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Nomenclature

List of Acronyms and Names

Acronym / Name Meaning
ACM electric ac machine
AL-E-C aluminium electrolytic capacitor
ARS asymmetrical regular sampling
ARS-PWM asymmetrical regular sampling pulse-width modulation
ARS-ZSS-PWM | asymmetrical regular sampling pulse-width modulation with added
third harmonic
DCMLC diode clamped multilevel converter
DPC direct power control
DPF displacement power factor
DSC direct self control
DSP discrete signal processor
DTC direct torque control
DTC-SVM direct torque control with space vector modulation
FC film capacitor
FCMLC flying capacitor multilevel converter
FOC field-oriented control
GC grid side converter
HSM high-speed electric machine
HSIM high-speed induction machine
HSIMD high-speed induction machine drive
IGBT insulated-gate bipolar transistor
IM induction machine
MC machine side converter
MFOC magnetizing-flux-oriented control
Na grid neutral point
Num machine neutral point
NP dc-link midpoint
PLL phase-locked loop
PMSM permanent magnet synchronous machine
PWM pulse-width modulation
Resr equivalent series resistance
RFOC rotor-flux-oriented control
SFOC stator-flux-oriented control
SM synchronous machine
SRS symmetrical regular sampling
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List of Acronyms and Names

SRS-PWM symmetrical regular sampling pulse-width modulation
SRS-ZSS-PWM | symmetrical regular sampling pulse-width modulation with added
third harmonic
SVM space vector modulation
THD total harmonic distortion
UPF unity power factor
V-DPC voltage-based direct power control
VF-DPC Virtual-flux-based direct power control
VFOC Virtual-flux-oriented control
VOC voltage-oriented control
VSC voltage source converter
Xymc terminal of machine side converter (x = a, b, ¢)
XGe terminal of grid side converter (x = a, b, ¢)
2L VSC two-level voltage source converter
3L-NPC VSC three-level neutral-point-clamped voltage source converter
40-B6C 4 quadrant thyristor converter

Generic Variable Usage Conventions

Variable

Format Meaning
X instantaneous value of quantity x
X estimated value of quantity x
X average value of quantity x in a sampling time

rms value and amplitude of quantity x

X
X,, X, | rms value and amplitude of fundamental component of quantity x
X,,X, |rmsvalue and amplitude of harmonic components of quantity x

Y

X complex vector in Y coordinate system (Y = § (stator), ¥ = R (rotor), ¥ = gﬁg
(stator flux vector), ¥ = @5 (rotor flux vector), ¥ = 1/75 (air gap flux vector),

Vpee (grid voltage vector at PCC), Y= K (arbitrary coordinate system))

X 1Y complex vector of fundamental components in coordinate system of ¥
x; , x; real and imaginary components of X " ina stationary coordinate system of ¥

le o> xly s | real and imaginary components of X IY in a stationary coordinate system of ¥
real and imaginary components of X "ina rotating coordinate system of ¥

. . =Y . . .
Xi4»%;, | real and imaginary components of X, in a rotating coordinate system of ¥
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Specific Variable Usage Definitions

Variable Meaning
Ace damping factor of current control loop
ar damping factor of flux control loop
aprr PLL damping factor
e damping factor of speed control loop
Aye damping factor of voltage control loop of VOC

Asw,on,T, Bsw,on,T
Asw,oﬁ’,T, BoﬁfxT
Asw,rec,D, Bsw,rec,D
Acond,x, Bcond,x

a,p

cos(¢,,)
Cdc

T,

Eloss: sw,on, T» Eloss,sw,oﬁ’,T

E loss,sw,rec,D

E loss,sw,x

er

em

Jou
e
Jc
ﬁes
Jfe
Js
Ssce
Jsprc
Ssse
Ss.se
Jows Jow,average
Gace (s)
Gais)
Gelee(s)
Gol,cc (5)
Goise (8)

IGBT loss coefficients for turn-on

IGBT loss coefficients for turn-off

diode recovery loss coefficients

conduction loss coefficients (x = 7, D)

real and imaginary axes of stationary reference frame

induction machine power factor at nominal load

dc-link capacitance

capacitance of LCL-filter

diode

diodes, (x = a, b, ¢), (j = 1, 2 for anti parallel diodes of 2L. VSC,
j =1,2,3 ,4 for anti parallel diodes of 3L-NPC VSC, and j =35, 6
for NPC diodes)

output of flux hysteresis controller

output of torque hysteresis controller

turn-on and turn-off loss energy of IGBT

recovery loss energy of diode

total switching loss energy (x= 7, D)

stator flux error

torque error

rated input frequency of machine

fundamental output frequency of machine side converter

carrier frequency

resonance frequency of LCL-filter

frequency of grid variables

sampling frequency

sampling frequency of current control loop

sampling frequency of torque and stator flux control loop in DTC
sampling frequency of flux control loop

sampling frequency of speed control loop

switching frequency, average switching frequency

transfer function of current control loop delay

transfer function of total delay (processing delay + PWM delay)
closed loop transfer function of current control loop

open loop transfer function of current control loop

open loop transfer function of speed control loop
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Specific Variable Usage Definitions

~

IG,(m,-—z),o,%

A

IG,(m/ -2),n,%

A

G,(m/ —2), desired ,%

IGc dg.h

e
Loc
lgex

loc.y

lG,x
iVPCC
GC.y

A

ripple,max

harmonic order

hysteresis band of flux controller

hysteresis band of torque controller

base current of machine side per unit system

grid base current

current of dc-link capacitor

nominal collector current in IGBT

dc-link current of grid side converter

dc-link current of machine side converter

feed-forward dc current in voltage control loop of VOC

nominal forward current in diode

grid rms current

fundamental component of grid phase current

rated grid rms current

real and imaginary components of grid current vector in stationary
coordinate system (y = «a, /)

amplitude of the (m,- 2)™ grid current harmonic at no load condition
in percent of rated fundamental component

amplitude of the (my - 2)™ grid current harmonic in percent of
fundamental component at rated load condition

desired amplitude of the (my - 2)™ grid current harmonic in percent
of fundamental component (e.g. according to IEEE-519)

grid side converter current harmonic vector in rotating reference
frame

h S .
space vector of A" order grid side converter current harmonic,

6-
Ticn

loen =LGen®
. th . .
amplitude of 4™ order grid side converter current

phase current of grid side converter (x = a, b, ¢)

real and imaginary components of grid side converter current vector
in stationary coordinate system (y = a, /)

grid phase current (x = a, b, ¢)

direct and quadrature components of grid side converter current
vector in rotating coordinate system (y = d, q)

maximum amplitude of converter current ripple
(e s = max[i(6) =5,()])

rms stator current

rms rated stator current

stator current (x = a, b, ¢)

direct and quadrature components of stator current in an arbitrary
coordinate system K (y = d, q)

reference values of stator current in rotating coordination & (y =d, q)
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Specific Variable Usage Definitions

L40-B6C x

J
J (%)
ku, o, Ty
Kp
Kpce
KP,fC
Kpprr
Kpse
Kp e
Kpwum
Lr
Lrg
Lrc.
Lrcc
LF,t
LF ,max
Lg
L
Ly
Ly
Lg
Ly, 40-6C
Ls
M My M,

IN

my
n
np
Ny
nsyn
ny
Pgcrec
P loss,cond
P loss,cond,x
P loss,sw

P loss,sw,x

P

mech,n

PSW

qgcce.pcc
r

input ac phase current of thyristor converter (x = a, b, ¢)
moment of inertia

Bessel function of variable x

parameters of Lead-Lag compensator

proportional gain

proportional gain of current PI controller

proportional gain of flux PI controller

proportional gain of PLL PI controller

Proportional gain of speed PI controller

Proportional gain of voltage PI controller

proportional gain of power converter

inductance of L-filter

grid side LCL-filter inductance

grid side LCL-filter total inductance, Lr;= Lrc + Lg
LCL-filter inductance of grid side converter

total inductance of L-filter, Lg,= Lzt Lg

upper limit of L-filter inductance

grid stray inductance

stator leakage inductance

rotor leakage inductance in stator side

mutual inductance

rotor inductance

inductance of input L-filter of thyristor converter
stator inductance

modulation depth, no load modulation depth, and nominal load
modulation depth (M = amplitude of reference signal / amplitude of
carrier signal, M= 212 Veil! Vae)

modulation index (m, = fc / frequency of reference signal)
integer coefficient

base mechanical speed

nominal speed of induction machine

synchronous speed of induction machine

number of devices; x= T (for IGBT), x= D (for diode)
input active power of grid side converter at PCC

total conduction loss power

conduction loss power of device x (x= T, D)

total switching power loss

switching power loss of device x (x= 7, D)

nominal mechanical power of induction machine
switching power loss

input reactive power of grid side converter at PCC
inductance split factor of LCL-filter
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Specific Variable Usage Definitions

Tem

T, em,av

Tem,b

A

T

em,h

T em,n
Tem,pull—out
Ty
T;

Ti, cc
Tige

Ti,PLL

damping resistance of LCL-filter

resistance of L-filter

grid side LCL-filter resistance

LCL-filter resistance of grid side converter

grid side LCL-filter total resistance, R, = Rrc + Rg
total resistance of L-filter, Rr,= Rrt+ Rg

grid resistance

rotor resistance in stator side

stator resistance

thermal resistance of case-heat sink (x = 7, D)
thermal resistance of case-heat sink

thermal resistance of junction-case (x = 7, D)
switching states of grid side 2L VSC (x = q, b, ¢)
average value of switching states S;.. (x =a, b, ¢)
real and imaginary components of grid side converter switching
state vector in stationary coordinate system (y = a, f)
direct and quadrature components of grid side converter switching
state vector in rotating coordinate system (k= V, ..,y = d, q)
average values of S;< (y =4d, q)

installed switch power

Transistor

fundamental time period

carrier period

time delay

electromechanical torque

average electromechanical torque

base electromechanical torque

amplitude of h™ order harmonic of T, om

nominal electromechanical torque

pull-out electromechanical torque

heat sink temperature

integrator time constant of PI controller

integrator time constant of current PI controller
integrator time constant of flux PI controller
integrator time constant of PLL PI controller
integrator time constant of speed PI controller
integrator time constant of voltage PI controller
processing time

junction maximum temperature

sampling interval of current control loop

sampling interval of torque and stator flux control loop in DTC
sampling interval of flux control loop
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Specific Variable Usage Definitions

TS‘,PLL
T, d,PWM
Tssc
Ty
THD,

THD.

T,

em

Vic
Vim
Veen
Veer
VC om

Veom@ioopit

Vdc
Vdc,n
l}}zl)
Vé.l
Ve x
Vo,
V6.i.x
Ve
VG.iin

Vo

Voc,y

Véc
Vpce
Vac,y

*
Véc

*Vpce
Vc,y

_ﬁPCC
Vac,y

Vec i

A

P

GC.,n

Vac

V6c.dg.n

sampling interval of PLL

time delay of sampled waveform in a regular sampling

sampling interval of speed control loop

IGBTs; (x =a, b, ¢), (j=1,2 for 2L VSC andj =1, 2, 3 4 for
3L-NPC VSC)

total harmonic distortion of stator current

total harmonic distortion of electromechanical torque

grid base voltage

machine base voltage

nominal collector-emitter voltage (blocking capability)

IGBT on-state collector-emitter voltage

commutation voltage

commutation voltage for a cosmic ray withstand capability of
100FIT

dc-link voltage

nominal dc-link voltage

diode on-state anode-cathode voltage

fundamental component of grid phase voltage

grid phase voltage (x =a, b, ¢)

real and imaginary components of grid voltage vector (y= a, /)

grid line-to-line voltage (x = a, b, ¢)

rms line-to-line grid voltage

rated rms line-to-line grid voltage

grid voltage vector

real and imaginary components of converter output voltage vector,
(y=a p)

output phase voltage of grid side converter (x = a, b, ¢)

direct and quadrature components of grid side converter output
voltage vector in rotating coordinate system (y = a, /)

reference voltage of grid side converter (x = a, b, ¢)

direct and quadrature components of grid side converter reference
voltage vector in rotating coordinate system (y = a, )

average values of direct and quadrature components of grid side
converter output voltage vector in rotating coordinate system
v =ap)

space vector of A" order grid side converter output voltage

J HEGC,h

harmonic, V., =V e
amplitude of 1™ order grid side converter output voltage harmonic
output voltage vector of grid side converter

grid side converter output voltage harmonic vector in rotating
reference frame
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Specific Variable Usage Definitions

amplitude of converter output phase voltage harmonic (n is carrier
band number and u is number of side band)
Vpcex phase voltage at PCC, (x = a, b, ¢)

Vpce.y real and imaginary components of PCC voltage vector, (y = a, )
e direct and quadrature components of the PCC voltage vector in the
' rotating reference frame of PLL, (y= a, f)
Vs ’ direct and quadrature components of PCC voltage vector in rotating
coordinate system (y = a, ff)
Veceu rms value of line-to-line voltage at PCC
I}PCC,h amplitude of 4™ order PCC voltage harmonic '
Vpcen space vector of 2™ order PCC voltage harmonic, Vpcen = I}PCC’ N ¢/ recs
Vbcc da voltage harmonic vector of PCC in rotating reference frame
Veru rated repetitive peak reverse voltage of diodes
Vs, x stator phase voltage (x = a, b, ¢)
Vs reference stator voltage (x = a, b, ¢)
VSl x stator line-to-line voltage (x = a, b, ¢)
Vsu rms stator line-to line voltage
Vsiin rated rms stator line-to line voltage
V5. control output of current controllers of FOC in coordinate system K
(y=d q)
vfm decoupling output of decoupling circuit of FOC in coordinate system K
(y=4d q)
Vox threshold voltage (x = 7, D)
Vag-B6C 1.5 input line-to-line voltage of thyristor converter (x = a, b, ¢)
Z, number of pole pairs
o torque angle
P phase margin
v, amplitude of air gap flux vector
Vo nominal amplitude of air gap flux vector
Vs phase linkage flux in air gap (x = a, b, ¢)
Wy amplitude of rotor flux vector
Y nominal amplitude of rotor flux vector
W phase linkage flux of rotor (x = a, b, ¢)
W amplitude of stator flux vector
Vs, nominal amplitude of stator flux vector
V. phase linkage flux of stator (x = q, b, ¢)
o total leakage factor
Op rotor leakage factor
O stator leakage factor
Px rotation angle of coordinate reference frame K

P rotation angle of rotor
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Specific Variable Usage Definitions

Pys

)

@pr15 PrrL
Wy

a)sl

,

sl,n

a)sl , pull—out

rotation angle of the coordinate reference frame fixed on stator flux
vector

rotation angle of the coordinate reference frame fixed on air gap flux
vector

rotation angle of the coordinate reference frame fixed on rotor flux
vector

rotation angle of the coordinate reference frame fixed on
fundamental component of PCC voltage vector

approximated time constant of the torque control loop in DTC

rotor time constant

rotor transient time constant

stator time constant

phase angle of v,.., at =0

phase angle of 2™ order grid side converter current harmonic vector
phase angle of 4™ order grid side converter current harmonic vector
atr=0

phase angle of 2™ order grid side converter output voltage harmonic
vector

phase angle of 2™ order grid side converter output voltage harmonic
vector at =0

phase angle of 2™ order PCC voltage harmonic vector

phase angle of h™ order PCC voltage harmonic vector at = 0

grid base angular frequency

angular velocity of grid variables vector (o, =27 f,.)

feed-forward angular frequency of PLL

rotor mechanical angular velocity

angular frequency and angle of PLL rotating reference frame
angular velocity of coordinate reference frame K

slip frequency

nominal slip frequency

pull-out slip frequency
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Chapter 1
Introduction

This opening chapter introduces state-of-the-art low voltage drives. Examples of
commercially available low voltage drives are described. Different parts of an industrial low
voltage drive are investigated. Industrial applications of low voltage drives are briefly
addressed.

1.1 State-of-the-art low voltage ac drives

Electric drives are attractive in industrial applications because of features like controlled
starting current, controlled acceleration, adjustable operating speed, adjustable torque limit,
reverse operation, and saving of energy. At first, adjustable ac drives were applied in
processing industries, such as plastics and textiles. AC drives equipped with field-oriented
control (FOC) or direct torque control (DTC) also started to replace dc drives in industries
requiring good dynamic performance, such as machine tools, robotics, and metal rolling.

