ns] irms
c [A] irms

c /irms
nom ×100 [%] îc [A] îc/înom×100 [%]

0 ns 0.37 1.08 1.47 3.06

22 ns 0.32 0.94 2.25 4.69

44 ns 0.43 1.25 2.87 5.98

66 ns 0.60 1.77 4.12 8.58

88 ns 0.81 2.38 4.90 10.21

110 ns 1.01 2.98 5.53 11.52

• Attention should be paid to the synchronization of the building blocks. If this is not the

case, poor synchronization can cause unequal current sharing. This is very important

since the circulating current, caused by asynchronous switching, can be proportional

to the switching frequency.
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Figure 3.33: Relation of the calculated circulating current RMS irms
c to the nominal RMS value of a

single inverter irms
nom= 34 A.
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Figure 3.34: Measured and calculated circulating current peak values îc.

Small inductance, in this case 10 µH and 20 µH, can be used in parallel connection to reduce

cost and size. By using the proposed synchronization scheme and a star control topology,

current deviation of 0.3–0.4 A (RMS) from the balanced situation was achieved, with the

prototype setup without any current balance control. This current deviation is about 1.1–1.2

% of the nominal RMS current of a single inverter. The behavior of a circulating current as a

function of static synchronization error was investigated. Errors up to 110 ns were tested, and
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the current unbalance was determined and analyzed. Both the maximum current difference

and the RMS values of the circulating current should be considered when rating the parallel-

connected system.
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Chapter 4

PEBB-based cascaded H-bridge

multilevel converter
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When the power level of a two-level converter increases, the switching frequency must usu-

ally be lowered to decrease the switching losses. On the other hand, the lower switching

frequency affects the harmonic content of the converter output in an undesired way. Because

of this, alternative solutions for high-power converter applications are needed.

Multilevel power converter technology has become a prominent alternative for conventional

two-level converter designs in the field of high-power medium-voltage applications, such as

laminators, mills, conveyors, pumps, fans, blowers, and compressors. A multilevel converter

consists of an array of power semiconductors. Multiple voltage levels are achieved with either

capacitor banks or isolated DC sources.

The basic operation principle in multilevel converters is that a combination of capacitor volt-

ages can be produced to the output by different switching state combinations, resulting in a

staircase-like output voltage, whereas in two-level designs only two output voltage levels are

possible. One major benefit of the multilevel converter design is that a single power semicon-

ductor needs to withstand only a part of the maximum output voltage, and hence, lower-rated

switching devices can be used compared with the two-level design.

Besides the option to use lower-rated components, multilevel converters introduce other ben-

efits compared with two-level converters, such as lower output voltage distortion, lower dis-

tortion of input current, reduced common-mode voltage, and the possibility to operate with

a lower switching frequency (Rodriguez et al., 2002a). The common-mode voltage can be

totally avoided with some multilevel modulation schemes, although this usually limits other

properties of the modulation. Of course, the number of voltage levels has an effect on the

above-mentioned features. The lower voltage transients and common-mode voltage reduces

the stress of the motor windings and bearings.

The increase in voltage levels increases the complexity of the system control, and can also

cause problems with voltage balancing (Rodriguez et al., 2002a). Although the achieved

benefits that come with the increase in voltage levels are desired, the design and practical

implementation of the multilevel converter may be a challenging task. The voltage balance

of the capacitor banks often needs an active compensation method. If the capacitor voltages

are not controlled, the voltage fluctuation may deteriorate the performance of the system, or

even cause serious problems.

In this chapter, the design of a modular multilevel converter is studied with a special emphasis

on the cascaded H-bridge topology. The most common multilevel topologies and modulation

schemes are presented. There are several multilevel modulation methods with seemingly

different approaches. The properties of the multilevel modulation schemes are assessed and

compared to find the actual similarities and differences. The modulation properties are also

explained with carrier-based equivalents. This knowledge is used to design a control scheme

for a cascaded H-bridge converter with reusable modules. Various modulation methods can

be applied to the proposed scheme, and only modifications to the application controller are

required.
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4.1 Multilevel inverters

4.1.1 Multilevel inverter topologies

The most common multilevel converter topologies are diode-clamped, capacitor-clamped,

and series-connected (cascaded) H-bridges. These basic topologies are illustrated in Fig.

4.1 as three-level designs. An H-bridge is a three-level design by itself 4.1(c), and voltage

levels can be increased by simply connecting these H-bridge modules in series. A three-phase

seven-level cascaded H-bridge inverter is depicted in Fig. 4.2.

In the diode-clamped topology, the DC link voltage is split by series connection of the capac-

itors. In a three-level diode-clamped design, two series-connected capacitors C1 and C2 are

used as in Fig. 4.1(a). The capacitor connection point is connected to the output side through

the clamping diodes D1 and D2. The output voltage Ua0 is the same as the DC link voltage

UDC when the switches S1 and S2 are turned on and the switches S3 and S4 are turned off. A

zero ouput voltage is applied when the switches S1 and S2 are off and the switches S3 and S4

are on. Half of the DC link voltage UDC/2 is applied by turning the switches S2 and S3 on

and the switches S1 and S4 off.

The middle point of the capacitors in the diode-clamped design can be considered as the neu-

tral point, and because of this, the design is often called ’neutral point clamped’ (NPC). With

an even number of levels there is no physical neutral point, and therefore a term ’multiple

point clamped’ is sometimes used. The output voltage Uan, which is relative to the neutral

point, can be +UDC/2, 0, and −UDC/2. When more levels are added, the number of series-

connected capacitors, switches, and blocking diodes increases. When more than three levels

are used, clamping diodes with different voltage blocking capabilities are needed. This can

be achieved by series connection of diodes, which increases the number of components and

may lead to impractical design when the number of voltage levels is high. The reverse recov-

ery of the clamping diodes is one of the major design challenges (Rodriguez et al., 2002a).

This is one of the drawbacks of this topology. A single switch has to withstand only the

voltage of a single capacitor. Although the diode-clamped multilevel inverters are commonly

used in industry, they are usually limited to three-level designs because of capacitor voltage

balancing issues (Corzine, 2003).

The capacitor-clamped topology, also known as flying capacitor topology, consists of a cas-

cade of transistor/diode pairs and independent capacitors acting as a voltage clamping device.

The clamping capacitors are ideally charged to a certain level, depending on the voltage lev-

els of the system and capacitor location. A three-level design is shown in Fig. 4.1(b), where

the voltage of the clamping capacitor C3 is ideally +UDC/2. No clamping diodes are needed.

Even though two capacitors with a neutral point are presented in the figure, there is no need

to have several capacitors in the source side. Turning the switches S1 and S2 on and S3 and

S4 off results in an output voltage Ua0=UDC, and a zero voltage is applied when the switches

S3 and S4 are on and S1 and S2 are off. There are two possibilities to produce the voltage

Ua0=UDC/2. This can be done by either turning the switches S1 and S3 on and S2 and S4 off,

or turning S2 and S4 on and S1 and S4 off. Switching redundancy can be used to balance the
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capacitor voltages.