Low voltage ac drives are used in widespread applications in which there are mechanical
equipments powered by low voltage ac motors. Commercially available low voltage ac drives
(e.g. offered by ABB and Siemens) cover a wide power range (x100 W to 5 MW) and
industrial line-to-line voltages up to 690V. ABB low voltage converters vary widely from
component drives (0.18 to 4 kW, 110 - 480 V) to high power drives (e.g. ACS800-07-2900-7,
2300 kW, 525-690 V) [134]. Siemens products also comprise a wide variation from low
voltage low power ac converters (e.g. MICROMASTER 410, 0.12 to 0.55 kW, 100 - 120 V)
to low voltage large ac converters (e.g. SINAMICS S120, 1.6 - 4500 kW, 380 - 690 V) [146].

A basic structure of a low voltage drive (nominal line-to-line voltage < 690 V) with voltage-
dc-link is shown in Fig. 1-1. A low voltage drive combines a low voltage electric machine
(3~ ACM) connected to a machine side converter (MC), a dc-link with capacitor Cy., and a
grid side converter (GC). The GC can be connected to the grid through a filter to damp the
current harmonics injected to the grid. Different parts of a low voltage ac drive have been
investigated briefly in the following.

AC l DC
Filter Cdc
DC T AC
Grid Grid Side DC-link  Machine Side Electrical
Converter Converter AC Machine

Fig. 1-1 Block diagram of a low voltage drive
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1.1.1 Electric ac machines

Electric machines are the workhorse of industry which transforms electromagnetic energy

into mechanical energy and vice versa. Electric ac machines are advantageous to dc machines

because:

e ac machines require lower maintenance,

e ac machines are smaller and less expensive than dc machines,

e special ac machine types are more readily available at a lower cost, whenever the
operating environment is wet, corrosive, or explosive.

A classification of the most common applied three-phase ac machines is shown in Fig. 1-2.
Synchronous machines (SM) and induction machines (IM) are the main groups of three-phase
ac machines. SMs are manufactured in forms of wound rotor and permanent magnet
synchronous machines (PMSM). IMs are available with wound rotor or squirrel cage rotor
and different design classes [17].

Three Phase

AC Machines
|
| |
Synchronous Induction
| |
| | | |
Permanent Wound Wound Squirrel Cage
Magnet Rotor Rotor 9 9

Fig. 1-2 Classification of the most common applied three-phase ac machines

Wound-Rotor SMs have a low starting torque and require dc current for excitation. Wound-
rotor SMs are generally used for large motor-generators sets, air compressors and similar
applications, which permits starting under a light load. These machines are used particularly
in the large power systems, because of their inherent ability to improve the system power
factor.

PMSMs are a type of SM with a three-phase stator and the rotor of PMSMs has surface-
mounted permanent magnets. PMSMs are manufactured without a commutator, so they are
more reliable than dc machines. These machines generate the rotor magnetic flux with rotor
magnets so they are more efficient than IMs. Consequently, PMSMs are used in appliances
which require high reliability and efficiency like refrigerators, washing machines,
dishwashers, etc. PMSMs produce high torques with a relatively small diameter rotor. This
yields high torque to inertia ratios and power to size ratios.

Wound-Rotor (slip ring) IMs have a three-phase stator and a three-phase rotor. Windings on
the rotor are terminated to a set of slip rings for connection to external resistors. By inserting
different values of resistances in the rotor circuit, various performance characteristics of IM
can be obtained. The slip ring IMs enable the starting characteristics of the motor to be
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controlled to suit the load. One of the disadvantages of the slip ring motors is that the slip
rings and brushes need regular maintenance and the external resistors cause additional losses.

Squirrel-Cage IMs are the most simple and reliable electric machines. Squirrel-cage IMs are
simple in structure and require very low maintenance. There are a number of design
classifications of squirrel-cage IMs particularly applied to the rotor design. These design
classifications affect the starting characteristics of the motors and are distinguished by
different starting and pullout torque [17]. High production volumes for the squirrel-cage IM
and lack of magnets make it considerably less expensive than the PMSM.

IMs are available with power ratings up in the megawatt range. Due to straightforward
construction, low cost, reliable operation, easily found replacements, and variety of mounting
styles, squirrel-cage IMs are particularly widespread.

1.1.2 Machine side and grid side converters

Conventional two-level Voltage Source Converters (2L VSC) with insulated gate bipolar
transistors (IGBT) are the state-of-the-art converters of the low voltage power conversion
market for machine side converters with voltage dc-link. In applications such as high-speed
drives which require high switching frequencies, grid-connected and traction converters with
a desire for smaller and lighter filter, three-level low voltage converters appear to be an
attractive solution [74]. Three-level converters have been implemented in the form of diode-
clamped multilevel converter (DCMLC) known as neutral point clamped voltage source
converter and flying-capacitor multilevel converters (FCMLC). The three-level neutral-point-
clamped voltage source converter (3L-NPC VSC) is preferred because of more complex start-
up routine and a higher expense of capacitors of FCMLC [74]. A 2L VSC and a 3L-NPC VSC
are shown in Fig. 1-3 (a) and (b), respectively. T and D are abbreviations for IGBT and diode.
V4. denotes the dc-link voltage.

al

Vdc/ﬂ:—TalJ@D Tb]J@DMTCIJ@

L Ta Th2 Te
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Fig. 1-3 Block diagram of machine side voltage source converters with voltage dc-link: (a) a 2L
VSC; (b) a 3L-NPC VSC
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The three-phase diode front end rectifier is one of the most common grid side converters
which allow only unidirectional power flow. Diode rectifiers are interesting in industry due to
advantages like simple structure and low cost. However, the diode rectifier results in
uncontrollable power factor and low order grid current harmonics. A block diagram of the
diode rectifier is shown in Fig. 1-4 (a). Active front end converters with the capability of
bidirectional power flow are mainly applied in the drive applications with a high share of
regenerative operation (e.g. elevators) and utility applications such as distributed power
generation systems. 2L VSCs are the commonly applied topology in active front end
converters. A 2L VSC active front end converter connected to the grid with a grid stray
inductance of Lg and grid resistance of R is presented in Fig. 1-4 (b). Furthermore, the 3L-
NPC VSC is an attractive topology for active front end converters in applications with
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Fig. 1-4 Block diagram of grid side three-phase converters: (a) a diode rectifier (passive
rectifier); (b) an active front end converter with a 2L VSC; (c¢) an active front end converter with a
3L-NPC VSC
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Table 1.1
Common voltage levels and required IGBT voltage classes for 2L VSC active front end converters
in low voltage applications

line to line rms voltage dc-link voltage IGBT voltage classes
200-230 V 350-400 600 V

380-460 V 700-800 1200 V

575-690 V 1000-1200 1700 V

medium to high switching frequencies [74].
An active front end converter based on a 3L-NPC VSC is shown in Fig. 1-4 (c). The grid
phase voltage is denoted as vg,,.

A classification of three-phase low voltage levels, required dc-link voltage, and corresponding
IGBT voltage classes for a 2L VSC applied for the machine side converter and the grid side
active front end converter is given in Table 1.1. The dc-link voltage values are determined
supposing that the converter is controlled by an asymmetrical regular sampled sine-triangle
modulation with one-sixth third harmonic [74].

1.1.3 DC-link capacitor

Aluminium electrolytic capacitors (AL-E-Cs) and film capacitors (FCs) are state-of-the-art
power capacitors used as dc-link capacitors in industrial drives with voltage dc-link [20].

Al-E-Cs apply the oxidant of aluminium layer which provides a high dielectric constant. The
anode of AI-E-Cs is formed by an aluminium foil and the cathode is a conductive liquid
[137]. Dielectric properties of the oxide impose a limit to the maximum voltage of these
capacitors. Al-E-Cs are practically available with nominal voltages up to 600 V [88]. For
applications with higher nominal voltage, electrolytic capacitors must be connected in series.
The main advantage of Al-E-Cs which has led to their wide industrial application is their high
volumetric efficiency (capacitance / volume). These capacitors feature a significant variation
of capacitance versus the temperature [88]. Therefore, the use of electrolytic capacitors in the
equipments which operate in a wide range of temperatures (e.g. traction) might be impossible.
Al-E-Cs are polar capacitors and only suitable for DC operation.

FCs are constructed using a combination of metal foils and moralized plastic films. They are
used for voltages above 450 V [138]. FCs occupy considerably higher volume than equivalent
Al-E-Cs. FCs feature a very good capacitance tolerance over the temperature range. FCs are
not polarized capacitors and can be used for both ac and dc voltages. There are no problems
like blow-up and dry-out which are typical for AI-E-Cs [88], [93]. FCs with a low-loss

Table 1.2
Qualitative comparison of aluminium electrolytic capacitors and film capacitors
Aluminium Electrolytic Capacitors Film Capacitors
Size, Weight poor good
Temperature stability poor good
Equivalent series resistance good excellent
Failure mode poor excellent

Cost excellent poor
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dielectric have extremely low equivalent series resistance (Rgsg) [138]. This characteristic
accounts for low capacitor losses and high current- handling capability. However, FCs also
have some disadvantages. FCs are more expensive for lower voltages and have a much lower
capacitance volume ratio than Al-E-Cs. A quantitative comparison between Al-E-Cs and FCs
is presented in Table 1.2.

1.1.4 Grid side filter

The main objective of a grid side filter is to damp the current harmonics injected to the grid.
Harmonic filters can be categorized into passive, active and hybrid filters [81], [107], [127].

While active filters use active power electronic components, passive components such as
inductors and capacitors are used in passive filters. A hybrid filter is a combination of a
passive and an active filter.

L-filters (inductance-filters) are state-of-the-art grid side passive filters which connect the
diode rectifiers or active front end converters to the grid. The main advantage of L-filters is
their simplicity. A single phase representation of an L-filter is shown in Fig. 1-5 (a). The
voltage vectors of the grid and the grid side converter are denoted by v, andv,,., respectively.
The total filter inductance and the total filter resistance are represented by Lr, =Lr + L and
Rr: = Rr +Rg. Lr and Ry are the inductance and resistance of the L-filter. In case of active
front end converters, application of an LCL-filter (Inductance-Capacitance-Inductance-filter)
can be an attractive solution. An LCL-filter is a combination of a grid side inductor, a
converter side inductor, and a filter capacitor as shown in Fig. 1-5 (b). Cyis the capacitance of
LCL-filter. The converter side inductance and resistance are denoted by Lr ¢ and Ry gc. The
grid side total inductance and total resistance are given by Lr g, =Lr¢ + Lg and Rrg: = Rr g
+R; where Lr g and Ry ¢ are the grid side inductance and resistance of the LCL-filter. In case
of L-filter, high switching frequencies are required for a sufficient attenuation of grid current
harmonics at a reasonable filter size and filter voltage drop [99]. LCL-filters have an
attenuation of 60 dB/decade for grid current harmonics above the resonance frequency while
this attenuation is 20 dB/decade for an L-filter. The higher attenuation of LCL-filters leads to
a lower filter total inductance compared to L-filters. Consequently, in the case of LCL-filters,
a desirable high transient performance of the active front end converter with reasonable dc-
link voltage is achievable [107]. In the industrial grids, L-filters are usually applied. In
applications where grid current harmonics should be attenuated significantly to achieve
compliance with the grid standards (e.g. IEEE-519), LCL-filters are more advantageous than
L-filters.

1.1.5 Overview of control strategies of induction machine drives
As mentioned in Section 1.1.1, IMs, particularly squirrel cage IMs, are very popular in
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Fig. 1-5 Single phase representation of the grid side filters: (a) L-filter; (b) LCL-filter
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Fig. 1-6 Classification of control strategies for induction machines [47]

industrial applications because of well-known advantages like ruggedness, reliability and low
cost. In this section an overview of different control strategies of squirrel cage IMs and the
state-of-the-art control techniques are presented.

A classification of IMs control methods is shown in Fig. 1-6 [47]. IMs control strategies are
mainly divided into two main methods: scalar control and vector control. In scalar control
methods with V/f = const. for drive with impressed stator voltage and /; = f(wy) for drives
with impressed stator current (/; is the stator current and wy denotes the slip angular
frequency) amplitude and frequency of the stator voltage, stator current and linkage flux are
adjusted. There is no control of the position of the flux vector. Therefore, scalar methods do
not provide a high performance, especially during transients. Nevertheless these control
methods are very simple to implement and popular for many applications (e.g. fans) in which
no high transient performance is required.

In vector control based strategies amplitude, angular frequency and position of voltage,
current and flux vectors are to be adjusted. Vector control is based on the dynamic model of
IM and therefore results in a high performance dynamics of torque and speed. Vector control
is implemented in different ways. FOC and DTC are often used in induction machine drives
with high dynamics performance.

In FOC (proposed in the early 1970s) motor equations are usually transformed into a
coordinate system that rotates in synchronism with the rotor flux vector (rotor-flux-oriented
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control (RFOC)) or the stator flux vector (stator-flux-oriented control (SFOC)). In RFOC,
there is a linear relationship between control variables and the motor torque [10], [19], [55]
and there is no pull-out torque. Therefore RFOC is very popular in industry (e.g. high
performance induction machine drives of Siemens). RFOC can be implemented by direct
[46], and indirect [53] methods which will be described in chapter 3.

DTC was introduced in the mid 1980s. DTC was implemented with hexagonal flux trajectory
(Depenbrock) [51] and circular flux trajectory (Takahashi) [73]. There is no coordinate
transformation and linearization in DTC. Hysteresis torque and flux controllers are used
instead of linear controllers. The main features of DTC are simple structure and excellent
dynamic performance. In classic DTC, in which the stator flux is controlled, the control
system is independent of the rotor parameters which leads to a robust behaviour. Meanwhile,
variable switching frequency and required high sampling frequency are the main
disadvantages of DTC. DTC has also been recently applied in electric drives with excellent
dynamics (e.g. high performance induction machine drives of ABB). To overcome the
disadvantages of DTC, DTC with space vector modulation (DTC-SVM) was recently
proposed [21], [47]. In DTC-SVM, linear torque and stator flux controllers are applied and
consequently no high sampling frequency is required. Furthermore, due to the modulator, a
constant switching frequency appears in the output of the converter. However, this method
needs a transformation into the stator-flux-oriented coordinates and does not provide excellent
dynamic behaviour due to a lower sampling frequency.

1.1.6 Overview of control strategies of active front end converters

The main goal of the control of active front end converters is to maintain the dc-link voltage
at the required set point value providing an adjustable power factor and sinusoidal grid
currents. Control techniques of active front end converters can be classified into two main
groups: voltage based control and virtual-flux-based control (Fig. 1-7).

Voltage-oriented control (VOC) and voltage-based direct power control (V-DPC) can be
distinguished as two types of voltage based control [111]. In VOC, grid currents are
transformed into a coordinate system which rotates synchronously with the grid voltage
vector. Current components on direct d and quadrature ¢ axis are used to control the dc-link

control strategies
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Fig. 1-7 Classification of control strategies for active front end converters [12]
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voltage and the power factor. In V-DPC, active and reactive input powers are calculated based
on grid voltages and currents. In a manner analogous to DTC of IMs, hysteresis controllers
are used to control active and reactive power.

Virtual-flux-based control methods are based on a virtual flux defined as a time integral of the
grid voltage vector [12], [110]. Virtual-flux-based control strategies have the advantage of
low-pass filtering properties of the voltage integrators and are suitable for supplies with
distorted voltage. These control methods are implemented in forms of virtual-flux oriented
control (VFOC) and virtual-flux-based direct power control (VF-DPC). Similar to VOC, in
VFOC linear controllers and a modulator (pulse-width modulation (PWM) or space vector
modulation (SVM)) are applied and the converter operates with a constant switching
frequency. Grid currents on ¢ and d axis are used to control the dc-link voltage and power
factor since the flux vector lags the voltage vector by 90°. In VF-DPC, active and reactive
powers are estimated using the grid currents and the grid virtual flux components on the
stationary reference frame. Similar to the V-DPC, hysteresis controllers are applied to control
active and reactive power. A linear PI controller can be used as the controller of the dc-link
voltage.

A comparative study of different control methods of active front end converters including
investigations on their advantages and disadvantages is carried out in [111]. According to
[111], VOC and VFOC feature a constant switching frequency and therefore require smaller
grid side filter but they require a coordinate transformation and have a complex algorithm. V-
DPC and VF-DPC have a simple structure and realize a good dynamic performance. On the
other hand, they require a high sampling frequency and cause variable switching frequency.

1.1.7 Industrial applications

Low voltage ac drives are used in a wide range of industrial applications such as process
control and automation and are poised for substantial growth. AC drives are increasingly
being used by manufacturing companies in order to be energy efficient. In a basic
classification, low voltage ac drives can be categorized as industrial standard drives, servo
drives, and high-speed drives.

Industrial standard drives can be used in a wide range of industries. Typical applications are
outlined in the following [134]:

Air conditioning (fans, pumps, and compressors),

Cement industry (fans, kilns, and conveyors),

Chemical industry (pumps, fans, mixers, and processing lines),

Food and beverage branch (mixers, conveyors, centrifuges, ovens, and bottling tables),
Metal industry (roller tables, processing lines, and cranes),

Oil and gas industry (fans, pumps, centrifuges, and compressors),

Power plants (pumps, fans, and conveyors),

Textile industry (mixers, extruders, and textile machines),

Water treatment (pumps, compressors, and conveyors),

Wind power.

Compared to standard drives, servo drives have some advantages like high dynamics and
accuracy and compact motors with high power density. Servo drives are suitable for



28 INTRODUCTION

applications for which very high precision, lower size and reliability are required. Some
applications of servo drives are listed in the following [134], [139]

Machine tools and metal working machinery,

Electronics and semiconductor production machinery,

Measuring and testing machinery,

Packaging machinery,

Textile machinery,

Plastics processing machines,

Coiling machines.

As compared to the standard drives, high-speed drives show several attractive characteristics
like extensively increased power density and avoidance of mechanical gears. Replacing
mechanical gears in direct high-speed drives [29] is one way to realize the market trend of a
steadily decreasing ratio of cost per function in ac drives. High-speed drives are technology
development with increasing importance. The power range of the high-speed drives is up to
hundred kW (e.g. 500 kW) and the speed range is up to 200,000 rpm — 300,000 rpm. Typical
applications of high-speed drives are:
e Machine tools,

e (Grinding and polishing machines

e Spindle drives
e High-speed mills,
e Compressors,

e Turbo compressors

e Centrifugal compressors
e Pumps,

Centrifugal pumps
e Turbo-molecular pumps
e Vacuum pumps
e Blood pumps
e Fans, blowers,
e (Generators of microturbines and gas turbines for cogeneration systems,
e Flywheel energy storage systems.

Characteristics and state-of-the art of high-speed drives and the subject and motivation of this
thesis are considered in the next chapter.
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Chapter 2

Characteristics and State-of-the-art of
High-Speed Drives

High-Speed Drives (HDSs) are a technology development with increasing importance. HSDs
have interesting characteristics like increased power density and the avoidance of mechanical
gears. These advantages are counterbalanced by disadvantages like strong centrifugal forces
on the rotor and increased converter and machine losses. A block diagram of the power part
of a low voltage high-speed drive with voltage dc-link is shown in Fig. 2-1. A low voltage
high-speed drive comprises a high-speed machine (e.g. PMSM or IM), a machine side
converter (e.g. 2L VSC or 3L-NPC VSC), a dc-link, and a grid side converter which has been
briefly described in the previous chapter.

Advantages, disadvantages, and some details of selected applications of HSDs are
investigated in this chapter. Power and speed range of HSDs are shown. Moreover, state-of-
the-art technology for high-speed electric machines, converters, and control is explained.
Finally, the motivations and the main subject of this work and the structure of the thesis are

addressed.

AC l DC
Filter C e
DC T AC
Grid Grid Side DC-link  Machine Side  High-Speed
Converter Converter Machine

Fig. 2-1 A block diagram of the power part of a low voltage high-speed drive

2.1 Characteristics of high-speed drives

2.1.1 Advantages

The mechanical power of an electric machine is proportional to ampere conductors, magnetic
flux per pole, and the mechanical speed. For a given machine size, ampere conductors, and
magnetic flux per pole have limited values. Therefore, driving at high-speed is the efficient
way to increase the output power. The aerospace industry (applying electric machines fed by a
400 Hz supply) is a commercial example of HSDs.

The following advantages are offered by HSDs:

e Increase of power density,

e Oil free design and less maintenance due to avoidance of mechanical gears,
e Integration of drive and process (e.g. compressors, pumps, fans, etc.).
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Some quantitative values to describe the advantages of the HSDs are presented in the

following:

e A 22.4kW, 54,000 rpm drive for a centrifugal compressor is described in [34]. The HSD
enables an increase of the system efficiency by more than 15% and a space and weight
reduction of 80% compared to commercial compressors.

e A high-speed generator (131 kW, 60,000 rpm) for a microturbine is considered in [22]. A
weight reduction of 75 % was achieved compared to a conventional diesel generator.

e A 1600 kW, 18,000 rpm generator for gas turbines has been investigated in [35]. The
mass of the high-speed generator is only 30 % of the mass of a 1600 kW, 1800 rpm
generator.

2.1.2 Disadvantages
HSDs have the following disadvantages compared to standard drives:

Electric Machines

e Requirement for a special rotor design because of strong centrifugal forces,

e Expensive bearings,

e Increased hysteresis and eddy current losses due to increased stator fundamental
frequency and decreased stray inductance [4],

e Increased friction losses,

e Increased expense of cooling.

Converter

e High switching frequency f;, or a low ratio of f;,, and fundamental frequency are required
for an increased fundamental frequency. Increased switching frequency causes increased
switching losses and consequently decreased converter efficiency. A low frequency ratio
leads to higher current harmonics and therefore higher losses in the machine.

Control

e The required encoder for high-speed drives must have a high frequency response and
high-speed rating. Due to reliability concerns and costs, the use of sensorless control
schemes is recommended. Several sensorless control schemes have been proposed for
synchronous and induction machines in the literature [22], [32].

e In control of HSDs a high sampling frequency is required. Therefore, the sampling period
is short (e.g. 33.33 ps for vector control of a high-speed PMSM with stator frequency of
Jfomr = 1.2 kHz [22]). In order to meet the required short calculation time, powerful DSPs or
microcontrollers are usually required (e.g. [22], [34], [41]).

e Effects of the non-ideal switching behaviour (e.g. dead time) of semiconductors are not

negligible, due to the higher fundamental and switching frequency.

2.1.3 Applications

Industrial applications of HSDs are introduced in the first chapter. In the following, some of
the HSD applications are outlined with more details.

e Microturbines [22], [135], [147], [136]:
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Microturbines are high-speed gas turbines which operate at low pressure and temperature.
Microturbines cover a power rage from 25 kW to 500 kW and can operate on fuels such as
natural gas, oil, and biogas.

Microturbines are appropriate in applications like heat-power generations, hybrid electric
vehicles, and in electric mains for peak load shaving.

Generator, turbine, and compressor are connected on one shaft in microturbines that rotate at
high-speed (e.g. up to 100.000 rpm). Therefore, the high-speed drive is an essential
technology for microturbines.

Microturbines enable a clean and reliable production of heat and electric power offering
electric efficiency of 30%. If heat and power are utilized, system efficiency reaches
70%—-90%.

e High-speed compressors [34], [144]:

Application of high-speed compressors offers the avoidance of mechanical gears, thus
increasing reliability and efficiency. Moreover, a considerable reduction of weight and
volume can be reached.

e Machine tools [144], [140]:

The main advantage of HSDs in machine tools is stress reduction in the part being machined,
due to high metal removal with fine cuts. Furthermore, HSDs enable a wide range of speed
control, including very high torque at low speed.

e Spinning [145]:

An evident trend towards improved economy of production is rotor spinning with HSDs.
Using air bearings in speeds up to 140,000 rpm increases the lifetime and reduces the re-
lubrication interval, compared to classical bearings.

2.1.4 Power and speed range

In the design of HSDs, the power and speed range is decisive. Spindle drives are used in a
speed range of 10,000 rpm — 40,000 rpm up to several 10 kW. The drive power decreases to a
few kW in the high-speed range (Fig. 2-2).

The power and speed range of commercially available microturbines (e.g. 30 kW — 250 kW;
30,000 rpm — 120,000 rpm) and compressors (e.g. 11 kW — 500 kW; 12,000 rpm — 90,000
rpm) are depicted in Fig. 2-2. Obviously, the speed and power range of microturbines and
compressors considerably overlaps the speed and power range of spindles.

Fig. 2-3 shows the power and speed range of different high-speed electric machines (HSMs).
It is evident that IMs and PMSMs dominate the considered applications. PMSMs appear to be
the dominant HSMs, particularly in applications like microturbines, in which the system
efficiency is very important. HSIMs are usually applied in spindle drives.

However, reference [15] presents research of the investigation of HSIMs for the medium
power range (x10kW—-x100 kW).
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2.2 State-of-the-art technology of high-speed drives

2.2.1 Electric machines

The main characteristics of high-speed machines are high power density and high mechanical
stress of the rotor. Furthermore, fast switching frequency of the converter causes isolation
stress in the stator. Low costs of material and manufacturing, a high power factor, and high
reliability as general requirements are also valid for high-speed machines. Specific
requirements are:

low losses (iron, copper, and friction) at high fundamental frequency,

low rotor losses particularly important, because of the difficulties of the rotor cooling,
liquid cooling usually applied to manage the stator losses,

rotor with high tolerable temperature,

stator isolation with high withstand capacity of dv/dt (due to converter operation).

IMs and SMs are the main types of high-speed electric machines. PMSMs and switched
reluctance machines (SRM) can be distinguished as the main types of high-speed SMs [23].
The resulting losses for various types of high-speed electric machines ate summarized in
Table 2.1.

Table 2.1
Losses of high-speed drives
IM PMSM SRM

Stator copper losses x x X
Excitation copper losses

Stator iron losses X X X
Rotor copper losses x

Rotor iron losses X X
Gas flow losses X X X
Friction losses x x X
Losses of cooling system X X X

PMSMs and IMs are the most widely used high-speed drives today. In the following section,
fundamental characteristics of these high-speed electric machines are presented.

IMs [34], [28], [38], [33]
Squirrel-cage IMs have been widely applied in high-speed machine tools, pumps, fans, and
compressors. High-speed squirrel-cage IMs feature following advantages and disadvantage
e Advantages:
e low manufacturing costs,
e Jow maintenance,
e high temperature withstand capacity,
e quite operation,

e Disadvantage:
e Rotor iron and copper losses reduce the efficiency.

PMSMs [22], [27], [34], [39]
Using rare earth components such as samarium and neodymium as permanent magnets makes
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it possible to use PMSMs in high-speed application, thus offering high efficiency and a high
power factor. The high efficiency of PMSMs is the main reason to apply PMSMs in
microturbines [22]. Below the advantages and disadvantages of high-speed PMSMs are
summarized
e Advantages:

e no rotor copper losses,

e high power factor,
e Disadvantages:

e difficult manufacturing of complex rotor structure,

e higher material costs compared to IMs,

e limited temperature withstand capacity,

e difficult rotor maintenance.

2.2.2 Bearings

Mechanical bearings are a technical problem of HSDs. Bearings limit the mechanical speed
and have maintenance requirements.

Air bearings and magnetic bearings are alternatives to mechanical bearings in microturbines,
which enable a reliable operation at moderate costs [136]. Magnetic bearings have no
mechanical contacts and therefore do not require lubrication and feature a lower bearing
losses compared to mechanical bearings. The increased costs and complexity are the main
disadvantages of magnetic bearings. Magnetic bearings have been applied in many
commercially available high-speed drives such as spindle drives, pumps, and mills.

Another disadvantage of magnetic bearings is the increase of motor axial length. In order to
reduce the axial shaft length of high-speed machines with magnetic bearings, the high-speed
motor can be magnetically combined with magnetic bearings [30]. The electric machines with
no separate magnetic bearings (rotor is magnetically supported by the motor itself) are called
bearingless electric machines [25], [37]. High-speed IMs and high-speed PMSM are produced
applying the principles of the bearingless electric machines [37], [36], [26].

The control complexity of bearingless high-speed machines is increased due to the cross
coupling of electrometrical torque and radial force, compared to the control of machines with
magnetic bearings [27].

2.2.3 Converter

General requirements of drive converters like low costs, high reliability and power density as
well as moderate dv/dt are also important for high-speed drives.

Specific requirements of the converters of high-speed drives are:

e high fundamental frequency of converter,

¢ high switching frequency for asynchronous modulation (frequency ratio m,> 10).

Machine side converters in high-speed drives differ from standard machine side converters,
due to the extremely increased fundamental frequency of the high-speed machine. Grid side
converters of high-speed drives are a standard front end converter (diode rectifiers or active
front end converters).

The 2L VSC with PWM is applied as a machine side converter in high-speed drives for motor
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and generator operation. However, the use of a diode rectifier for generator application has
been described in several publications (e.g. [29]).

For speed ranges of ny, = 30,000 rpm to ny, = 200,000 rpm for a machine with one pole pair,
fundamental converter frequencies of f,,, = 500 Hz to f,,, = 3333 Hz are required. The control
scheme (e.g. FOC and DTC) and the control platform determine the modulation type
(synchronous or asynchronous modulation). In case of asynchronous modulation, switching
frequency should be considerably higher than fundamental frequency (e.g. fv>10+/,, -15:7,, ).
Therefore a 2. VSC with asynchronous modulation requires switching frequencies of
fsw = 5 kHz to f;,, = 33.33 kHz for a one pole machine and synchronous mechanical speed
range of Ny = 30,000 rpm to o= 200,000 rpm.

Synchronous modulation can be used to reduce the required switching frequency and the
switching losses, which can be useful especially at high speeds. Obviously the reduced
switching frequency causes increased current ripple and therefore increased machine losses
and torque ripple. The required switching frequency could be decreased to e.g. f=3:1,,, -

13-f,,, applying synchronous modulation with 3-, 5-, ..., 13- pulses per fundamental cycle as
shown in Fig. 2-4.
fgw -~
T To=13 f /o= S Torr=9
Asynchronous
modulation

Optimized synchronous modulation

Y
v

Jom

Fig. 2-4 Asynchronous and optimized synchronous PWM

The 2L-VSC is the most widely applied topology for machine side converter in high-speed
drive applications. In case of a drastically increased switching frequency e.g. in high-speed
asynchronous modulation, the installed switch power of IGBT increases significantly for a 2L
VSC. Therefore, a 3L-NPC VSC can be an attractive solution for high switching frequencies
[74], [75]. A 3L-NPC VSC is an alternative topology to reduce these effects, especially if a
high switching frequency is required (f5,, = 10 kHz -15 kHz). The 3L-NPC VSC offers several
attractive features like a reduction of the installed switch power, semiconductor losses,
machine losses, voltage, and current harmonics, insulation stress of the stator windings and
the bearing currents [74].

Harmonics of the converter output voltage cause eddy current losses in rotor and stator, which
then reduces the machine efficiency. Reference [31] shows that the efficiency of an induction
machine fed by a 2L VSC decreased by about 2 %, compared to the efficiency of the machine
fed by sinusoidal voltages.
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The steep voltage transients of VSC stress the insulation of the electric machine particularly if
long cables are used. High switching frequency required for high-speed drives worsen the
problems, as compared to conventional drives due to the required fast switching transients.
The common mode voltage and currents of the PWM converter causes shaft voltage and
current. Shaft currents can flow through bearings and cause damage in mechanical bearings.
Common mode frequencies are critical in the range of high frequencies (e.g. 50 kHz -
5 MHz).

Application of a sine filter between converter and high-speed machine can reduce the above
problems. A sine filter features the following characteristics:

e machine voltage with substantially decreased THD,

e low current and torque ripple,

e increase of machine efficiency.

2.2.4 Control

Control strategies like DTC, direct self control (DSC), and FOC have been successfully
applied in industrial induction motor drives [47]. The best approach is determined according
to requirements with respect to the ratio of switching frequency and output frequency as well
as performance requirements.

In case of very high-speed drives (e.g. ny, > 200,000 rpm, n,, is the synchronous mechanical
speed) a significantly decreased computation cycle restricts the applicable control strategies to
scalar control. One main disadvantage of scalar control strategies is their poor starting
dynamic performance. Modified V/f control methods are also used in control of super high-
speed drives to improve the starting performance [24], [40].