The cascaded H-bridge multilevel topology is attractive in solutions where isolated power

supplies are available. The converter consists of identical modules of four transistor/diode

pairs and an isolated DC supply, which can be a capacitor, a battery, a fuel-cell, a solar panel,

and so on. Compared with the diode-clamped and capacitor-clamped topologies, the key

difference is the requirement for isolated power sources. This is also a major drawback of

the topology. If isolated power supplies are not available, the isolation can be done with

a transformer. However, the transformer can be rather complex when the number of H-

bridge modules increases. The transformer increases the cost of the whole converter system,

compared with diode-clamped and capacitor-clamped topologies that need only one power

supply for the whole converter.

The need for isolated DC power supplies in the cascaded H-bridge topology can be exploited

especially in power generation applications. Distributed power generation and renewable

energy are hot topics at the moment. For example, fuel cell and solar panel technologies are

emerging. With a cascaded H-bridge topology, several fuel cells or solar panels can be used

to increase the power of a unit. Three manufactures of cascaded H-bridge converters have

been listed in (Wu, 2006) – Siemens, Toshiba and General Electric. The most well-known

product is possibly the ROBICON Perfect Harmony by Siemens (Hammond, 1997).

A PEBB-based design can be used in the cascaded H-bridge converters, since the system

consists of identical modules. Each module has a two-point input connection (DC supply)

and a two-point output connection. Although the need for an output filter reduces with the

multilevel technology, the LC filters can be included in the H-bridge modules, instead of one

larger output LC filter. It is shown in (Huang et al., 2008) that the same performance can be

achieved with separate filters compared with a larger single filter.

4.1.2 Multilevel modulation strategies

The modulation strategies for multilevel inverters can be categorized according to the switch-

ing frequency. This categorization is shown in Fig.4.3, as presented in (Rodriguez et al.,

2005). Space-vector control (SVC) (Rodriguez et al., 2002b) and multilevel selective har-

monic elimination pulse-width modulation (SHEPWM) (Li et al., 2000) are examples of

fundamental switching frequency modulation schemes. A phase-based duty-cycle modula-

tion (DCM) (Corzine and Baker, 2002) has been proposed for multilevel inverters. Further, a

direct torque control (DTC) for multilevel converters has been presented in (Rodríguez et al.,

2004). The latter two are not present in the categorization in Fig. 4.3.

Space-vector control (SVC) is based on sampling of the reference space vector and selecting

the closest switching state accordingly. SVC produces a staircase output waveform. Since no

pulse-width modulation is present, the minimum non-zero voltage is a single voltage level.

This prevents the use of SVC in applications where a very low operating speed is required,

and also the start-up of an electric motor may be problematic. It is proposed in (Rodriguez

et al., 2002a) that in this limited operation region, a sinusoidal PWM method should be
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Figure 4.1: Three-level inverter topologies: a) diode-clamped, b) capacitor-clamped, and c) cascaded

H-bridge.

applied.

Selective harmonic elimination pulse-width modulation (SHEPWM) is based on trigonomet-

ric calculations. Certain harmonics are selected to be suppressed and the trigonometric equa-

tions are solved, which results in finding the switching angles. This modulation requires

rather complex on-line arithmetics. The reference must be sinusoidal, making the range of

applications quite limited. An algorithm to obtain the switching angles in multilevel modula-

tion has been presented in (Chiasson et al., 2004).
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Figure 4.2: Three H-bridges are cascaded in each phase, forming a three-phase seven-level inverter.
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Figure 4.3: Classification of multilevel converter modulation schemes.

Numerous carrier-based pulse-width modulation (PWM) methods have been proposed for

multilevel inverters. These multicarrier modulation methods are based on sine-triangle com-

parison. The multiple carriers can be level shifted (Fig. 4.4) or phase shifted (Fig. 4.5).

Level-shifting is known also as carrier disposition. Several disposition schemes, such as

(symmetric) phase disposition PWM (PD-PWM), phase opposition disposition PWM (POD-

PWM), and alternate phase opposition disposition (APOD-PWM) have been proposed in

(Carrara et al., 1992). The performance of multicarrier modulation methods have been stud-

ied analytically in (McGrath and Holmes, 2000) and by simulations in (Chinnaiyan et al.,
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2007).

The carrier signals are compared with the reference signal. On the positive side, if the car-

rier is larger than the reference, the corresponding module produces zero voltage, otherwise

+UDC is produced. The comparison is reversed on the negative side. Zero voltage is produced

when the carrier is smaller, and −UDC is produced otherwise. The SPWM (Sinusoidal PWM)

using a phase-shifting technique is popular in industry (Rodriguez et al., 2002b). In a cas-

caded H-bridge converter, with M series connected modules, the maximum phase voltage is

M. Thus, the maximum space-vector length in the linear range is 75 % of the maximum 2M.

The linear range can be extended with addition of a proper zero-component, as in two-level

sine-triangle modulation.

The basic idea in multicarrier SPWMs is the comparison of continuous signals (Fig. 4.6(a)),

and thus, frequency-amplitude from the reference is needed. However, if the carrier period

is small enough, the reference can be considered constant during this sampling interval (Fig.

4.6(b)). This way, also vector controlled applications, which are regularly sampled by nature,

are suitable for multicarrier-based methods.
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Figure 4.4: Level-shifted multicarrier PWM modulation schemes. Each module has an own carrier

signal in positive and negative sides, which are compared with the reference signal. The positioning

of the carriers can vary; alternatives are for instance a) (Symmetric) Phase Disposition (PD), b) Phase

Opposition Disposition (POD), and c) Alternate Phase Opposition Disposition (APOD).
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Figure 4.5: Phase-shifted PWM carrier and reference signals of a single phase. Each module has an

own carrier signal that has a phase shift with respect to the other carriers.

Multilevel space vector pulse-width modulation (SVPWM) is based on finding the three near-

est voltage vectors, similarly as in the two-level SVPWM. The switching states and times are
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Figure 4.6: Sampling in the sinusoidal PWM strategy. The triangular carrier signal and the sinusoidal

reference signal are illustrated in the top. The produced pulse pattern is illustrated in the bottom.

a) Comparison is made continuously, i.e., by natural sampling. b) The reference is sampled at the

beginning of the carrier period.

calculated for each voltage vector. The basic idea of the multilevel SVPWM is presented in

Fig. 4.7(a). The number of available switching combinations increase rapidly as the voltage

levels increase, and the switching state selection may become challenging. Trigonometric

calculations are needed to determine the area in which the reference vector is located. Dif-

ferent kinds of algorithms have been proposed, for instance in (Gupta and Khambadkone,

2006), (Celanovic and Boroyevich, 2001), and (Wei et al., 2003).

Another PWM scheme is duty-cycle modulation (DCM). The reference voltage vector is

divided into phase components (Fig. 4.7(b)). The phase components are handled indepen-

dently. Trigonometric functions can be avoided with separation of the reference. This makes

the arithmetics quite simple compared with conventional SVPWM algorithms, for instance

sector detection and switching state look-up tables are not needed. The phase duty cycle cal-

culation is based on finding the two nearest voltage levels for each phase. The DCM does

not automatically include a zero component that is inherent to the SVPWM, limiting the

linear operation range. The linear operation range can be extended by adding a proper zero-

component to the reference, just like in the sinusoidal PWM methods. There are numerous

options for selection of the zero component. The calculation of a zero component that results

in SVPWM-like operation is presented in (Kanchan et al., 2005).