In medium high-speed drive applications (n, < 50,000 rpm) for which high dynamic
performance is required (e.g. high-speed spindle drives), DTC and RFOC are the applicable
control strategies. DTC applies hysteresis controllers to realize an instantaneous torque and
flux control. In case of DTC, for an excellent dynamic performance with reasonable torque
ripple, a high sampling rate (e.g. f; = 20-f;,, where f; and f;,, denote the sampling and switching
frequency, respectively) is required [47]. In standard RFOC linear PI controllers are used.
Torque and rotor flux are indirectly controlled with stator currents. RFOC realizes a constant
switching frequency.

Instantaneous control of torque and flux in DTC requires a high sampling rate
(e.g. fs = 10 - 20f,). Typical switching and sampling frequencies are f;, = 4 kHz and
fi= 40 kHz today. If the sampling frequency can be increased to f; = 100 kHz using a fast
processor, DTC is realizable for a high-speed machine with fundamental frequency of foyr =1
kHz and an average switching frequency of f;, = 10 kHz.

In case of very high-speed drives, sensorless speed control is usually required to avoid the
mechanical sensor [22], [32], [40]. For medium high-speed drives where speed sensors are
available, control strategies with speed sensor can be used. Application of a speed sensor is
advantageous in the case that low-speed performance is important.



CHARACTERISTICS AND STATE-OF-THE-ART OF HIGH-SPEED DRIVES 37

2.3 Subject, motivation, and structure of the thesis

Investigation of a low voltage high-speed induction machine drives (HSIMD) is the general
subject of this dissertation. A block diagram of the investigated HSIMD is shown in Fig. 2-5.

2L VSC,
v 2L VSC 3L-NPC VSC

Filter J@r Vdc_lr}Jﬂf e (s

Grid L/LCL  Grid side Machine side HI‘QQ'SPeed
Filter ~ Converter Converter nduction
Machine

Fig. 2-5 Block diagram of the investigated high-speed induction machine drive

A low-voltage high-speed induction machine (HSIM) with nominal synchronous mechanical
speed of ng,, =30,000 rpm (one pole pair) is applied in the investigations (stator nominal line
to line rms voltage Vs, = 400 V and nominal mechanical power Pyecn, = 20 kW). Such a
configuration can be applied in principle in distributed power generation systems [22], [135],
[136], [147]. In grid-connected microturbine or high-speed gas turbine applications, the dc-
link voltage is adjusted by the grid side converter and the machine side converter regulates the
mechanical speed.

Furthermore, the configuration shown in Fig. 2-5 can be used e.g. in high-speed spindle drives
in the machine tool industry (specifically in the aerospace industries, due to the requirements
necessary for the extremely high-speed cutting of aluminium alloy for high productivity)
[140], [144], [145]. In order to obtain minimum speed and torque variations during cutting,
high performance control system is required in high-speed spindle drives.

The HSIMD shown in Fig. 2-5 is investigated in two main chapters of this thesis. Chapter 3
comprises analysis and study of the HSIM control and comparison between the 2L VSC and
the 3L-NPC VSC as machine side converter for the HSIMD.

In chapter 4, control of the grid side converter (2L VSC) and analytical design procedure of
the grid side filter (L and LCL) are investigated.

Control of HSIMs

Scalar control is usually applied in the control of high-speed drives. In this thesis, RFOC for
the exemplary HSIM (Vs = 400 V, Pyecin = 20 kW, ngym,,» = 30,000) is investigated for both
symmetrical and asymmetrical regular sampling. The sampling rate is chosen to be equal to
the switching frequency (f; = fi») in a symmetrical regular sampling PWM (SRS-PWM) or
twice the switching frequency (f; = 2-f;,,) in an asymmetrical regular sampling PWM (ARS-
PWM) [7]. In the second step, DTC is applied to control the HSIM. Sampling frequency and
the hysteresis band of torque and flux control loops are chosen so that DTC and RFOC realize
the same torque total harmonic distortion (THD).
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For high-speed drives in the mentioned speed range (ng,, = 30,000), speed sensors are
available. Hence, a control system with speed measurement for both RFOC and DTC is
investigated in this thesis.

Finally, the required sampling frequency as well as the dynamic performance for both control
methods for the HSIM are investigated and compared.

Comparison of 2L VSC and 3L-NPC VSC for high-speed drives

A detailed comparison between 2L-VSC and 3L-NPC VSC for the mentioned HSIM with
RFOC is included in this thesis. Comparison criteria comprise maximum torque ripple, torque
THD, installed switch power, loss distribution, and converter efficiency.

Control of the grid side converter and design of the grid side filter

In this thesis, VOC as a common control strategy of active front end converters [12], [111] is
applied for the control of the grid side converter. In many applications, active front end
converters operate in parallel with diode or thyristor converters. Diode and thyristor
converters cause significant current harmonics, which lead to a distorted grid voltage at the
point of common coupling [98]. Steady-state performance of an active front end converter
with VOC and L-filter for a notched grid (caused by a parallel thyristor converter) is
investigated in this thesis. Simulation and experimental results are presented to validate the
investigations which were carried out.

In case of distributed power generation, current harmonics injected to the grid are strongly
limited according to standards like IEEE-519. L-filters are usually applied to damp the current
harmonics. LCL-filters can also be used to damp the current harmonics effectively. Design of
an LCL-filter is a complex subject and is the subject of recent literature [43], [100], [107],
[129]. However, a precise analytical design procedure considering the control reserve and the
amplitudes of the grid current harmonics is not presented in recent publications and the
literature. In this thesis, a new iterative design procedure for L-filter and LCL-filter to fulfil
the IEEE-519 limitations is proposed and investigated in detail. Design procedure is based on
the analytical expression of converter voltage harmonics applying Bessel functions.
Validation of the proposed design procedures are proved with simulation and experimental
results.

The main problem involved with the control of active front end converters with LCL-filter is
the resonance of the LCL-filter. Depending on the LCL-filter resonance frequency and the
band width of the current controllers of VOC, the control system could excite the LCL filter
in transitions. In order to avoid filter resonance, active damping is applied. Active damping
can be realized in different methods [85], [107]. Active damping based on measurement of the
filter capacitors voltage is applied in this thesis. A simple method to design the required
compensator using the parameters of the current control loop is proposed. Simulation and
experimental results for the transient and steady-state performance of the VOC for active front
end converter with LCL-filter are presented.

Structure of the thesis

Material of this thesis is arranged in four chapters. Chapter 3 presents the control strategies of
HSIMs. FOC and DTC are described for an HSIM and compared. Design of 2L VSC and 3L-
NPC VSC as the machine side converter is also discussed in this chapter, and a comparison
between two topologies is given.
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PWM active front end converters with L-filter and LCL-filter as the grid side filter are
investigated in chapter 4. Mathematical descriptions of the converter and the filter as well as
the applied control strategy are presented. Furthermore, behaviour of active front end
converters with L-filter in the presence of thyristor converters is analyzed.

An analytical procedure to design the grid side filter (L- and LCL- filter) is introduced and
verified by simulation and experimental results.

Chapter 5 presents the conclusions of this thesis.
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Chapter 3
Control of High-Speed Induction Machines

In this chapter, FOC and DTC as standard control strategies of IMs are investigated for an
exemplary HSIM fed by a 2L VSC. Besides the description of both methods, a comparison is
carried out, considering the required sampling frequency and dynamic performance.
Furthermore, 2L VSC and 3L-NPC VSC as machine side converters are compared for the
HSIM controlled with RFOC. Torque ripple, loss distribution, and converter efficiency are
taken into account for a detailed comparison.

3.1 Definition of an exemplary high-speed induction machine
drive

An exemplary HSIM is used to investigate the high performance control strategies (FOC and
DTC) for a HSIMD. A power circuit block diagram of a HSIMD is presented in Fig. 3-1. The
machine is a HSIM with rated mechanical power of P,.c;,= 20 kW and a line-to line rms
stator voltage of V;;,= 400 V. Nominal stator frequency is oy, = 500 Hz and the machine has
one pole pare. Synchronous and nominal mechanical speeds are 30000 rpm and 29820 rpm,
respectively. Electrical and mechanical parameters of the HSIM and a standard IM are shown
in Table 3.1. Obviously, the main and leakage inductances are decreased significantly in case
of the high-speed machine. Further machine parameters and design details can be taken from
[4]. A 2L VSC with dc-link voltage of 700 V is used as machine side converter (MC) for the
comparison of FOC and DTC for the HSIMD. Sinus-triangle PWM with regular sampling and
a carrier frequency of fc = 11.5 kHz (m, = 23) is used as the modulator of FOC.

2L VSC and 3L-NPC VSC are compared for HSIMD controlled with RFOC. Table 3.2 lists
the basic parameters and characteristic converter data for both converters. To enable a
comparison between the topologies, the converter phase current and the apparent converter
powers are kept constant.

2L VSC
3L-NPC VSC Vs.a

{
| :
' |
' |
AC : A\ic :
| =C,/2 b [
Ng Filter | E—"—-- J@r oMc |
|| Ve T Cul2 Cuc |
DC : |
|
' |
Grid GC { DC-link MC |
/

Fig. 3-1 Power circuit block diagram of a high-speed induction machine drive
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Table 3.1
Data and parameters of the high-speed induction machine [4] and a standard induction machine [148]

Parameter Value (high-speed)  Value (standard)
Nominal rms stator line-to-line voltage, V., 400 V (Y) 400 V (Y)
Base voltage of machine side per unit system, ¥y V= \/EVS’”’” / \/g

Nominal rms stator current, /g, 3825 A 32 A

Base current of machine side per unit system, /5, s Iy = \/5 L,

Rated load power factor, cos(@,, ) 0.768 0.92
Nominal stator frequency, £, 500 Hz 50 Hz
Number of pole pairs, Z, 1 1

Nominal synchronous speed, Rn s Ny=1 30000 rpm 3000 rpm
Nominal mechanical speed, n, 29820 rpm 2920 rpm
Nominal mechanical power, P .~ 20 kW 18.5 kW
Moment of inertia, J 0.00072 Kgm® 0.0675 Kgm®
Nominal electromechanical torque, T Tomps=1emn 6.39 Nm 60.5 Nm
Nominal stator flux, v/ , 0.1036 Wb 1.0206 Wb
Nominal rotor flux, v/ , 0.1010 Wb 0.9819 Wb
Stator resistance, R 0.025 Q 0.1437 Q
Rotor resistance, R, 0.022 Q 0.1885 Q
Stator leakage inductance L ¢ 0.128 mH 2.16 mH
Rotor leakage inductance L, 0.128 mH 2.16 mH
Mutual inductance, Ly, 33 mH 101.3 mH

Resolver of the high-speed induction machine: RE 3620-952-10-S, Excitation frequency: 2 to
20 kHz, Maximum speed: 100,000 rpm

Table 3.2

Basic data of converter for 2L VSC and 3L-NPC VSC
Parameter Value
Nominal rms output line to line voltage of converter 400 V
Nominal rms converter phase current 38.25
Rated apparent output power of converter 26.5 kVA
Nominal converter output frequency 500 Hz
Nominal dc-link voltage, V. 700 V
Modulation Sinus-triangle modulation
Carrier frequency, fc 11.5kHz - 23 kHz
Maximum junction temperature, 7} ... I1GBT, diode) 125°C
Heat sink temperature, 7}, 80° C

3.2 Mathematical description of induction machines

Mathematical modelling of an IM is achieved considering the following assumptions [10] :
e Windings of both stator and rotor are symmetrical with isolated neutral point.
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B (Stator)

o (Rotor)

o (Stator)

Fig. 3-2 Structure of a symmetrical induction machine [16]

e The permeability of the stator and the rotor iron is considered to be infinite.
e Saturation and iron losses are neglected.
e All rotor parameters and variable are transferred to the stator side.

Considering the above assumptions, a simple representation of a three-phase induction
machine is shown in Fig. 3-2. Mechanical rotation angle of the rotor is p,, which is measured
in the stator stationary coordinate frame. The real axis « of the stationary stator frame is
fixed on the stator winding of phase a. The mechanical angular velocity of the rotor is:

dpy () -
— (3-1)

Considering the resistive voltage drop and the back electromotive force (EMF) of the
windings, the stator and rotor voltage equations can be written as follows:

a)M(t):

dy
R, + ==, 3-2
SS.,x dt S,x ( )
d
RRin + lr//R,x :va’ X =4, b5 c, (3-3)
5 dt 5
where

Rys and Ry are the resistance of the stator and rotor windings,

is and ig are the instantaneous phase currents of the stator and rotor,

¥, and v, are the instantaneous fluxes of the stator and rotor windings of phase a, b, and c,
vs and vg . are the instantaneous phase voltages of the stator and rotor.

In order to reduce the number of equations, the space vector representation of the machine
equations is applied. This representation offers the opportunity to represent the machine
equations in various coordinate systems [10], [19]. In the space vector representation, the
three-phase equations are projected into a two-dimensional stationary reference frame (a-f).
The following equation is used for the projection:

X

%(xa(t)ﬂ?xb(tﬂaz "X(1)) (3-4)

where, dand @’ are complex unit vectors with phase shift of 2n/3 and 4n/3 as follows:



44 CONTROL OF HIGH-SPEED INDUCTION MACHINES

2 jAr
d=e’,a’ =e?. (3-5)
The projection (3-4) can be represented in a matrix form as follows:

2 -1 -l
== = X,
X 3 3 3 - :
L } = ) 1 Xy | X=X, + jx,. (3-6)
s 0

E L
Using (3-6), the stator and rotor instantaneous voltage equations in (3-2) and (3-3) are
projected into the following equations

- S
Rsfss+dl§; _5, 3-7)
- R
RRfRR+dZ; 5k, (3-8)
where

%S , t/7SS , and ﬁss are current, flux, and voltage vectors of the stator in the stator stationary
reference frame,
ZQR , 1/71’;, and ﬁRR are current, flux, and voltage vectors of the rotor in the rotor stationary
reference frame.

The stator and rotor flux vectors were determined in the stator and rotor stationary reference
frames using self and mutual inductances as described in the following [10], [16], [19]:

'ﬁss = LSZS‘S + LMeijl?RR > (3-9)

Wt =Lt + L, e i (3-10)
Ly=(+0,)L,, o,=L,/L, , (3-11)
L,=(+oy)L,,, o,=L,/L,, (3-12)
where

Ly, 1s the mutual inductance of IM,

o, and o, are the stator and rotor leakage factor,
Li;sand L denote the stator and rotor leakage inductance,
Lsand Ly are the stator and rotor self inductances.

The stator variables and the equations (3-7) and (3-9) are represented in the stator stationary
reference frame (real axes o is fixed on phase a of the stator). In a similar way, the rotor
variables and the equations (3-8) and (3-10) are represented in the rotor stationary reference
frame (real axes a is fixed on the phase a of the rotor). The apexes S and R are applied to
identify the stationary reference frame of stator and rotor, respectively. Since the real axis of
the rotor stationary reference frame is fixed on the rotor winding of phase a, the rotor
stationary reference frame rotates with the rotor angular velocity w,. The machine
electromechanical torque 7., can be expressed in terms of the stator and rotor current vectors
as [10], [16], [19]

T, =32y iG] (3-13)

m

where Z, denotes the number of pole pares.
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Inserting the flux equations (3-9) and (3-10) in the voltage equations (3-7) and (3-8), the
complete mathematical model of the symmetrical IM is derived as following:

- di d ~r ipn -
Rgis® + Lg dSt +LME(1RR3]'0):V5S, (3-14)
TR
Rpi" + Ly d; +L, _(ls e ") =v,", (3-15)
t
T g T, =2 7,0, Wl G ) (3-16)

with 7} and J being the load torque and the rotor moment of inertia.

3.3 Field orientation

The equations of IM given in (3-7) to (3-13) are represented in two different reference frames.
In order to simplify the mathematical model, both equations of the stator and rotor should be
projected into a common coordinate system K with angular speed of wx. Multiplying machine
voltage and flux equations by e’ , p, (¢) —J- . (r)d7 , the mathematical model of IM has
been projected into the coordinate system K [16]. Electrical and mechanical equations of IM
in an arbitrary coordinate system K are:

- K

RS;SK + dl/:ls +ja)1<l/7SK = vsK, (3-17)
t

W' = Loi" +Lyi" (3-18)
- K

Rty + 2t o = Z,0, 0, =7, (3-19)

W =L~ + L0~ (3-20)

749 1, =2 7, AT (3-21)

dt 2
where

i~ l//S ,and v vS are the stator current, flux, and voltage vectors in the coordinate system K,
i*, X, and %" are the rotor current, flux, and voltage vectors in the coordinate system K.
K is an arbitrary coordinate system which can be chosen as a stationary coordinate system
fixed on the stator (wx = 0). This coordinate system is usually used in classic DTC, which will

be discussed later in this chapter.