The extension to the DCM, introduced in (Naumanen et al., 2008) and (Naumanen et al.,

2009a) emphasizes equal load sharing of the modules and minimization of switching opera-

tions. The implementation of this modulation method is described in (Penttinen et al., 2008).

The arithmetic operations required are simple and no trigonometric calculations are needed.

The zero-component is added only when necessary. The equal load sharing is performed

by module rotation. In the cascaded H-bridge inverter, the order of which module produces

which part of the phase voltage is not restricted to the physical order of the modules, and

can be selected arbitrarily. A device queue is used to define which module is responsible for

which part of the phase output voltage. In addition to the device queue, also the pulse forma-

tion is changed. A voltage pulse in the phase voltage is not performed by a single module,

but two modules are used – one module produces the rising edge and another module the
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falling edge (Fig. 4.8). A single module produces the pulse only if the reference voltage lies

between 0 and ±UDC.

A

B

C

u r e f
_

(a)

A

B

C

u r e f
_
u A
_ u B

_u C
_

(b)

Figure 4.7: a) SVPWM is based on finding the three nearest vectors around the sampled reference

and calculating the switching times for each switching state. b) DCM is based on dividing the sam-

pled reference vector into phase components. The two nearest voltage levels are determined for each

phase according to the phase reference. Each phase modulates between the two nearest voltage levels

independent of other phases. The arrows indicate the two modulated voltage levels in each phase.
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Figure 4.8: Examples of pulse formation during a switching period tsw. a) A voltage pulse can be

realized with two modules; one module switches at the rising edge and theother at the falling edge.

This is possible if the absolute value of the phase voltage reference is higher than one voltage level,

i.e., UDC. b) When the absolute value of the phase reference lies between 0 and UDC, a single module

produces the pulse.

4.1.3 Properties of the multilevel modulations schemes

The approaches in the various multilevel modulation schemes seem to be quite different.

This leads to an intuitive conclusion that the properties of these modulation schemes must be

different. Multilevel modulation methods are often compared by the harmonic contents of

the produced output voltages and currents. The actual differences and similarities between

the schemes are not usually addressed, and the properties of these methods are considered
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inherent to the scheme and are therefore not discussed here. Previously, there has been similar

confusion about various modulation methods associated with the two-level modulation. This

issue is addressed for example in (Holmes, 1996). The similarity of space-vector modulation

and sine-triangle modulation has been explained in (Wang, 2000), even though only three-

level topology is studied and no generalization to more levels is made.

Many of the multilevel modulation methods can be implemented without much insight of

the actual properties. Understanding the operation of these modulation methods is important

when designing a distributed control scheme for multilevel converters. This understanding

helps to derive the reusable parts from the modulation method specific parts, making the

design of a reusable H-bridge building block possible. Otherwise, the whole control scheme

must be designed according to a certain modulation method.

First, the effect of pulse alignment is studied. Different pulse alignment schemes are pre-

sented in Fig. 4.9. In a regularly sampled system, the reference value is known at the be-

ginning of the switching cycle and it is constant through the cycle. The reference defines the

duty cycle of the pulse. For example, if the reference is 1.5, 50 % of the switching cycle

must be kept at the voltage level 1, and 50 % of the time at the level 2, that is, the ouput is

modulated between these voltage levels. The alignment of this pulse can be freely chosen,

since it nonetheless produces the average voltage of 1.5 during the switching cycle.

With a left-aligned scheme, the higher modulated voltage level is produced first, and with a

right-aligned scheme last. The pulse is placed at the center with centered alignment. The

left- and right-aligned schemes are equivalent to sawtooth form carrier waves. In the first

case, the carrier increases the whole duration of the switching cycle, and decreases in the

latter case. The centered pulse is equivalent to the triangle carrier wave, or it can be thought

as an alternating left and right alignment.

This pulse alignment issue may seem irrelevant, since the average voltage of a phase is the

same. This is true regarding a single phase, but the issue becomes relevant when all the

three phases are considered. The switching states during a switching cycle depend on the

combination of instantaneous voltages of the phases, and thus the voltage vectors that are

produced depend on these combinations.
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Figure 4.9: Pulses can be a) left-aligned, b) right-aligned, or c) center-aligned.

The importance of the pulse alignment scheme is clarified with an example of duty-cycle

modulation. The DCM derives two voltage levels and switching times that produce the refer-
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Figure 4.10: Switching sequences sa, sb, and sc of the phases with a) left-aligned, b) right-aligned,

and c) centered pulse formation. The centered pulse formation can also be considered as an alternating

left and right alignment with half the switching period. d) Combination of phase voltages produces a

voltage vector in each time window I, II, III, and IV. The positioning of the pulses has an effect on the

order in which the three voltage vectors are produced. The positioning of the pulses can be considered

to be independent of the modulation method, and can be selected when the switching states and times

are known.

ence voltage during a switching period tsw. This is done for each phase independently. When

the phase voltage levels and switching times are calculated, the actual pulse formation must

be performed. The DMC itself does not limit the selection of pulse alignment. An example

of phase voltages derived with the DCM is presented in Fig. 4.10.

The modulation algorithm determines the voltage levels. Phase A modulates between 1 and 2,

phase B between 1 and 2, and phase C between 0 and 1. Further, the switching times ta, tb, and

tc are calculated by the modulation algorithm. The combination of phase voltages produces a

different ouput voltage vector in each of the time windows I, II III, and IV, respectively uI =
{2,2,1}, uII = {2,2,0}, uIII = {2,1,0} and uIV = {1,1,0}, presented in the ABC coordinate

system.

The positioning of the pulses define the order in which the voltage vectors are performed. If

the pulses are aligned to the left (Fig. 4.10(a)), the order of the vectors is uI → uII → uIII →
uIV. With right-aligned pulses (Fig. 4.10(b)) the order is uIV → uIII → uII → uI. If the pulses

are centered (Fig. 4.10(c)), the vector order is uIV → uIII → uII → uI → uII → uIII → uIV. It

should be noted that the vectors uI and uIV are the same, although the switching states are
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different.

The previous example considered a situation where all the pulses were aligned similarly, and

the only difference was the order of the voltage vectors. The same pulse alignment may

not always be the case. Remembering the effect of the shape of the carrier waveform on

the pulse alignment, it is clear that a different pulse alignment for phases occurs in many of

the multicarrier modulation schemes. In a symmetrical three-phase system, one of the phase

voltages is always of the opposite sign than the other two phase voltages. This means that

when a sampled reference voltage is divided into phase components by 2-to-3 transformation,

one of the references is negative and the other two are positive, or vice versa. Because of this,

the pulse alignment should be handled similarly in both the positive and the negative sides.

This it not true in many multicarrier schemes, since the phase voltage pulses may be aligned

differently, depending of the amplitude and sign of the reference.

An example of this is presented in Fig. 4.11. Two cases are present. In the first case (Figs.

4.11(a) and 4.11(b)), the pulses are aligned in the same way, producing three voltage vectors

with two redundant switching states. In the second case (Figs. 4.11(c) and 4.11(d)), one

of the phases has a different pulse alignment. This is the result if the carrier wave shape is

different on the negative side, as is for instance in the phase opposition disposition scheme.

This happens also when the negative side pulse formation is handled as a mirror image of the

positive side. As can be seen, the different pulse alignment does not produce the three nearest

voltage vectors.

The selection of the voltage vectors in the DCM is discussed in (Corzine and Baker, 2002). It

is stated that when the two voltage levels for each phase are calculated, the lowest or highest

calculated voltage levels of each phase should be used first. If the lowest voltage levels are

chosen, each of the phases switch to a higher voltage level in order during a switching cycle.

If the highest voltage levels are chosen for the starting point, each phase switches to a lower

voltage level in order. These two can also be combined. The selection is made this way, so

that the redundant switching states are found automatically, since adding the same value to

each phase voltage means actually addition of a zero component, and the result is the same

voltage vector.

The selection of the DCM voltage vector order described above corresponds directly to the

pulse alignment. With the right alignment, the lower voltage level is used first in each phase.

In the left alignment, the higher voltage level instead is used first. These two combined result

in a centered pulse alignment. It should be noted that since each phase has two voltage levels

that are used during a switching cycle, a total of eight switching states can be formed out of

them. Only four switching states, two of which are redundant, produce a voltage vector next

to the reference, that is, the three nearest vectors. With the starting point selection described

above, the three nearest vectors can be found by changing the voltage level of each phase one

at a time. So, one switching per phase is needed to reach the redundant state.

In conclusion, the three nearest vectors are automatically found, when the pulse alignment

is the same in all the phases. Otherwise, the three nearest vectors are not guaranteed. In

multicarrier schemes, the carriers must be of the same shape for all the phase references.
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Figure 4.11: Switching sequences sa, sb, and sc of the phases. a) All the pulses are aligned similarly,

producing b) three voltage vectors with two redundant switching states. c) The pulses are aligned

differently, and produce d) four voltage vectors that are not the three nearest ones. The positioning of

the pulses can be considered to be independent of the modulation method, and can be selected when the

switching states and times are known, or by using a certain carrier waveforms.

As to the presented multicarrier schemes, only the (symmetrical) phase disposition PWM

meets this requirement. In the SVPWM and DCM schemes, the pulse alignment can be

freely chosen, and hence, attention has to be paid to the issue, if the three nearest vectors are

wanted, as is usually the case.

The similarity of the phase disposition PWM, SVPWM, and DCM is mentioned in (Corzine

and Baker, 2002), and similar pulse patterns can be achieved with all of these modulation

methods. The DCM and the phase disposition PWM are equivalent, if the pulse alignment

is the same. The PD-PWM with center-aligned pulses is illustrated in Fig. 4.12. Both use a

phase voltage reference, and the output is modulation between the two closest voltage levels.

If the same zero component is used in these two as in the SVPWM, all of these methods are

equivalent, with different definitions but the same properties. The pulse alignment must be,

of course, the same.

The phase-shifted PWM scheme is somewhat different from the others. Each carrier wave

covers all the voltage levels, not just one as in the phase disposition schemes. The phase
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Figure 4.12: Symmetrical phase disposition PWM carrier waves and phase output voltage (grey). The

reference is sampled at the beginning of t1, and is 2.5. The phase output voltage during t1 is first 2,

and in the middle changes into 3. The pulse is right aligned. During t2 the phase voltage is first 3 and

changes to 2 in the middle. The pulse is left aligned. If we consider the switching period as tsw = t1 +t2,

the result is modulation between the voltage levels 2 and 3 with a centered pulse alignment.

voltage generation is shown in Fig. 4.13. Each module voltage is also presented. It can

be seen that the switching frequency of a single module is smaller compared with the phase

disposition schemes. This is partly because the pulse seen in the phase voltage is not produced

by a single module, but with two modules, except at the highest and lowest voltage levels.

One module starts the pulse and the other ends it. The other property that decreases the

switching frequency is the inherent module rotation. This is because the carrier of a module

covers a different voltage level during different time periods (switching cycles). Proper phase-

shifting of the carriers results in carrier crossings at appropriate levels.

If the carrier-module dependency is disregarded, the phase-shifted PWM carrier pattern is the

same as in the alternate phase opposition disposition PWM. The carrier waves are symmet-

rical with respect to the zero voltage level, that is, mirror images. Also, every other voltage

level has a carrier wave of opposite phase. This leads to a conclusion that the phase-shifted

PWM does not guarantee the three nearest voltage vectors, as was discussed above. The

phase-shifted PWM is actually an alternate phase opposition disposition PWM with module

rotation and reduced switchings.

The module rotation can also be applied to other modulation methods. An example of module

rotation with the symmetrical phase disposition PWM is presented in Fig. 4.14(a). The carrier

equivalent would be the same for the DCM with similar module rotation.

Similar properties that are inherent in the phase-shifted PWM are used in the DCM scheme

discussed in (Naumanen et al., 2008), (Naumanen et al., 2009a), and (Penttinen et al., 2008).

The order of the module rotation is somewhat different. Moreover, a pulse in the highest

voltage interval is produced with two modules, as is not the case with the PS-PWM. The

pulse in the lowest voltage interval is produced with a single module, as in the PS-PWM. The

pulses are centered at each level, but a problem regarding the implementation arises. The

negative side is handled as a mirror image of the positive side. So, a pulse in the negative

side actually means a pulse downward, that is, an opposite alignment as in the positive side.

This different alignment does not guarantee the use of the three nearest vectors. The carrier
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Figure 4.13: Phase-shifted PWM carrier waves and phase output voltage (top) and module voltages

(bottom). The reference is 1.5. The pulses seen in the phase voltage are produced by two modules.

The module generates the rising edge and the other module the falling edge. Module rotation is also

inherent to the scheme. These features reduce the switching frequency of a single module.

equivalent for this DCM scheme is shown in Fig. 4.14(b).

The modification of the DCM with equal load sharing is easy, if the same pulse alignment

is wanted, and thus the three nearest vectors are used. The problem is that the two nearest

voltage levels on the negative side are defined by using an absolute value of the phase ref-

erence, and the corresponding switching times are calculated accordingly. This produces a

pulse form at first, but when the actual negative voltage levels are used, the pulse turns into

a notch. This leads to a different pulse alignment in the positive and negative side. By cor-

recting this, the three nearest voltage levels are used. The carrier equivalent of this modified

DCM scheme with equal load sharing is presented in Fig. 4.15. The carrier in the negative

side looks quite complex. This is due to the implementation, where a single module is defined

to be responsible for the same voltage interval in the positive and negative side, for instance

an interval between 1 to 2 and -1 to -2, and so on. If this property is disregarded, the carrier

on the negative side can be simplified.