Electrical and mechanical equations of IM in (3-17)—(3-21) are applied to determine a state
space representation of the model of an IM with the stator and rotor flux components as well
as the mechanical speed as state variables. The state space representation of a squirrel-cage
IM in the stator fixed stationary coordinate system (a—f) can be formulated as [16]

- -
Vsa -R, /oL 0 R,L, [oLL, 0 Vs.a

1 0
d l//g’ﬂ - 0 -R /oLy 0 RL, [oLL, l//;ﬁ' N 0 1 V;a
dt| yra RyLy /oLy 0 “Ry/oLy ~Zpy Vi 0 0vg,
l//}jﬂ 0 R,L, [oLiL, Z,0,, -R, /oL, W;ﬂ 0 0

(3-22)
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do 3 ) .
J dtM = T;'m _T'L :EZP(Wg,alg,ﬂ _l/lg,ﬂlg,a)_TL’ (3-23)
where
2
i 1 T (3-24)
(1+o0,)1+0y) LiL,

o 1s total leakage factor,
W)ia and wi ; denote real and imaginary components of the stator (x = §) and rotor (x = R)

flux vectors in the stator fixed coordinate system (axis a fixed on phase a of stator windings),

v’ and vf, , are real and imaginary components of the stator (x = S) and rotor (x =R) voltage

vectors in the stator fixed coordinate system (axis a fixed on phase a of stator windings),
ifﬂ and if, ; denote real and imaginary components of stator (x = §) and rotor (x = R) current

vectors in the stator fixed coordinate system (axis a fixed on phase a of stator windings).

Real and imaginary components of the stator and rotor currents can be expressed as functions
of the stator and rotor flux as follows:

1 L
iS — s M N
S.a ULS l//S,a ULSLR l//R,a
{ I , (3-25)
.S S M S
1 = -
5.8 oL, Vs.p L.L, Virp
1 L
iS — N ‘M N
R.a LR l//R,a O_LSLR l//S,a
| | (3-26)
.S S M N
1 = -
k6L, Vs oL, Vss

In field orientation, the electrical and mechanical equations of a squirrel-cage IM are
projected into a rotating reference frame wg # 0 [16], [19]. The electromechanical equations
of a squirrel-cage IM in an arbitrary rotating coordinate system (d—g), read

Vs.a -R, /oL oy R,L, [oLiL, 0 Vsa| [1 0

d | Vs, _ -y -Ry/oLg 0 RyL, |oLiL, ||Ws, | |0 1] Vs

dt\y, | | ReLy[oLgLy 0 -R, /oL, O =Zpoy |yr, | |0 Of v,
we, 0 R.L,/oLL, Z,0, —o -R, /oL, we, 0 0

(3-27)
do 3L

T T T, =27, ik~ i) T, (3-28)
dt 2 L o i

where

t//f , and t//f , are direct and quadrature components of the stator (x=S) and rotor (x=R) flux

vectors in the rotating coordinate system K (g # 0),

vf , and vf , denote direct and quadrature components of the stator (x=S) and rotor (x=R)
voltage vectors in the rotating coordinate system K,

i)f , and i)f , are direct and quadrature components of the stator (x=S) and rotor (x=R) current
vectors in the rotating coordinate system K.

Direct (d) and quadrature (¢) components of the stator and rotor current vector in the rotating
coordinate system K are determined by using the flux components as [16]
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. 1 L
l;(,d = l//;(,d -— l//lfd

L oL,L,

: I , (3-29)
K K M K
i, = -
S.q LR l//S,q ULSLR l//R,q
. 1 L
lpa = l/ljf,d -— ‘//§d

oL, oL,L, (3-30)

iK — 1 V/K _ LM l//K
Mool "™ oL,

Stator-flux orientation

In stator flux orientation (K : . ), the d axis of the rotating coordinate system is fixed on the
stator flux vector 3 . Therefore, @, = =0 where, @ is the angular frequency of the stator
flux vector. Consequently, the direct component of the stator flux vector is equal to the stator
ﬂux amplitude 1//S’d =y, and the quadrature component of the stator flux vector is zero
l,//S%q =0. The apex y; denotes that the direct and quadrature components of the stator flux
vector are expressed in the rotating reference frame synchronous to the stator flux vector.
Moreover, the apex Sin 7, denotes that the stator phase a is considered as the reference to

determine the stator flux vector angle.

Using (3-28), (3-29), and (3-30), the electromechanical torque can be formulated in terms of
the amplitude of the stator flux and the stator current as

3 S
T, = EZPV/SlS,Sq : (3-31)

The variable zfq is the quadrature component of the stator current vector in the stator-flux-
oriented coordinate system.

Air gap flux orientation
Air gap flux vector has been determined in the stator fixed coordinate system as presented in
the following [16], [19]:

v, =L, (" +e™i"). (3-32)

Apex S in 1/75 denotes that the stator winding of phase a is the reference to determine the
angle of the air gap flux vector.

In case of air gap flux orientation (K: 1/75 ), the real axis of the coordinate system is fixed on
the air gap flux vector, w, = =0 which @ s is the angular frequency of the air gap flux
vector. Therefore the real part of the air gap y'flux vector is equal to the amplitude of air gap
flux, 1//“ =y, and the imaginary part of the air gap flux vector is zeroy/“s =

According to the stator flux vector expression in (3-9) and the air gap flux vector defined in
(3-32), the stator flux can be expressed in terms of air gap flux and stator current vector

U =0, + L . (3-33)

Using (3-33) and (3-21) the electromechanical torque can be represented in the terms of
amplitude of the air gap flux and the stator current as

3
T;m = EZPl/lngfq 4 (3_34)
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where zgfq is the quadrature component of the stator current vector in the air gap flux oriented
coordinate system.

Rotor flux orientation

In rotor flux orientation, the d axis of the coordinate system is fixed on the rotor flux vector
(K: w;) and o, = @ where, @ is the angular frequency of the rotor flux vector. The real
part of the rotor flux vector equals the amplitude of the rotor flux vector, y;*, =y, and the
imaginary part of the rotor flux vector is zeroy g‘fq =0. Apex S in 1/7;,9 denotes that the stator
winding of phase a is the reference to determine the angle of the rotor flux vector.

Considering (3-9) and (3-10), the stator flux vector in a stator fixed coordinate system can be
calculated in the terms of the rotor flux vector and the stator current vector as

- s L, .
v =(Ls—L,)i° +L—Ml//1§, (3-39)
R

where ) =e’”"yx is the rotor flux vector in the stator fixed stationary coordinate system.

Using (3-35) and (3-21), the electromechanical torque is
3., L,

T, =EZP L_l//Ri;i (3-36)

R

where z;?; denotes the quadrature component of the stator current vector in the rotor-flux-
oriented coordinate system.

Equations of the electromechanical torque in (3-31), (3-34), and (3-36) imply that if the flux
amplitude is controlled to be constant, the motor torque can be controlled independently using
the imaginary component of the stator current. The real and imaginary parts of the stator

current in an arbitrary coordinate system K can be determined using the following projection
[10], [16], [19]

xf _{cos(p[{) sin(py) } 2/3 -1/3 -]/3 X, (337)
K| -sin(p,)  cos(px) 0 1/\/5 -1/\/5 :7 ’

xq

where p, is the angle of the vector (e.g. stator, rotor, and air gap flux vector) which is
applied to coordinate the reference frame.

As evident from (3-37), the angle of the stator, air gap, and rotor flux vectors are required for
the projection into the field-oriented coordinate system. Furthermore, the amplitude of the
flux vectors is necessary for the flux control. Estimation of the flux vectors is achieved using
the measured variables of the IM such as stator voltages, currents, and rotor speed. These
estimation methods are carried out in direct and indirect methods [21]. Direct method [46]
applies the stator voltages and currents, while the stator currents and rotor speed are used in
the indirect method [53]. Both methods are investigated in the following sections.

3.3.1 Flux vector estimation using stator voltages and currents

The stator voltages and currents can be used to estimate the position and amplitude of the
stator, air gap, and rotor flux vector in the stationary coordinate reference frame (a—f) [16],
[19], [21]. According to (3-17), the stator flux components in the stator fixed stationary
reference frame (K = S, wkg = 0) can be estimated as
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V3o = [(v2.(0)-Ryil (7)) d7, (3-38)

350 =[ (v (D) - Ryil 5 (2)) . (3-39)

Using the real and imaginary parts of the estimated stator flux vector, the amplitudey, and
rotation angle p s of the stator flux vector have been derived to:

W =AWs, +Vs ,pg—tanll//sﬂ. (3-40
S,a S.p

S,a

Applying the relation ship between the air gap flux and the stator flux presented in (3-35),
amplitude y, and angular frequency /3073 of the air gap flux vector can be estimated as

Vo =(—(Ls—Lyy)ig, +V5,), (3-41)
lﬁ;ﬁ =(—(Ls— Ly )ig,ﬂ + ‘/7;?/3) (3-42)
N7
v, \/V/gaﬂﬂgﬂ, /Oﬂ =tan™" gﬂ (3-43)
g.a

where y?;ia and 1/7; , are the estimated real and imaginary components of the air gap flux
vector in the stator fixed coordinate system.

In the same way, amplitude y, and angular frequency /3073 of the rotor flux vector are
estimated according to (3-35), (3-38), and (3-39) as presented in the following:

- oLL |
Vpe =———(—ig g +——Ws,) (3-44)
L, GLS
s oL LR 1
LS g8y, 3-45
Yep = (=i GLR ‘//s,ﬂ) ( )
~s
- = = ~ 4
Wy = \/t//i,a tWrps Py = tan” =52, (3-46)
R.a

where y?lf,a and 1,/7; » denote the estimated real and imaginary components of the rotor flux
vector in the stator fixed coordinate system.

Using (3-38)-(3-46), block diagrams of the stator, air gap, and rotor flux estimators based on
the measurement of the stator voltages and currents are shown in Fig. 3-3. Obviously, the
stator flux estimation is the simplest one. Other estimators, especially the rotor flux vector
estimator, depend strongly on the machine parameters. In implementation, the stator voltages
can be calculated applying measured dc-link voltage and the converter gate signals [47], [21].

3.3.2 Flux vector estimation using stator currents and rotor speed

Stator currents and mechanical speed can be used to estimate the flux vectors (stator, air gap,
and rotor). In this method, flux vector is determined indirectly from the stator current
dynamics. For the stator flux orientation, the stator current dynamics can be described as
below using the electromechanical equations of an induction machine [55]:

-8 S
d I :|:_1/O-TR Wy } I + 1 Wt dZS , (3-47)
dt lAY ~0, -lfot,

i | OTRLg
S.a TROGY s
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Fig. 3-3 Block diagram of flux vector estimators (flux models) in stator-fixed stationary coordinate
system (a—f): (a) stator flux; (b) air gap flux; (c) rotor flux

Using (3-47) the stator flux amplitude in s-domain and the corresponding rotation angle are
determined as:
~ LS S ~ S
Vs = |:lSéd(1+SO-TR)_a)slo_TRlSi1:| ’ (3-48)
I+s7, L7 ’
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i (1+ sor
@sl = C?),/ﬁ _ZPa)M = ~ S,q( R). PR TR = ﬂ’ (3-49)
’ Vs Tr / Lg— O-Tng,iz Ry
Py ()= [ (Zpo,, (2)+ @, (0))dr . (3-50)
0

where @, is the estimated slip angular frequency and 7, denotes the rotor time constant.
Equations (3-48) - (3-50) are the stator flux model of an induction machine based on the stator
currents and the rotor speed. A block diagram of this flux model is shown in Fig. 3-4 (a).

In the same way, the following stator current dynamics in the air-gap-flux-oriented coordinate
system and the rotor speed are applied to estimate the air gap flux vector [55]

7 S dy
dt lf%z -0y, = 1/ Tri 1;7%1 TrLs LW,

The estimated amplitude of the air gap flux in s-domain and the corresponding angle are

- L S _ S

v, = 1+fT [zg’;(l+srm)—a)s,rmz§’fq} (3-52)
R

L 7 17 dil" [dt L

Oy =@y~ 20y =— AL (3-53)

I _ g
VoTr /LM Trils.a R

Po ()= [ (Zyo, (2)+ @, (2))dr (3-54)

where 7, expresses the rotor transient time constant [19]. Structure of the corresponding air
gap flux model is given in Fig. 3-4 (b).

Direct and quadrature components of the stator currents in the rotor-flux-oriented coordinate
system are as follows [10], [19], [55]:

7 dy
ig" +7 R
Sl P L e (3-55)
lg‘l’z M z-Ra)sll//R

Using (3-55), the estimated amplitude of the rotor flux vector in s-domain and the
corresponding rotation angle are

% =L—Mi;?§, (3-56)
l+s7, ~
b, =~ 7w, =D (3-57)
sl 735 PYM ~ "S,yq°
Ve TWr
Py (0= [ (Zyo, () + @, ())dT . (3-58)
0

A block diagram of this rotor flux estimator is shown in Fig. 3-4 (¢). Comparing the three flux
estimators presented in Fig. 3-4, it is evident that the rotor flux estimator has the simplest
structure if the stator currents and the rotor speed are available for the flux estimation.
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Fig. 3-4 Block diagram of flux vector estimators (flux models) in rotating coordinate system
(d—q): (a) stator flux; (b) air gap flux; (c) rotor flux

The main advantage of the rotor flux estimator is that there is no requirement for derivatives
in the estimator structure. Because of this, the rotor flux orientation is usually applied in the
FOC of the IMs with stator currents and rotor speed measurement [10].

3.4 Field-oriented control of induction machines

The main idea of the FOC is the separate control of flux and torque of an IM similar to the
control principles of a DC machine. For this propose, the mathematical model of an IM in a
rotating coordinate system synchronized to the stator, air gap, or rotor flux vector is applied.
All voltages and currents of IM are projected into the rotating coordinate system using the
projection defined in (3-37). In steady-state, ac voltages and currents are dc signals in the
rotating coordinate system and controllers like PI-regulators can be used to control flux and
torque.
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If the estimated stator flux vector angle p, is used for the projection in (3-37) and the
amplitude of the stator flux and the electromechanical torque are the variables to be
controlled, the control strategy is named stator-flux-oriented control (SFOC). In the same
way, if the estimated air gap magnetizing flux angle p, is used in the projection and the air
gap flux and the torque are controlled, the control method is termed air gap magnetizing-flux-
oriented control (MFOC). Finally, in rotor-flux-oriented control (RFOC), the estimated rotor
flux vector angle p, is used for the required projection in (3-37) and the rotor flux and the
electromechanical torque are the controlled variables [10], [16], [19]. Flux vectors of the
stator, air gap, and rotor for induction motor (6 > 0) and induction generator (6 < 0) operation
are presented in Fig. 3-5(a) and Fig. 3-5(b), respectively. The stator and the rotor leakage flux
cause differences between the flux vectors. The torque angle is denoted by o .

ﬂAL ﬁAL

Fig. 3-5 Stator, air gap, and rotor flux vectors of an induction machine in the stator fixed
stationary reference frame (a—£): (a) induction motor (¢ > 0); (b) induction generator (J < 0)

3.4.1 Comparison of SFOC, MFOC, and RFOC

In a comparison among SFOC, MFOC, and RFOC, it is assumed that the IM is fed by a VSC.
Then the required flux estimator, stator current dynamics, required decoupling terms, and
steady-state characteristic of the three vector control methods are compared.

In case that the stator voltages and the stator currents are measured, the stator flux model has
the simplest structure as shown in Fig. 3-3. Furthermore, the stator flux model requires just
the stator resistance value whereas the models of the air gap flux and the rotor flux contain
further machine parameters like the main inductance. If the stator currents and the rotor
mechanical speed are used to estimate the flux vector, the rotor flux observer is the simplest
one as depicted in Fig. 3-4. However, the main inductance and the rotor time constant are
required as parameters of the rotor flux estimator.

Assuming that the IM is fed by a VSC, it is necessary to use the stator voltage equations to
acquire the required reference voltages for the modulator of the converter. The voltage
equations expressed in the stator-flux-oriented reference frame are [19]
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4 ~S dl//
Ryig% = vy, ——dts : (3-59)
Ry = v — T (3-60)

In the case of SFOC, the stator voltage equations become simple because there is no separate
stator leakage voltage component.