In the previous examples, the voltage formation with different modulation schemes has been

explained; however, the schemes have so far been presented only in the static state, that is, the

reference stays constant. Next, the switching behavior of the modulation methods is studied

when the reference changes from one switching cycle to another. Three cases are covered.

First, the reference decreases to a lower voltage interval. Second, the reference increases to

a higher voltage interval. Third, the reference changes its sign. The switching behavior with

the (symmetric) phase disposition PWM (PD-PWM) is illustrated in Fig.4.16(a), the phase

opposition disposition PWM (POD-PWM) in Fig. 4.16(b), and the alternate phase opposition

disposition PWM (APOD-PWM) in Fig 4.16(c).
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Figure 4.14: a) Phase disposition PWM with module rotation. This is also the carrier equivalent of the

DCM with module rotation and centered pulse alignment. b) Carrier equivalence of the DMC scheme

with module rotation and two module pulse formations.
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Figure 4.15: Carrier equivalence of the DCM with continuous module rotation and edge alteration with

modified switching time calculation. The pulse alignment is the same on both the positive and negative

side, and thus the three nearest vectors are achieved.
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If centered pulse alignment is assumed, the result shown in Fig. 4.16(a) is equal for the DCM

and the SVPWM. With these modulation methods, a switching of one voltage level always

occurs in the change of a switching cycle when the reference changes to the next voltage

interval. This applies to all the three cases discussed here.

A one voltage level switching occurs also with the POD-PWM, if the reference changes to

the next voltage interval. There is only one exception. When the reference changes its sign,

a two voltage level switching occurs, as can be seen in Fig. 4.16(b).

The result in Fig. 4.16(c) is also applicable to the phase-shifted PWM, since both the schemes

have alternating phase carriers, when each voltage level is concerned. Due to the carriers, the

pulse alignment is opposite in every other voltage interval. This leads to a smooth change

between the levels, as can be seen. No switching occurs in the voltage level change, except

that a two voltage level switching occurs at the zero crossing, as was also the case with the

PO-PWM.

(a)

(b)

(c)

Figure 4.16: Phase voltage patterns when the sampled reference voltage level changes to the next volt-

age interval – the reference decreases (left), the reference increases (middle), and the reference changes

its sign (right). a) (Symmetric) phase disposition (PD) PWM. A switching occurs always when the

reference voltage level changes. b) Phase opposition disposition (POD) PWM. A switching occurs al-

ways when the voltage level changes. A two level switching occurs also when the sign of the reference

changes. c) Alternate phase opposition disposition (APOD) PWM. No switching when the voltage level

changes, except a two level change when the sign of the reference changes.
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The following properties can be derived from the presented results:

• The alignment of the phase voltage pulses defines the instantaneous voltage vectors

that are used during a switching period. Two cases can be considered; all the pulses are

aligned in the same way, or not.

• If the pulses are aligned in the same way, the three nearest voltage vectors are automat-

ically used. The actual alignment just defines the order in which the voltage vectors

are used.

• If the pulses are not aligned similarly, the use of the three nearest vectors is not guar-

anteed.

• The pulse alignment depends directly on the shape of the carrier wave, and thus the

multicarrier methods that use the three nearest vectors and those that do not can be

seen from the carrier patterns.

• If the pulses are centered in the DCM, it is equivalent to the (symmetric) phase dis-

position PWM scheme. On the other hand, these two schemes are equivalent to the

SVPWM, if the zero-component is the same.

• The phase-shifted PWM has inherent module rotation. Further, pulses in the phase

voltage are generated by two modules, except at the lowest and highest voltage levels.

• It is possible to derive a multicarrier equivalent for a modulation scheme with selected

properties, as was shown with the DCM with equal load sharing. However, this requires

that the module rotation is fixed.

• If the three nearest voltage vectors are used, a switching always occurs when the refer-

ence voltage changes to the adjoining voltage interval.

• With the alternate carrier phase disposition the voltage interval change is smooth and

no switching is needed, except at the zero crossing.

Some of the modulation properties are collected in Table 4.1. The phase disposition PWM

schemes, the phase-shifted PWM scheme, DCM, and SVPWM are covered. The carrier-

based schemes are assumed to have static carrier waves, so that they cannot be altered during

the operation, and thus the module rotation does not exist with the phase disposition PWM

schemes. In the SVPWM, it is assumed that the algorithm determines the switching states and

switching times. The switching state of a phase only defines the output voltage, not which

modules produce the voltage. Thus, it is possible to apply the module rotation.

Table 4.1: Properties of different multilevel modulation methods.

Modulation method Module rotation Uses three nearest vectors

PD-PWM no yes

POD-PWM no no

APOD-PWM no no

PS-PWM yes no

SVPWM yes* yes

DCM yes* yes**

* can be applied

** with proper pulse alignment
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Many multilevel modulation schemes and variations of them have been proposed. Common

to all of them is that they aim at forming a phase reference and the actual modulation is

performed accordingly. The actual difference in many of the methods comes down to how

the phase references are derived and how the zero component is added. The outcome in the

PWM schemes is that each phase modulates between the two nearest voltage levels. The

actual difference of the modulation schemes depends mostly on how these phase references

are realized, although this is often disregarded. The multicarrier schemes have actual inher-

ent low-level modulation properties, and they do not depend on how the phase references

are acquired. The algorithms that define how the phase references and the zero component

are calculated, and the modulation properties that have carrier equivalents should not be con-

fused. For example, as it was shown, if the same zero-component is used, the SVPWM, the

DCM with centered pulses, and the PD-PWM are equivalent. All in all, care should be taken

when considering which modulation schemes are actually different from the others and why.

4.2 Functionality allocation in a distributed design

Distributed control schemes of multilevel inverters are often focused on applications with

multicarrier PWM schemes and DSP implementations. The popularity of carrier-based meth-

ods is not surprising since the method is easy to understand and the implementation is quite

straightforward. The required timers, comparators, or even PWM blocks can be found in

virtually every DSP. The most demanding task is to synchronize the carrier signals. If ade-

quate synchronization is achieved, the actual pulse generation is straightforward. Although

the implementation of a multicarrier PWM is not complicated, the modulation method itself

can be restrictive. The properties of the modulation are fixed. If a different set of properties

is desired, another multicarrier scheme can be used. In this case, the new multicarrier scheme

may have some desired properties, but some other properties may be disregarded. The in-

tuitive description of the multicarrier PWM methods may hide the actual properties of the

modulation, and are thus easily overlooked.

The multicarrier PWM modulation schemes can be implemented with a distributed manner

with relatively low communication channel requirements. If a sinusoidal reference is used,

only the frequency and amplitude references must be sent to the modules. The frequency

and amplitude references do not need to be updated at every carrier cycle, so high-speed

communication is not necessarily needed. A distributed multicarrier control scheme has been

used in the prototype presentend in (Loh et al., 2005). Devices are connected to each other

via a Serial Peripheral Interface (SPI). The modulation index, fundamental frequency, and

reference phase are sent from the master controller to the H-bridge units.