Obviously, the first equation (3-59) can be used to control the stator flux. With a constant
stator flux, equation (3-60) and the expression of the motor torque in (3-31) can be used to
control the electromechanical torque and the rotor speed. The combination of the stator
voltage equation of (3-60) and the stator flux observer presented in Fig. 3-3 (a) leads to a
simple direct SFOC [21], [56], [66], [70],[79], [80].

Stator voltage equations represented in the magnetizing flux reference frame are given by [55]

—S

Ve

2 e L dy
Ly S’d‘*'Rle*/%:V?gd"'a)‘sLlsl?g_ £
dt ’ e P gy
s (3-61)
Wy

5.4 Ve _ Ve Wy
Ly dt + Rl = v, _wy;g Lgish —vy,

Obviously, the stator voltage equations are more complicated in the magnetizing-flux-
oriented coordinates due to the stator leakage inductance. If PI controllers are used to control

_S )

1 1 Ve Ve
the stator currents, appropriate decouphng terms (v’ decoupling and vg®, . ouming ) Should be added
Ve Ve
S.,d ,control and vS,q,cuntrol
_s _5 dl/;
Ve _ Ve Vg Vg A Vg g
vS,d - vS,d,decoupling + VS,d,control’ vS,d,a’ecoupling - a),/;ngSlS,q +

I (3-62)

to the output of the current controllers (v ) as follows:

—~S —~S

=S =S =S =S =S

Ve _ .V, v % _ A N7 ~

vS,gq - vSi],decoupling + vS,gq,control’ vS,gq,decoupling - a)uygs (LISZS,gd - lr//g)

Applying the decoupling terms in (3-62), the stator voltage equations are simplified to the

following first order system

S _— S _— -5
Ve Yo Ve
i bsa | L Igq N L Vs, d.control (3-63)
dt l'ng RS l'ng 1 v'/7§
S.q 0 _— S.q 0 — S,q,control
1S 1S

Magnetizing flux models presented in Fig. 3-3 (b) and Fig. 3-4 (b) can be used to realize
direct SFOC and indirect SFOC by applying (3-61)—(3-63).

In the rotor-flux-oriented coordinate system, the stator voltage equations are [19], [55]

(/lllipl§ _s _s s L. d
oLy —%+ Rt =V + @ oLy —(1- O')—S—l//R
d @ = Vs T OOl L, di
. (3-64)
‘;lk =S =S =S LS
-9 YR — R 7R
GLS 7+Rsl§/’q = V_lé/’q _Q’V;;Glegl,d —(I—U)Ea)%gl//R
The following decoupling terms (V% . andv}% ... should be added to the output of

current PI controllers (v7* and V7"

S,d ,control S,q,control

) to simplify the stator voltage equations to a first
order system as follows
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S s S =S s L dl/;
VR — VR VR VR ——A VR _ N R
vS,d - vS,d,decoupling + vS,d,contml’ vS,d,decoupling - a),/yi ULSZS,q + (1 O-) L dt
M
I ; (3-65)
- S s =S
VR — 4,WR VR VR N VR _ S 25 1y
vS,q - vS,q,decoupling + vS,q,contro/’ vS,q,decoupling - a),p}g O-LSZS,d + (1 O') L a)l/71§ Yk
M
R, 1
Wk - Wk P r
d|lsq oL, Isa oL, Vs.d control
—| = ks B . (3-66)
dt Ve RS Ve 1 Ve
S.q O - S.q 0 _ S,q,control
oL oL

The stator current dynamics of (3-66) and the rotor flux observers depicted in Fig. 3-3 (c¢) and
Fig. 3-4 (c¢) can be used to realize direct RFOC and indirect RFOC. Indirect RFOC with stator
current control using (3-66) and applying Fig. 3-4 (¢) as flux estimator is a common control
strategy for IMs [10], [19].

Obviously, stator voltage equations in the stator-flux-oriented coordinate system are less
complicated compared to those of the magnetizing-flux-oriented coordinate and the rotor-
flux-oriented coordinate system. Furthermore, complex decoupling terms are required for
independent control of direct and quadrature components of the stator currents in the cases of
MFOC and RFOC. As mentioned before, the direct SFOC with flux observer depicted in
Fig. 3-3 (a) is interesting because of its simplicity. However, the stator voltages are required
for a direct estimation of the stator flux vector. Indirect RFOC is a more complicated control
structure compared to direct SFOC. The main advantage of the indirect RFOC is that there is
no requirement for the stator voltages. However, deviation of the rotor time constant leads to
a detuned flux model.

The steady-state characteristics (torque versus slip frequency) are different for the control
strategies of SFOC, MFOC, and RFOC [55]. The steady-state characteristic of the SFOC is
derived using (3-31) and (3-47) as given in the following equation

3. .(1-0) , 0]
T ==7,-% st . 3-67
g L Vs o'rym, +1 ( )

The torque equation in (3-67) has an extreme which corresponds to the maximum pull-out
torque in the SFOC and is given by

2
T 2
op =0 =T :i%ZP(L—Mj Ys atw

em,max s/ ,max
d a)sl L R

. 3-68
oL, OT, ( )

In the case of MFOC, the steady-state characteristic is determined using (3-34) and (3-51)

3Z W_gz a)sl

em ~ P 2 2 .
2 RR 2-Rl a)sl +1

(3-69)

The maximum pull-out torque in the MFOC related to the extreme point of the steady-state
torque equation (3-69) is expressed as:

2
r =3z Ve

em,max 4

(3-70)

Rl Tri
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The steady-state relationship between the electromechanical torque and the slip frequency for
the RFOC strategy can be derived as follows using (3-36) and (3-55)

2
em =%ZP ZR a)sl . (3_71)

R

Clearly, the electromechanical torque is proportional to the slip frequency and theoretically
there is no pull-out torque for a rotor-flux-oriented controlled IM.

Fig. 3-6 shows the steady-state torque versus slip frequency characteristics for SFOC, MFOC,
and RFOC for the exemplary HSIM with parameters presented in Table 3.1. Amplitudes of
the stator flux, the air gap flux, and the rotor flux are equal to the nominal values.

In RFOC, the electromechanical torque is directly proportional to slip frequency at constant
flux operation (Fig. 3-6 (a)) while in SFOC and MFOC there is a nonlinear relationship
between electromechanical torque and slip frequency (Fig. 3-6 (b) and (c)). The torque-slip
characteristic of the HSIM at nominal voltage (V;; = 400 V) and nominal stator frequency
(forr = 500 Hz) 18 shown in Fig. 3-6 (d) which conforms to the characteristics of the SFOC.

18 : :
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Fig. 3-6 Steady-state characteristic (torque versus slip frequency) of the exemplary high-speed
induction machine: (a) RFOC; (b) MFOC:; (c) SFOC; (d) torque-slip characteristic of the HSIM at
stator nominal voltage (V;; =400 V ) and nominal frequency (f,,, = 500 Hz )

Obviously, at a slip frequency above the nominal slip frequency, the RFOC generates a higher
torque compared to the SFOC and MFOC if an appropriate dc-link voltage reserve
(e.g. 10 % - 20 %) is available. Furthermore, in RFOC, it is possible to produce considerably
large torques (e.g. 6 pu) at low speeds (e.g. 0.1 pu) for a short period considering thermal
limitations. However, it should be noted that independent of the control strategy there are
physical limitations for the electromechanical torque, due to the limited amplitude of the dc-
link voltage, thermal, and mechanical limitations [6], [72].

The fastest torque response can be achieved in the RFOC since the electrometrical torque is
directly proportional to the slip frequency at constant flux operation, especially in decoupling
control [55]. A brief comparison between the SFOC, MFOC, and RFOC is summarized in
Table 3.3.
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Table 3.3
Comparison of SFOC, MFOC, and RFOC
Control strateg SFOC MFOC RFOC
Y direct  indirect direct indirect direct  indirect
Flux estimator simple complex moderate complex complex simple
Required measurements vy, i, i i i v i o i w
fOI‘ Speed COIltI‘Ol COM S M RERRAS] M S M Sy b8y M S M
. . Rs, R Rs, Rg, Rs, Rp,
Required machine S R Rs,Ls, R Rs, Ls, 5 R
Rs Ls, Lg, Ls, Lg, Ls, Lg,
parameters Ly Lg Ly
Ly Ly Ly
Stator voltage equations simple moderate moderate
Decoupling circuit simple moderate moderate
Steady_Stjdt? torque-slip nonlinear nonlinear linear
characteristic
Pull-out torque X X -

Indirect RFOC is the most common control strategy of IMs due to features such as relative
simple structure, no requirement to measure the stator voltage, and linear torque-slip
characteristic at steady-state. Therefore, the indirect RFOC is applied as the control strategy

of the exemplary HSIM.

3.4.2 Indirect RFOC with PI current and speed controllers

A block diagram of the indirect RFOC for the exemplary HSIM with current, rotor flux, and
speed control loops is shown in Fig. 3-7. The rotor flux observer constituted by (3-56) and
shown in Fig. 3-4 (c) is used to estimate the rotor flux vector. The machine is fed by a
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Fig. 3-7 A block scheme of the indirect RFOC
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2L VSC with dc voltage link. PWM is applied as modulation strategy and the basic
parameters of the converter are given in Table 3.2. All reference values are shown by an apex
of *.

Stator voltage equations in (3-64) and Pl-controllers are used to control the direct and
quadrature components of the stator current. Decoupling terms in (3-65) are used in the
decoupling circuit. In case of constant rotor flux (dy,/dt =0), the decoupling circuit shown
in Fig. 3-8 can be applied. Thanks to the decoupling circuit, the stator voltage equations
become a simple first order system as shown in (3-66).

#,75 I 73

7S YR
1 S + PUTTROI | VS,d,control +
X Pl f

(-o) L5

Fig. 3-8 Decoupling circuit to obtain a decoupled current control in the indirect RFOC

The indirect RFOC structure comprises an internal current control loop. Therefore, the
performance of the control system strongly depends on the performance of the current control
loop. PWM converters with current control loop have the following advantages compared to
open loop PWM converters [8]:

Excellent dynamic performance

e Peak current limitation

e Overload protection

e Compensation of machine parameter changes, semiconductor voltage drop, and variations
of dc-link voltage

The current control loop in indirect RFOC comprises the stator current dynamics (3-66), the
converter including PWM, and the current controller. Semiconductors are modeled as ideal
switches (dead time = 0, du/dt = o) [2].

PWM [7], [13]:

The most straightforward modulation strategy is the natural sampled PWM. In the natural
sampled modulation, low-frequency reference waveforms (e.g. three sinusoidal waveforms)
are compared with a carrier waveform (e.g. triangle). This modulation is usually termed sinus-
triangle modulation. If the reference signal is greater than the carrier signal, the phase leg is
connected to the positive bus of the dc-link and to the negative bus of the dc-link if the carrier
waveform is greater than the reference signal. The natural sinus-triangle modulation and
converter output voltage (e.g. v, ,» In Fig. 3-1) are shown in Fig. 3-9 (a) and (b),
respectively. The dc-link midpoint in Fig. 3-1 is considered to be the reference point.

Due to the limitations in the implementation of the natural sampled PWM in a digital control
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Fig. 3-9 (a) Natural sinus-triangle PWM (1: carrier waveform, 2: reference waveform), (b)
converter output voltage (reference point is the dc-link midpoint)

system, regular sampled PWM as a state-of-the-art alternative is usually used [7]. In regular
sampled PWM, the reference waveforms are sampled and held constant during the carrier
period. Then these sampled references are compared with the carrier signal (Fig. 3-10).
Depending on the sampling strategy, the sampling process must take place at either the
positive Fig. 3-10 (a) or at both positive and negative peaks of the carrier waveform Fig. 3-10
(b). If the sampling occurs at the positive peak of the carrier signal, the sampling strategy is
termed symmetrical sampling. If the reference signals are sampled at both positive and
negative peaks of the carrier signal, the sampling strategy is called asymmetrical sampling
[7]. The time interval T .. between two successive sampling is called sampling time. A PWM
block is located in the current control loop (Fig. 3-7); therefore, the PWM and the current
control loop have the same sampling time of 7 ...

The sampled reference signal can be approximated by an average signal. Obviously, the
average signal lags the original signal by 7./ 2 (Fig. 3-10). In the symmetrical sampling
strategy, the phase delay of the sampled signal is one-half the carrier interval, while for the
asymmetrical sampling this phase delay is reduced to one-quarter of the carrier period. The
sampling time 7. and the phase delay of sampled signal 7; pyys for a symmetrical sampling
strategy in proportion to the carrier period are as follows:

TC

Lo =T Ty pyns = (3-72)

In the case of asymmetrical sampled strategy, the sampling time and the phase delay are
related to the carrier interval as given below:

r o lepo e (3-73)

s,cc 2 > ~d,PWM 4

The phase delay due to the regular sampling can be approximated by a first order delay in the
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Fig. 3-10 (a) Symmetrical regular sampled PWM, (b) Asymmetrical regular sampled PWM
(1: carrier waveform, 2: original reference signal, 3: sampled reference signal, 4: average signal of
the sampled waveform)

current control loop. Therefore, the power converter can be modelled as a first order transfer
function

KPWM KPWM (3_74)

V45T, pypy 140557,

s,cc

-K e*STd PV

PWM

G

d,pwm

where Kppys 1s the gain of the power converter [8].

The processing time 7}, which is required for the execution of the control algorithm should be
considered in the current control loop, too. The maximum processing time equals one
sampling time [8] and is approximated by

—sT, 1 1

=e Hp

“r 1+sT,  1+sT,

s,cc

(3-75)

Current control loop [8], [54], [60], [63], [67], [76],

In a simple classification, converter current controllers can be categorized into hysteresis
controllers and modulator based current controllers. Hysteresis current controllers have
simple structures but cause varying switching frequency [63]. In contrast to the hysteresis
current controllers, modulator based current controllers (e.g. PWM current controllers)
generate constant switching frequency with a definite harmonic spectrum [13].

Modulator based current controllers are classified into linear controllers (e.g. PI controllers)
and nonlinear controllers (e.g. artificial neural network based controllers [18]). PI current
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controllers are the most common controllers because they have simple structure and are easy
to design. Transfer function of a PI controller is

1+sT, K. K
+S ! =Kp+_l’ Ki = P . (3-76)

GPI(‘S):Kp < ?

i

where, Kp and T;are the proportional gain and integral time constant of the controller.

The structure of a current control loop in the rotor-flux-oriented coordinate system with PI
controller consisting of the converter model, processing delay and the load (stator voltage
equations in (3-66) ) is shown in Fig. 3-11.

Pl s Processing
R
controller Viis dq delay PWM Load
L s.dq + s dg
+ KP,cc (1 + STI.N) ‘ 1 | KPWM 1 ,
. sT,,. * 1+sT, . 1+0.5s7, , Ry +soLy

Plant

Fig. 3-11 Block scheme of the current control loop in indirect RFOC

K, cc and T; . are the parameters of the PI current controller. Distortion in the current control
loop (e.g. changes in dc-link voltage) is termed vj,’l’f 4 1n the rotating reference frame. In the
design of the current controller parameters (K, .. and 7;.. ), reference tracking and disturbance
rejection abilities as the main tasks should be considered. The processing time delay and the
delay of the PWM can be approximated with a total current control loop delay of 1.57; .. to
simplify the design procedure of the PI controller

—s(T,, +Tpy, K K
G,.(s)=e Tap*Tomu) PWM _ PM__ (3-77)
’ 1+s(T,, +Tpyp)  1+1.5sT,

The open loop transfer function comprising the PI controller, total time delay, and the plant is

ol Koy VR, (3-78)
sT

Gol,cc (S) = Kp,cc - O_LS :
icc i

S

Optimal criteria such as technical optimum (TO) or symmetrical optimum (SO) are usually
applied to tune the parameters of the PI controller [85]. In the case of current control, TO is
preferred due to the good tracking ability with low overshoot in step response [85].

In the TO, the time constant of the integrator 7;.. equals the plant time constant to cancel the
dominant pole (s = - Rs/ oLs)

e = s | (3-79)
s RS
Substituting (3-79) in (3-78) leads to the following open loop transfer function
K K
p,ee | PWM (3-80)

G,,.= .
< soLg 1+1.5sT

s,cc
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Proportional gain of the PI controller Kp .. can be selected according to (3-81) in order to
avoid undesirable current overshoot. Damping factor of the current control loop is shown by
ac.. If the damping factor a.. is chosen to be greater than 2 (a.. > 2), the current overshoot for
a step change remains under 4% [85]

K cc = O-LS > acc
P 1.5a, K T,

s,cc

>2. (3-81)

The PI controller with TO and a proper damping factor (e.g. a.. = 2) features an acceptable
overshoot. However, the integral time constant is large (e.g. 10 ms according to Table 3.1)
which leads to a poor disturbance rejection.

Table 3.4 summarizes the PI controller design results according to TO for plants with
different transfer functions [11].

Table 3.4
Adjustment of controller parameters according to TO [11]
Plant Controller ‘
Type Transfer function
1
K Gcon roller (S) B
Gplant (S) = 1 P;”f I ’ ST;
+5
plant ]—; =a- Kplunt ’ Tplant > d 2 2
' ; 1+sT,
K Gcontroller (S) = Kp T
G 1 (S) _ plant S1;
ant i
’ (45T YA+ ST ) P1 T=Tn
< ? ? T
Tplam‘,l > Tplam‘,Z’ Tplant,Z = ZTplant,[ Kp = plant| , a > 2
=l a: Kplant ' Tplant,z
é 1+sT)1+sT
K lant : Gcontroller (S) = Kp ( 1)( d)
Gplant (S) = (1 T )(1 ;., )(1 T ) S];
+s lant , +s lant , +s lant
plant] plant:2 " plant:3 PID ]: = Tplant,l H ]Zi = Tplant,Z’
Tplant,l > Tplant,2 > Tplant,3’ Tp[ant,3 = szlant,i K — Tplant,l a> 2

i=1 : H
l 7 aK

plant ’ Tplant,S

The current control loop of the indirect RFOC (Fig. 3-11) for the exemplary HSIM with
parameters given in Table 3.1 is simulated to investigate the dynamic performance of the
current control loop. Basic parameters of the power converter (2L VSC) are according to
Table 3.2. An asynchronous PWM with triangle carrier waveform is applied as modulator.
Amplitude of the carrier signal equals Vy/2 (Kpwyr = 1).

In the case of asynchronous PWM, large m, (m;> 21) is recommended in order to reduce the
amplitudes of subharmonics [13]. On the other hand, the converter switching frequency is
limited to achieve reasonable converter efficiency. Therefore, the carrier frequency of
11.5 kHz (m, = 23) has been selected. In the 2L VSC, the switching frequency is equal to the
carrier frequency. Therefore, commercially available 2. VSC with IGBTs and maximum
switching frequency of 10-15 kHz can be applied as power converters for the high-speed
drive. Both symmetrical and asymmetrical regular samplings are simulated and results for the
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Fig. 3-12 Continuous step response of the current control loop of indirect RFOC with (a) regular
symmetrical sampling and (b) regular asymmetrical sampling. 1: step response with a.. = 2, and 2:
step response with a.. =3

continuous step response are presented in Fig. 3-12. Simulation results for the symmetrical
regular sampling for two different damping factor of the current control loop (a.. = 2 and
a.. = 3) are shown in Fig. 3-12 (a). Furthermore, Fig. 3-12 (b) depicts the simulation results
for the asymmetrical regular sampling for different values of current controller damping
factor. Equations (3-79) and (3-81) are used to tune the PI parameters.

Obviously, the asymmetrical regular sampling (75.~ 22 kHz) features faster response
compared to the symmetrical regular sampling (7.~ 11.5 kHz). However, a powerful
processor is required to implement the asymmetrical regular sampling. Moreover, a proper
damping factor can be chosen (e.g. a.. = 3) to obtain a step response without substantial
current overshoot.

Speed control loop

The speed controller is one of the outer control loops of the indirect RFOC. The speed control
loop conations the current control loop and the mechanical dynamics of the HSIM. Transfer
function of the closed loop current control system with the designed PI controller ((3-79) and
(3-81)) and the corresponding approximated transfer function is given in (3-82). The carried
out approximation to a first order transfer function simplifies the controller design procedure
for the speed control loop

1 1
Gol,cc = 2 P P ~ .
1+1.5a,sT, . +1.5a.,sT 1+1.5a,sT

s,cc s,cc

(3-82)

Continuous step response of the original transfer function of the current control loop and the
step response of the approximated one for 7;.=22 kHz and different values of the damping
factor a.. =2 and a.. =3 are shown in Fig. 3-13.
Applying the expression of electromechanical torque in (3-36) for the IM controlled by
RFOC, the electromechanical equation is derived to:
d (0] 3 L 7S
% 1, 1,237, 50y, -1, (3-83)
R

where, 77 denotes the mechanical load. Applying the approximated transfer function of

current control loop (3-82) and the mechanical equation in (3-83), the speed control loop of
the RFOC is depicted in Fig. 3-14.
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Fig. 3-13 Continuous step response of the current control loop with 7. = 22 kHz. (a) a.. =2, (b)
a.. = 3. 1: Step response of original transfer function, 2: Step response of approximated transfer

function
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Fig. 3-14 A block scheme of the speed control loop in indirect RFOC

According to Fig. 3-14, the open loop transfer function of the speed control loop is calculated
as:

K .k 1+sT
L= p,sc plant,xc( 1,sc) , (3-84)
i SY;,SC (1 + STplm’ll,SC )SJ
where
3_ L
plant,sc = EZP L_MWR > Tplant,sc = I'Saccjjv,cc ‘ (3-85)

R

In order to design the parameters of the PI controller (K, s, 7Tis), the symmetrical optimum
(SO) is usually applied due to the excellent disturbance rejection of the PI controller design
according to SO [85].

Bode diagrams of the open loop transfer function of (3-84) are symmetric around the
frequency [9]

1
0= 3-86
— (3-86)

i,sc” plant,sc

According to symmetrical optimization, the parameters of the PI controller are designed to
achieve a unity gain of the open loop transfer function of (3-84) at the frequency given by
(3-86). With a unity gain at the frequency @ in (3-86), the open loop system has the
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maximum phase margin [85]. To achieve the maximum gain margin, the parameters of the PI
controller should be [85]

T =aT, =15a’aT (3-87)

i,s¢ sc™ plant,sc scee” s,cc ?

K = J = J La, 22, (3-88)

ascKplant,schlant,sc 2252]9(//1{ ZZVI a. a T

cc - scos,ce

R

where, a,. denotes the damping factor of the speed control loop.

The damping factor a,. has a relation to the phase margin ¢,, of the open loop transfer
function (3-84) as [9]

_l+cos(op,,)

sin(@,,,) (3-89)

The Bode diagram of the open loop transfer function in (3-84) for different damping factors
of the PI parameters in (3-87) and (3-88) is depicted in Fig. 3-15 (a) for the exemplary HSIM.
Furthermore, continuous step response of the speed control loop for various damping factors
is shown in Fig. 3-15 (b). Obviously, for a phase margin of ¢,, = 45° a damping factor of
ase = 2.41 is required. This damping factor leads to a moderate overshoot of about 30 %.

150 HEE R HER R HEHRR R HEHR R HEHRE R
Magnitude 50 |-
(dB) o}
50 fenon
-120
phase :
150} -
(deg)
180 i ORIt : : : : ;
10 10 10 10 10 10 0 1 2 3 4 5 6

(@)  frequency (rad/s) (b) time (ms)

Fig. 3-15 (a) Bode diagram of the open loop transfer function of speed control loop, (b)
continuous step response of the closed loop speed control; a.. = 2, 1: a, =2; 2: a, = 2.41;
3:a,=3

Table 3.5 summarizes the PI controller design results according to SO for plants with
different transfer functions [11].

Rotor flux control loop

Rotor flux control loop is another outer control loop in the RFOC. Similar to the speed control
loop, the rotor flux control loop includes the current control loop. Moreover, the flux control
loop comprises the dynamic of the rotor flux presented in (3-55). Fig. 3-16 presents a block
diagram of the rotor flux control loop. Similar to the design procedure of the speed control
loop, SO has been used to design the parameters of the PI controller (K, s, Tis). Considering
the control plant shown in Fig. 3-16 and using Table 3.5, parameters of the PI controller are as
follows:
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Table 3.5
Adjustment of controller parameters according to SO [11]
Plant Controller
Type Transfer function
: 1+sT,
K ! contraller (S) K
_ plant ST
Gplant (S) - T S(l 4 S ) d
plant ,0 plant 1 PI T — a Tp[am "
plant 1 z plant i K = Tplant,O a> 2
P » M=
a: Kplant ’ Tplant,l
RPRERHEXA
controller
Gplant (S) = T (1 p/ant)(l ) S]—;
s(1+sT +sT ;
plant ,0 plant,1 plant 2 PID 7: — aszlant,z ’Td — Tplant’lo
Tplant,l > Tplant,Z ’ Tplant,Z = Zl: Tplant,i K — Tplant,O a> 2
i= p > -
a Kplant ’ Tplant,Z
1+sT,
plant controller ( ) K T
Con ) = 5T 8T ) o
plant 1 plant 2 PI Tl' — aZ . ];ﬂum’2 ,
Tplant 1 >a Tplant 29 Tplant 2 z] plant i K = Tplant,l a> 2
i P s -
a- Kplant ’ Tplant,2
K . (A+sT)(1+sT,)
Gplant (S) = L contr oller ( ) K 4
(1+ST plant, 1)(1+S plant, 2)(1 +S plant, 3) STl
— 42 —
Tplant,l > Tplant 2 > Tplant 39 PID Tl =da TP/“””,3 > Td - TP/“’”»Z >
T
T, >aT, ., K = plant.] ,a>2
plant 1 plant 3 plant 3 Z plant i P a- Kplam . Tplamﬁ
T . =1 SaﬁauTs s (3-90)
- a,>2 (3-91)
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-5 Kp (5T, ) =< 1 y ! »
- sT, . 1+1.5a,,sT,, 1+s7,
Plant

Fig. 3-16 A block scheme of the flux control loop in RFOC
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3.5 Direct torque control of induction machines

DTC is a powerful method for control of IMs because of features like fast dynamics, simple
structure (lack of current loops), and robustness (only the stator resistance is used in the
control algorithm) [42], [44], [48], [49], [59], [61].

The main feature of the DTC for IMs is the direct control of the electromechanical torque and
flux (e.g. stator flux). Hysteresis controllers are usually applied to control the torque and flux
and no modulator is required. A power converter (e.g. 2L VSC with IGBTs) is used to feed
the IM.

Electromechanical torque of an IM is proportional to the amplitude of the stator and rotor flux
and the torque angle [47]
3 L,

T =—Z7 sin(0), 3-92
em 2 pULSLR I//Sl//R ( ) ( )

where, s and wp are the magnitude of the stator and rotor flux vectors and J denotes the
machine torque angle (phase difference between the stator and rotor flux vectors) as shown in
Fig. 3-5. Obviously, at a constant stator and rotor flux, the electromechanical torque can be
controlled directly by the control of the torque angle.

According to (3-38) and (3-39), the stator flux vector is controlled with the stator voltage
vector

w5 (0) = [ (55 ()= Ryi{’ (1))d= (3-93)

where, 75, vS, and i’ are the estimated stator flux, the stator voltage, and the stator current
vectors in the stator fixed stationary coordinate reference frame.

As depicted in Fig. 3-17, six active vectors (V,,...,V,) and two zero vectors (V,,V,) can be
defined for output voltage of a 2L VSC, considering various states of the converter switches.
Therefore, in an IM fed by a 2L VSC, the stator voltage vector is related to the dc-link voltage
as described in the following [12]:

2 T
v ==V, A(n—1)— n=1,..,6
n 3 dc ( )3 )

VS = (3-94)
V=0 n=0,7
B -~
7,(110) v, (110)
Vdc
v,(110) ¥,(100)
v, (111) /N\¥,(000) o
(@) ) 7,(110) v, (110)

Fig. 3-17 (a) A 2L VSC feeding an induction machine, (b) representation of the converter output
voltage vectors in the stator fixed stationary reference frame
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If the stator resistance voltage drop is neglected, the stator flux vector can be expressed as

t

75 ()= [3 (t)dr . (3-95)

0

Equation (3-95) clarifies that when using one of the active vectors of the converter output
voltage, the stator flux moves in the direction of the corresponding voltage. Moreover, the
stator flux vector stops if one of the zero vectors of the converter output voltage is applied.

In IMs, the stator flux vector can be changed rapidly using an appropriate active vector of
converter output voltage but the rotor flux vector responds more slowly due to the rotor time
constant [47]. Therefore, for a counterclockwise rotation of the stator flux vector, applying a
forward switching vector of the converter output voltage accelerates the stator flux vector
while the rotor flux vector does not change considerably for a short time period. Hence, the
torque angle is increased and a positive electromechanical torque is generated. On the other
hand, if a zero vector or a backward switching vector of the converter output voltage is used,
the torque angle is reduced and consequently the electromechanical torque is reduced.
Obviously, for a negative torque angle 0<0, the IM produces a negative torque.

To summarize, the amplitude and the phase angle (electromechanical torque) of the stator flux
vector of an IM can be controlled using an appropriate converter switching sequence. This
principle is the base of the direct torque control strategy.

A block scheme of classical DTC with speed control loop for the exemplary HSIM is
presented in Fig. 3-18. In the classical DTC, the stator flux is controlled and the stator flux
vector has a circular trajectory [21], [47], [73]. A 2L VSC with voltage dc-link feeds the
HSIM. In order to estimate the stator flux vector and the electromechanical torque, the stator
currents and the stator voltages are required to be measured or estimated.

Equations (3-38)—(3-40) are used to calculate the stator flux. A block scheme of the stator flux
estimator using the stator voltage and the stator currents is shown in Fig. 3-3 (a). As
mentioned in Section 3.3.1, the stator flux observer has a more simple structure, compared to
the air gap or the rotor flux estimator if stator voltages and stator currents are measured.
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Fig. 3-18 A block diagram of the DTC with speed control loop
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According to (3-21) and (3-23), real and imaginary parts of the stator current and the stator
flux in the stator fixed stationary reference frame can be applied to estimate the
electromechanical torque

3 .S
T'em - Z (lr//S als B lr//S ﬁ’lS a) : (3_96)

The stator flux estimator in Fig. 3-3 (a) and electromechanical torque representation in (3-96)
structure the stator flux and torque estimation block of Fig. 3-18.

3.5.1 Control of stator flux and electromechanical torque

As shown in Fig. 3-18, hysteresis controllers are applied to control the stator flux and the
electromechanical torque. The stator flux amplitude and the torque reference (e.g. output of
the speed controller) are compared with the estimated values. Corresponding to the flux and
torque errors, e, = wy -y, and e, = =T Tem , the hysteresis controllers produce appropriate
values for the output variables d and d, , respectively. In the classic DTC, a two-level
hysteresis controller is applied for the flux Control loop and for the torque control loop a three
level hysteresis is used as shown in Fig. 3-19 [21], [47].

An appropriate vector of the converter output voltage should be chosen for each hysteresis
output set (d, ,d; ) to reduce the absolute values of the flux and torque error. In this
connection, the plane of the stator fixed coordinate system is divided for the six sectors as
shown in Fig. 3-20. Regarding the stator flux angle, the sectors definition is presented in
Table 3.6. The stator flux estimator in Fig. 3-18 estimates the angle of the flux vector and the
sector selection block determines the corresponding sector according to Table 3.6.

Let us suppose that the location of the stator flux vector is estimated in sector 2 as shown in
Fig. 3-21. In order to increase the amplitude of the stator flux vector (if e, >H, ), the
converter output vectors Vv;, V,, and v; can be selected. On the other hand, the converter
output vectors Vv,, v, and v, can be selected to reduce the amplitude of the stator flux vector
(if e, <—H, ). If the zero vectors v, and v, are selected, amplitude of the stator flux vector
remains unchanged

In order to decrease the electromechanical torque (if e, <0), the output voltage vectors v,
v,, and v, can be chosen. Conversely, output voltage vectorsv,,v,, and v, can be selected to
increase the electromechanical torque (if e, >2H; ).