If a regularly sampled reference scheme is used, as in vector control, the references must

be updated at every switching cycle. This increases the need for communication channel

capacity. This may not be possible if a custom-designed distributed control/communication

scheme is not available. If a proper distributed control scheme is present, some other refer-

encing scheme can also be used, for instance a duty-cycle based one.
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The reported PEBB-based distributed control solutions are mostly focused on two-level three-

phase inverters, where each of the phase-legs is an individual building block. A duty-cycle

reference is sent to each of the building blocks at every switching cycle. The module duty-

cycle reference scheme can be applied to the control of an H-bridge. A duty-cycle reference

of an H-bridge must include the polarity, since three voltage levels are possible, in contrast

to the two voltage levels of a phase-leg-based building block. Typically, the phase voltage

during a switching cycle is either constant or a modulated pulse between two adjacent levels,

as was seen in the previous section. With this in mind, it is not practical to control each of

the H-bridge modules independently with an own duty-cycle reference.

A modularized controller structure for static synchronous compensator (STATCOM) is pre-

sented in (Song et al., 2007). Building-block-based system consists of a central controller

and H-bridge modules. Each PEBB has a local controller. Instead of controlling directly the

switches of the H-bridge modules, two switching state signals are sent to a local controller.

The switch control signals are derived locally from the switching states.

The most straightforward way to implement a multilevel modulation scheme is to first de-

termine the desired modulation properties, derive a multicarrier equivalent, and realize the

carrier wave to the module control. The phase reference is sent to all of the modules and each

module compares the reference with the carrier wave, and switching operation controls are

achieved automatically without any calculations; just a comparison of the reference and the

carrier waves is needed. This control scheme does not depend on how the phase references

are acquired. It is only necessary to get a new sampled phase reference for each switching

cycle. The carriers have to be synchronized, of course. The synchronization is not dependent

on the modulation or referencing scheme, but is handled by the distributed control scheme.

With the previous scheme, only one voltage reference per phase must be sent. The same

reference is used by all the cascaded H-bridge modules in a phase. A drawback of this

scheme is that the carriers define the modulation properties, so they must be changed if some

property is to be altered. This means re-configuration of all the H-bridge building blocks.

For example, the module rotation is fixed, if it is included at all. This is not desirable if some

of the modules run hotter than the others, and hence the load sharing should be dynamically

altered. This is not possible with fixed carrier waveforms.

Yet another drawback is that it may be difficult to compensate the DC link fluctuation of the

H-bridge modules. The fluctuation causes distortion to the phase voltages. The compensation

aims at modifying the scheme so that the desired average volt-seconds are produced during a

switching cycle, regardless of the voltage fluctuation. A compensation method is presented

in (Kouro et al., 2008). It is applicable to multicarrier PWM schemes. The compensation is

based on the DC link voltage measurement feedback and carrier amplitude control. With the

phase-shifted PWM the compensation can be implemented locally to each module. However,

there is a problem regarding a distributed design with phase disposition schemes. Because of

the dispositioned carriers, the use of only the local measurement for a feedback is not ade-

quate. The output voltage is a superposition of the module voltages, and if the amplitude of

one carrier is altered, this should be taken into consideration in the other carriers. Otherwise,

the dispositioned carriers may overlap.
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Another way to implement the compensation of the voltage fluctuation is to scale the phase

reference. To do this, it is necessary to know which modules are going to produce the voltage

in the next switching cycle. To gain this information, the multiple carriers must be run also

in the application controller. A DC link balancing and ripple compensation exclusive to

multilevel space-vector modulator is proposed in (Vodden et al., 2009).

A voltage fluctuation compensation method that is closely related to the reference scaling is

presented in (Naumanen et al., 2009b). The compensation method is used with the DCM

scheme, where the reference to a phase is a modulated pulse. The duty cycle of the pulse is

altered according to the measured DC link voltages. The modules that will actually produce

the output voltages must be known. Since the phase reference duty cycles are formed in the

application controller in the first hand, it is reasonable to scale them there also, since all the

voltage measurements are available. Since the module rotation can be easily controlled in a

DCM implementation the scheme is less restrictive compared with the multicarrier methods.

The modulation properties, which are built in the carriers in multicarrier schemes, can be

controlled in a DCM implementation by pulse alignment, module rotation, and so on, as was

shown in the previous section.

4.2.1 Proposed duty-cycle-based control scheme

A phase duty-cycle-based referencing scheme is proposed (Laakkonen et al., 2009c) to be

used with distributed H-bridge multilevel inverters. A reference for a phase consists of three

voltage levels U1, U2, and U3, and a duty-cycle Tduty. The duty cycle defines the switching

time for U2. This referencing is presented in Fig. 4.17. The three voltages do not need to

depend on each other.

This referencing scheme gives great degree of freedom concerning the form of the phase

voltage during a switching cycle. Symmetrical and asymmetrical pulses (Figs. 4.18(a) and

4.18(b)), as well as more complex waveforms can be achieved. With the first two, centered,

left-aligned, and right-aligned pulses can be realized. The alignment can be changed as de-

sired, and some modulation properties can thus be controlled in this way. The latter two are

more of a curiosity, but may come handy if new approaches to multilevel modulation are

studied and experimented.

T s w

T d u t yU 1

U 2

U 3

Figure 4.17: Reference that is sent to the nodes consists of three voltage levels U1, U2, and U3, and a

duty cycle Tduty of the voltage level U2. The duty cycle Tduty can vary from 0 to the switching period

Tsw.

Module rotation can be implemented in a fixed, free-running, or dynamic manner. With the
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dynamic control, the load sharing can be altered for instance according to module tempera-

ture measurements. The dynamic control is easy to include by modifying the implementation

presented in (Penttinen et al., 2008), in which the module rotation is fixed. The device queue

that defines the module order can be sent to the modules by the application controller. The

dynamic device queue combined with the proposed referencing scheme enables the exploita-

tion of modulation properties, such as switching minimization, similar to that found in the

phase-shifted PWM.

Since the referencing scheme assumes that the device queue is fixed for the duration of the

switching cycle tsw, the generation of rising and falling edges with different modules during

one switching cycle may seem impossible, bu it can be done as follows. The desired result

is seen in Fig. 4.19(a), but this is not possible to achieve directly with the proposed scheme.

However, the switching cycle tsw can be divided into two sub-periods tsw1 and tsw2, as seen

in Fig. 4.19(b). In the first sub-period, one module performs a switching with a right-aligned

pulse. For the next sub-period, the module order is changed and another level performs

switching with a left-aligned pulse. The combination of operations during these two sub-

periods gives a pulse-centered pulse formation with different modules generating the rising

and falling edges.

(a) (b) (c) (d)

Figure 4.18: Examples of pulse forms that can be realized within a single switching period. a) Sym-

metrical pulse, b) asymmetrical pulse, c) staircase and d) three different voltage levels.

4.2.2 Implementation of the proposed control scheme

Each module of a phase receives a reference consisting of the voltage levels U1, U2 and U3,

and the duty-cycle Tduty of the U2, as was explained in the previous chapter. First, the module

checks the duty-cycle with regard to the predefined minimum/maximum pulse. A modified

duty-cycle T ∗
duty is formed. The number of possible voltage level transitions is checked from

the voltages and the modified duty-cycle. From these, three different cases can be derived for

the phase voltage:

• 1. If T ∗
duty = Tsw, the voltage U2 is generated for the duration of the switching cycle.

• 2. If T ∗
duty = 0, the voltages U1 and U3 are checked. If U1 = U3, voltage U1 is generated

for the whole switching cycle. If U1 6= U3, the voltage U1 is generated for the first half

and the voltage U3 for the second half of the switching period. Hence, a voltage level

transition occurs at Tsw/2.

• 3. If 0 < T ∗
duty < Tsw, the voltages U1, U2, and U3 are generated. The switching times

Tedge1 and Tedge2 are calculated from the T ∗
duty. It should be noted that some or all of the

three voltages can be the same.
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Figure 4.19: Switching frequency of an H-bridge module can be reduced to half when the output volt-

age averaged over a switching period is more than the DC link voltage of a single module. This can be

done by using a different module for the rising and falling edge. a) Module 1 (U1) realizes the rising

edge of the pulse and module 2 (U2) realizes the falling edge of the pulse. The sum of these voltages

(U1 +U2) produces a positive pulse during a switching cycle tsw1. With the proposed control scheme,

direct implementation of this kind of a pulse formation is not possible, since only one module is al-

lowed to switch within a switching period. b) Nevertheless, it can be done as follows. The switching

cycle is divided into two modulation cycles tsw2 = tsw1/2, and a separate reference is formed for each

modulation cycle.

These procedures are also illustrated in Fig.4.20. A similar device queue is used as in (Pentti-

nen et al., 2008). The device queue Qnum defines the module order. The module order defines

which module produces which voltage level during a switching period. A free-running de-

vice queue is used since no dynamic module order control has been implemented. However,

the control structure is ready to use a dynamic device queue. After the initialization of the

system, the device queue of a module starts from the actual module number. After this, the

number is updated every switching cycle. Hence, the device queue can be considered as a

dynamic (or virtual) module numbering.

Depending on the case determined in the previous states, a branch of a state-machine is

executed. A down running counter Tswc is used as switching period counter. It is also used to

determine the switching instants during a cycle. The counter Tswc starts from Tsw and runs to

zero. Two control signals are used, pp and pn. These control signals define whether a module

generates voltage +UDC, 0, or −UDC.

• 1. No voltage transition occurs. If Qnum > abs(U1), the module generates a zero voltage

for the whole switching cycle. Otherwise, +UDC or −UDC is generated, depending on

the sign of U1.

• 2. Voltage transition occurs in the middle of the switching period Tsw/2. The output

voltage is defined as in the previous case. This phase is presented in Fig. 4.21 as an

example.

• 3. Voltage transitions (possibly) occur at times Tedge1 and Tedge2. These instants are

symmetrically placed around the middle of the switching period. During each of these

three time intervals, the output voltage is defined as in the previous cases.
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The control signals pp and pn go to a block that handles the actual H-bridge control, including

the safe-time protection. This block is the same as presented in (Penttinen et al., 2008).

U1, U2, U3 and Tduty updated

Calculate T ∗
duty

T ∗
duty = Tsw T ∗

duty = 0

U1 = U3

Voltage level U2, no changes

Voltage levels U1,

U2 and U3, changes

at Tedge1 and Tedge2

(calculated from T ∗
duty)

Voltage levels U1 and

U3, change at Tsw/2

Voltage level U1, no changes

no

yes

no

no

yes

yes

Figure 4.20: Flow chart of functions that are executed when a new reference, consisting of the voltage

levels U1, U2, and U3, and the duty cycle Tduty, is received. Tduty is checked with respect to the minimum

pulse width, and a modified pulse width T ∗
duty is formed. If T ∗

duty = Tsw, no change in the voltage level

occurs within a switching period. Also, if T ∗
duty = 0 and U1 = U3, no change occurs. If T ∗

duty = 0 and

U1 6= U3, the voltage level changes in the middle of the switching period. If T ∗
duty 6= 0 and T ∗

duty 6= Tsw,

two possible voltage level changes exist at times Tedge1 and Tedge2, which are calculated from T ∗
duty.

4.2.3 Distributed control topology

The use of a single ring may become inadequate as more levels are implemented to the mul-

tilevel converter. When one more module is added to the cascade connection, three modules

are added to the control ring, since a module has to be added in all of the phases. This means

a rapid increase in modules in a ring when more modules are added. The amount of modules

can vary a lot.

Since one control ring may become impractical, the use of parallel control rings is proposed.

This way, each control ring still has the same functionality as a single control ring system.

Modification is needed only to the application controller to handle the parallel control rings.

The parallel control rings can be used in a phase- or a level-based manner. In the phase-based

approach, modules in a phase are connected to the same control ring, as seen in Fig. 4.22(a).

This way, the number of rings is always three, but the number of modules in a ring increases

as more voltage levels are used. In the level-based approach, a single control ring has one

module from each phase, that is, three modules per ring. This is illustrated in Fig. 4.22(b).

The number of control rings increases in the level-based scheme as more cascaded modules

are added.

The fixed number of control rings leads to the choice of the phase-based approach. Further-

more, a phase is a more natural choice for a control entity, since the multilevel modulation is

in practice phase based at the end. The same reference can be used by all the modules in a
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Wait for execution of the branch

Tswc > Tsw/2

Qnum > abs(U1)

U1 > 0

Tswc > 0
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U3 > 0
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pn = 0
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pn = 0
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pn = 1

pp = 0,

pn = 1
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Figure 4.21: Executed branch of pulse formation state machine in the case of Tduty = 0 and U1 6= U3,

i.e., the voltage level changes in the middle of the switching period Tsw. Tswc is the switching period

counter, counting from Tsw down to 0. Operations are divided into two identical sub-branches, one for

each half of the switching period. The output voltage is defined by the positive voltage pulse pp and the

negative voltage pulse pn. First, the absolute value of the voltage level U1 is compared with the queue

number Qnum. If the queue number is higher, the module produces a zero voltage output, and if not, the

sign of U1 is checked. If U1 is positive, the module produces a positive voltage output, and if negative,

a negative voltage output is produced. After the time Tsw/2, the same comparisons are made for the

voltage level U3.

ring, regardless of whether a voltage or a duty-cycle reference is used.

4.2.4 Multilevel converter prototype

The 3kV/100kVA cascaded H-bridge multilevel converter prototype consists of nine PEBBs

and an application controller. The prototype uses parallel control rings, one ring for each

phase. Exactly the same components are used as in the parallel connection prototype. The

same commercial frequency converters with custom control cards are used as building blocks.

Since the PEBBs are originally two-level three-phase converters, they have three IGBT phase

legs. Only two of these phase legs are needed for H-bridge operation (Fig. 4.23). The

prototype is shown in Fig. 4.24. The PEBBs of each phase are located in a separate cabinet.

The measured phase voltage can be seen in Fig. 4.25.

The cascaded H-bridge converter was originally designed and built to be used with the DCM

modulation scheme presented in publications (Naumanen et al., 2008), (Penttinen et al.,

2008), and (Naumanen et al., 2009a). In this modulation scheme, a phase voltage reference

was sent to all the modules in a phase. Each module independently calculated the two nearest

voltage levels and duty cycles. Module rotation was used, as well as the pulse generation
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Figure 4.22: Control topology of a cascaded n-level multilevel inverter (2n+1 voltage levels). Parallel

control rings can be realized as a) phase based or b) level based. In the phase based approach, the

modules in a phase are connected in the same ring. On the level-based approach, a node from each

phase is connected to the same ring. In the previous, the number of control rings is three, but the

number of nodes per ring varies. In the latter, the number of nodes in a ring is three, but the number of

control rings varies.

with two modules.

The target was to improve the quality of the converter output voltage by compensation of

the DC link fluctuations. The idea was to include the compensation method presented in

(Naumanen et al., 2009b) in the prototype. For this purpose, the implementation of the mod-

ulation scheme was found to be deficient, so the functionality allocation in the system was

re-designed. This led to the proposed control scheme presented in Sections 4.2.1 and 4.2.2.

This new functionality allocation gives more flexibility. The modulation properties can be

changed by modifying the application controller only. Furthermore, the DC link fluctuation

compensation can easily be included.

D i o d e  b r i d g e D C - l i n k H - b r i d g e  i n v e r t e r N o t  u s e d

Figure 4.23: Three-phase two-level frequency converter is used as a building block in the cascaded

multilevel converter prototype. One inverter phase leg is not used.
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Figure 4.24: Modules of the prototype are commercial two-level three-phase frequency converters, with

custom FPGA-based control cards. Only four IGTBs of the six are used. Each phase consists of three

modules, and phases are located in separate cabinets. The application controller is not present.

Figure 4.25: Phase voltages measured from the multilevel converter prototype. All the seven voltage

levels are used and the peak value of the voltages is about 3 kV.

4.3 Discussion

Multilevel technology answers to the demand of increasing power of converters. Benefits

such as the use of low-voltage semiconductors, increased power quality, and lower voltage

transients can be achieved compared with two-level converters. Multilevel converters are

also advantageous in renewable energy production, such as solar and fuel cell applications,

where power sources are distributed by nature. The number of system components increases

rapidly as voltage levels are added to the converter. This makes the design of the control
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system challenging. The building block design methodology is usable especially in cascaded

H-bridge converters owing to the symmetric system component structure.

The algorithms of several multilevel modulation schemes easily lead to different kinds of

module control schemes. However, this is not desired since reusability and flexibility of

the modules are among the key features of building-block-based design. Because of this,

the properties of several modulation methods were studied and the common features were

derived. A module control scheme for cascaded H-bridge converters was proposed. The

scheme enables the use of different kinds of modulation methods without reconfiguring of

the H-bridge building blocks. The capacitor voltage balancing can also be taken into account.

The flexibility of the communication and synchronization scheme that is used in both the

parallel connection and multilevel converter prototypes has been proven to be very flexible.

The same distributed scheme was used in two very different converter applications and the

other one was realized with two different control schemes. All this was possible by modifying

only the application blocks of the control card FGPAs. This is done by software, and the new

FPGA configuration is just reloaded to the chip.
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Chapter 5

Conclusion
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The trend in power electronics design is toward increased integration and modular design of

systems. Manufacturers provide power semiconductors with varying degree of integration –

discrete switches, phase-legs, full-bridges, three-phase modules, and the like. Drive circuits

are often included in the modules. Power stage modules with integrated cooling and cabinet

casings are also available. Numerous different configurations can be realized with these

integrated power modules. Integration of modules provides re-usability and flexibility to

converter design. To take full advantage of the modular design, the control system should

also be flexible. Re-usability of conventional centralized control design is usually poor, and

therefore, a distributed control scheme is desired.

The lack of converter-level distributed control schemes has been a major reason for the under-

utilization of the potential of building-block-based power converter designs. A few solutions

have been proposed, but widespread adoption of them is yet to be seen. No established design

procedures exist for the new approach, and the transition from the conventional centralized

control to a distributed one may be considered too difficult. However, the research in this

work has shown that after the step has been taken and effort put to the distributed control

design, the new approach can greatly enhance the flexibility of the modular converter design.

The cascaded ring topology is very attractive considering distributed converter control. It pro-

vides a simple module interface that remains unchanged regardless of the converter configura-

tion. Synchronization is a major concern in a cascaded system. The existing synchronization

solutions require that the communication propagation delays are known and they must be in-

cluded in the configuration. A time-stamping-based synchronization method for a cascaded

ring topology was proposed. This new scheme automatically determines the intermediate in-

ternode delays. A simple communication scheme was introduced. The synchronization and

communication scheme is implemented fully to an FPGA. This enables a single chip solution

for modules control. The proposed scheme decouples the synchronization and application

messaging. Consequently, the synchronization cycle can be configured independent of the

application cycle. Master driven messaging is not required, but the nodes can initiate a mes-

sage at any time. The synchronization method was shown to be capable of 10 ns per node

synchronization accuracy with the proposed implementation. The proposed ring topology

communication is extended to parallel ring configuration to further increase the flexibility of

the scheme.

The proposed distributed control scheme was used in two different building block configu-

rations. First, building blocks were parallel connected to increase the current rating of the

converter. Second, building blocks were series-connected to form a multilevel inverter with

increased voltage rating. The building block used throughout the work was commercial off-

the-shelf two-level three-phase frequency converter with custom FPGA controller card.

Accurate synchronization is crucial in the parallel connection of power modules. Poor syn-

chronization can cause serious unbalance to load current sharing. Intermodule inductors are

typically used to reduce the transients caused by asynchronous switchings. Inductors increase

the cost of the converter. A synchronization error of tens of nanoseconds can affect the per-

formance of the parallel connected system, especially if no or small intermodule inductors

are used. The effect of the synchronization error on the load current sharing was studied.
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Intermodule inductances of 10 µH and 20 µH were used and current unbalance of 0.3-0.4 A

(RMS) was achieved with the proposes control scheme. Although some kind of a current

balance control scheme is often used, accurate synchronization is still desired of the control

system.

Multilevel converters are emerging in many fields of applications. These converters typi-

cally consist of dozens of components. Cascaded H-bridge converters can benefit from the

building-block-based design since the topology is modular by nature. There are various mul-

tilevel converter control and modulation schemes. The selection of a modulation method

easily leads the implementation of the control scheme, especially functionality allocation be-

tween the modules, to a direction where the re-usability and flexibility of the scheme are

compromised. Changing of the modulation method or some modulation property may be-

come difficult, and redesign of functionality allocation may be necessary. The compensation

method of the fluctuating capacitor voltages introduces another factor that must be taken

into account. The most common modulation methods were studied to extract the common

modulation properties. This partitioning of the modulation properties was used to develop a

flexible control scheme for cascaded H-bridge inverters. Several modulation methods can be

implemented by reconfiguring only the application controller.
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