Regarding the outputs of the hysteresis controllers (d, ,d; ) and the location of the stator
flux vector (sector number), an optimum voltage vector can be selected for each sector.

d dTm

Vs

- -~

%
U
I
—_
4
U
~
Il
—

QU
Il
S
v
5&
QU
~
Il
|
[
A 4

Fig. 3-19 (a) Two level hysteresis flux controller, (b) three level hysteresis torque controller
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Fig. 3-21 Optimum voltage vector selection in DTC
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Table 3.7
Switching table of DTC

d d;  Sectorl Sector2  Sector3  Sector4  Sector5  Sector6
51100 5,(010) %011 700 %301  %(100)

10 wAl)  $,000) #1000 %A1 7,(000)
4 wa00)  $3100)  #(A10)  7(010)  ¥,(011)  #(001)
7.(010) 5,01  %(00)  %(101)  %(100)  #(110)

0 0 7,000 w1 7,000 #A1)  7,000) 7111
0 W001) w0l $(100)  w3110)  7(010)  ¥,(011)

Table 3.7 summarizes the optimum switching strategy for different output values of the
hysteresis controllers and different sectors [19], [47].

Hysteresis controllers operate properly in a continuous control system. Obviously, for a
proper operation in a discrete control, high sampling frequency is required [21]. In the classic
DTC with discrete hysteresis controllers, amplitude of the electromechanical torque ripple
strongly depends on the sampling period T prc [42], [44], [49], [59]. The discrete hysteresis
torque controller will operate like the analog one if the maximum value of the
electromechanical torque variation in a sampling time is smaller than the width of the torque
hysteresis controller [47]

AT <2H, . (3-97)

em,max

It should be noted that the width of the hysteresis controllers strongly affects the harmonic
currents, average converter switching frequency, and the converter losses [48].

3.5.2 Speed control loop

Speed control loop is the outer control loop in the DTC. Due to the slower mechanical time
constant compared to the time constant of the torque control loop, a longer sampling period
(e.g. Tssc = 10T prc —207T5 prc) is applicable. A PI controller can be used as controller in the
speed control loop. In order to design the parameters of the speed PI controller, the torque
control loop can be modelled as a first order system. A typical waveform of the torque step
response in DTC and the approximated waveform are shown in Fig. 3-22.
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7
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Fig. 3-22 Typical step response of the torque control loop in DTC; 1: original waveform;

2: approximated waveform
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The torque response can be approximated by a first order system as:
1

Gpre(8)=—". (3-98)
1+ 575,

where, 7,,. denotes the time constant of the approximated torque response.

The speed control loop with a PI controller is shown in Fig. 3-23. Similar to the speed control
in RFOC, SO is applied to tune the parameters of the speed controller (K, sc, T sc)-

Pl Torque Mechanical
controller control loop T, dynamics
a)* i 0
M + KP sc (1 + SY; sc) ];;Zn 1 ]-;m R 1 M
— _— = N - N
. sT,., 1487, * sJ

Plant

Fig. 3-23 Speed control loop in DTC

According to Table 3.5 and Fig. 3-23, the parameters of the PI controller are calculated as:

T;,xa = aschDTC ° (3'99)
K, = a2, (3-100)
ascTDTC

3.6 Comparison of indirect RFOC and DTC for the exemplary
high-speed induction machine

3.6.1 Simulation results

In order to compare the transient and steady-state performance of the indirect RFOC and DTC
for the exemplary HSIM, both control strategies are simulated using MATLAB / SIMULINK.
Parameters of the HSIM are as described in Table 3.1. A 2L VSC with ideal semiconductor
behavior is applied as the power converter. Basic parameters of the converter are as given in
Table 3.2. Simulated structure for the indirect RFOC and the DTC are shown in Fig. 3-24 (a),
and (b), respectively.

Carrier frequency of the RFOC is fc=11.5. Current control loop of the RFOC is realized with
both symmetrical regular sampled PWM (SRS-PWM) and asymmetrical regular sampled
PWM (ARS-PWM). Sampling frequency of the RFOC with SRS-PWM and ARS-PWM
equals f; .. = 11.5 kHz and f; .. = 23 kHz, respectively. In both cases, the sampling frequency
of the speed control loop is f; s = 11.5 kHz. The stator current is limited to 2 pu and an anti
windup algorithm is applied for the speed and flux controllers [1].

Step response of the discrete current control loop of SRS-PWM (fc = 11.5 kHz) and ARS-
PWM (fc = 23 kHz) are shown in Fig. 3-25. Obviously, waveforms in Fig. 3-25 are
comparable to the step response of the continuous current control loop presented in Fig. 3-12.
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In RFOC with ARS-PWM, the rise time of the current step response is 0.5 ms and 1.5 ms for
a.=2 and a.=3, respectively. The rise time decreases to 0.25 ms and 0.75 ms for a.. =2 and
ac..=3 with ARS-PWM.

Speed and
rotor flux control
j; o= 11.5 kHz

Indirect RFOC

Decoupling
circuit

Rotor flux
estimator

Speed control
f.=11.5KkHz

DTC
(b)

J@ HSIM

Switching
table

Sector
sellection

Stator flux
and
torque
estimation

%

Fig. 3-24 Block diagram and the control parameters of the indirect RFOC and the DTC used in the
simulation of the exemplary high-speed induction machine drive
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Fig. 3-25 Discrete step response of the current control loop of indirect RFOC with (a): SRS-PWM
and (b): ARS-PWM; 1: step response with a.. = 2 and 2: step response with a.. =3

The same sampling frequency of the speed control loop of RFOC is selected for the speed
control loop of DTC f; . = 11.5 kHz. The sampling frequency and the hysteresis width of the
torque and flux controllers are chosen so that the RFOC and DTC produce comparable torque
THD at the nominal load and the rated speed.

Electromechanical torque THD is determined using the first 500 torque harmonics obtained
from the torque harmonic spectrum

500
Z]ﬁn,h
THD, =-———0, (3-101)

em,av

.18 the amplitude of the A" order harmonic of the electromechanical torque and
Tem.av denotes the average value of the electromechanical torque.

In order to achieve a comparable electromechanical torque THD for the RFOC and DTC
(THDTem = 20 %), the sampling time of the torque and flux control loop in DTC is determined
to 230 kHz according to the simulations carried out. The steady-state electromechanical
torque at the rated load and nominal speed and the corresponding spectrum is shown in
Fig. 3-26 (a), (b), and (c¢) for RFOC with SRS-PWM, RFOC with ARS-PWM, and DTC,
respectively. Obviously, the harmonics of the electromechanical torque in RFOC occur
around the carrier frequency and times of the carrier frequency. The low order torque
harmonics (4 = 3) in Fig. 3-26 (a) and (b) are related to the low order harmonics (2 = 2 and
h = 4) of the converter output voltages due to the PWM with a regular sampling [7]. In the
case of DTC, the spectrum of the electromechanical torque is broad and comprises all even
harmonics. The major harmonics occur around / = 26.

where, T

Control parameters of the RFOC with SRS-PWM, RFOC with ARS-PWM, and DTC are
summarized in Table 3.8. Set point values of the stator current components on d and g axes in
RFOC are limited to 2 pu. Consequently, the amplitude of the stator current in transient will
be limited to 2 pu. Fig. 3-27 (a) depicts the simulation results for a speed variation from 0 to
1 pu for RFOC with ARS-PWM. Stator current is limited to 2 pu which leads to a linear speed
variation from zero to nominal speed in 0.15s. The electromechanical torque is limited
indirectly to 2.4 pu. Considering the limit of the electromechanical torque in RFOC, the set
point of the electromechanical torque in DTC is limited to 2.4 pu for a comparison between
the load disturbance rejection of RFOC and DTC.
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Fig. 3-26 Steady-state electromechanical torque and the corresponding spectrum at rated load and
nominal speed: (a) RFOC with SRS-PWM; (b) RFOC with ARS-PWM; (¢) DTC

Table 3.8
Parameters of the RFOC with SRS-PWM, RFOC with ARS-PWM, and DTC
RFOC with RFOC with DTC
SRS-PWM ARS-PWM
fow (kHz) 11.5 11.5 11.53 (average)
Js.cc (kHZ) 11.5 23 11.5
ﬁ,DTC (kHZ) - - 230
Jssc (kHZ) 11.5 11.5 11.5
Aee 2 2 -
Ase 2.41 2.41 2.41
H T, / T, (%) - - 18
H, [v,, (%) - - 3
Torque THD (%) 194 20 20
Phase current THD (%) 16 16.3 16.4
Line-to-line voltage THD (%) 76 74 76
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Fig. 3-27 Stator current, electromechanical torque and mechanical speed of the high-speed
induction machine for speed step response: (a) Indirect RFOC with ARS-PWM; (b) DTC

For a speed set point variation from 0O to 1 pu, Fig. 3-27 (b) shows the stator current, the
electromechanical torque, and the mechanical speed of the exemplary HSIM controlled with
DTC. Electromechanical set point has been limited to 2.4 pu, which leads indirectly to the
stator current limitation of 2 pu.

Load disturbance rejection of the high-speed drive with RFOC (SRS-PWM and ARS-PWM)
and DTC are presented in Fig. 3-28. Waveforms of the electromechanical torque are filtered
to acquire the average values which are required in investigations of transient performance.
Load disturbance rejection for the rated load 7, = 1 pu at the nominal mechanical speed
n =0.9969 pu is shown in Fig. 3-28 (a). Fig. 3-28 (b) presents the load disturbance rejection
for the rated load 7, = 1 pu at half of the nominal mechanical speed n = 0.4985 pu. Base
values for the torque and the mechanical speed are 7, = 6.39 Nm and N, = 30,000 rpm,
respectively. As evident from Fig. 3-28, load disturbance rejection at the rated speed and half
of the rated speed can be compared well, due to the adequate dc-link voltage reserve.
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Fig. 3-28 Load disturbance rejection at rated mechanical speed (a) and half of the nominal
mechanical speed (b); The average electromechanical torque and the mechanical speed for
1: RFOC with SRS-PWM; 2: RFOC with ARS-PWM; 3: DTC; 7),= 6.39 Nm, n,= 30000 rpm

Considering the nominal stator rms phase voltage (Vs = 230 V) and the selected dc-link
voltage (V4 = 700 V), modulation depth at the rated load for RFOC is M, = 0.929 which
realizes enough control reserve in linear range of modulation.

Obviously, DTC realizes the best load disturbance rejection due to the very high sampling
frequency of the torque control loop f; prc = 230 kHz. The nominal load disturbance has been
rejected in about 0.5 ms if DTC is applied.
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Fig. 3-29 Stator line to line voltage of the high-speed machine at rated load, nominal mechanical
speed, and steady-state: (a) RFOC with SRS-PWM; (b) RFOC with ARS-PWM; (¢) DTC

RFOC with ARS-PWM features a better load disturbance rejection compared to RFOC with
SRS-PWM as shown in Fig. 3-28. The nominal load disturbance has been rejected in about
1.5 ms and 3.5 ms in rotor-flux-oriented high-speed drive with ARS-PWM and SRS-PWM,
respectively. However, twice the sampling frequency of the current control loop of RFOC
with SRS-PWM is required in the case of RFOC with ARS-PWM.

Steady-state performance of RFOC with SRS-PWM and ARS-PWM as well as the steady-
state performance of DTC for the HSIMD are shown in Fig. 3-29 (stator line to line voltage)
and Fig. 3-30 (stator phase current). Obviously, RFOC causes well defined voltage and
current spectra in contrast to the broad spectra of DTC. THD of the line to line stator voltage
and stator current for all three control methods are given in Table 3.8. As depicted in Table
3.8, the investigated HSIMD produces considerable torque ripple (7HD, = 20 %) due to the
low frequency ratio and lower stray inductance (L;s + L) than standard induction machines

[4].
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Fig. 3-30 Stator phase current of the high-speed machine at rated load, nominal mechanical
speed, and steady-state: (a) RFOC with SRS-PWM; (b) RFOC with ARS-PWM; (¢) DTC

According to the simulation results, the corresponding value for a standard induction machine
drive (Vsu, =400V, Is, = 104 A, Puecnn = 44 kW, forr = 50 Hz) fed by a 2L VSC with
Vie =700 V and SRS-PWM with fc=4kHz (m; = 80) is about THD; =5 %.

Application of a sine LC-filter between the converter and the HSIM 1 is an attractive solution to
reduce the current and torque ripple [57]. The LC-sine filter features further advantages like
reduced stress on the stator windings isolation. In the case of RFOC, the LC-filter can be
designed to achieve a significant damping at harmonics around the first carrier band while the
LC-filter of drive with DTC should damp the lower order harmonics (Fig. 3-30 (¢)) which
leads to the need for a bigger filter.

To summarize, HSIMD controlled by DTC features a better load disturbance rejection as
compared to the drive controlled by RFOC. However, a higher sampling frequency and fast
current sensors are required if the DTC is applied as the control strategy of the HSIMD.
Moreover, considering the harmonic spectra of the electromechanical torque and the stator
current and voltage, a bigger LC- filter is required in the case of DTC as compared to RFOC
(e.g. to reduce THD, at the given switching frequency). If an LC-filter is applied to reduce
the torque THD to a desired value for both RFOC and DTC with a comparable dc-link
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voltage, a bigger filter inductance in case of DTC increases in the electromechanical torque
rise time compared to the HSIMD with RFOC.

Table 3.9 presents features, advantages, and disadvantages of RFOC with SRS-PWM, RFOC
with ARS-PWM, and DTC for the control of the exemplary HSIMD. As shown in Fig. 3-28,
RFOC with ARS-PWM features a better torque response as compared to RFOC with SRS-
PWM. Consequently, the disturbance rejection is improved in the case of RFOC with ARS-
PWM.

Table 3.9

Features of RFOC and DTC for the exemplary high-speed drive fed by a 2L VSC (Vs =
400 V, Is, = 38,25 A, Puechn = 20 kW, forr = 500 Hz, ngyp,, = 30,000 rpm, V4. = 700 V)

Control strategy RFOC DTC
Switching frequenc constant variable
g frequency, (for=11.5kHz)  (fomaverage = 11.53 kHz )
. SRS-PWM ~_ARS-PWM .
: ' high
Sampling frequency of the low moderate very hig

inner control loop (fs.orc =230kHz)

(feem= 11.5kHz)  (fiee=23kHz)
LC-sine filter small _ big (or increased fu average )
complex Simple
Control algurithm abc = dq projections, linear ~ abc > of projections
~controllers, and decoupling circuit and hysteresis controllers
e - High sensitivity to rotor parameters sensitive to stator
Parameter sensitivity " .
and sensitive to stator parameters resistance
Direct controlled variables stator currents torque
Required time for Load SRS-PWM ARS-PWM
. o excellent (0.5 ms)
disturbance rejection good (3.5 ms) ° very good (1.5 ms)
Coordinate system Rotating coordinate synchronous to = Stator ﬁxed' stationary
rotor flux coordinate
. . Torque and stator flux
Estimated variables Rotor flux vector
7 7 vector
Measured variables for Stator currents, stator

Stator currents and rotor speed

speed control voltages, and rotor speed

The main advantage of DTC for HSDs is the excellent dynamic performance which is not
very essential in high-speed drive applications. A significantly high sampling frequency and
consequently the requirement of an expensive control platform are the disadvantages of DTC
for HSDs. Furthermore, a big LC-filter is required to damp the low order harmonics of the
electromechanical torque.

RFOC features a satisfactory dynamic performance with a lower sampling frequency
compared to DTC. Therefore, simpler control platforms can be applied. Due to the well
defined behavior of PWM in RFOC, smaller LC-filter is required to reduce the THD of the
electromechanical torque. Hence, RFOC is more desirable in high-speed induction machine
drive applications like microturbines and spindles.

Sensorless control

RFOC and DTC with speed sensor have been investigated for the exemplary HSIM.
However, application of control strategies without speed sensor is more desirable especially
for very high-speed drives. The electrical drives without mechanical sensors (speed and
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position sensors) are referred to as sensorless drives. Sensorless drives are attractive due to
features like [19]:

e Reduced hardware expense,

e Increased mechanical robustness,

e Higher reliability and decreased maintenance requirements,

However, sensorless drives can not operate appropriately at very low frequencies [19].

Several RFOC and DTC methods without speed measurement have been proposed for
standard induction machine drives in recent literature (e.g. [10], [19]). For example, the
following techniques have been applied for sensorless control strategies:

e Open loop estimator using stator voltages and currents [10],

Model reference adaptive system [50],

Observers (Kalman, Luenberger) [69],

Estimators using artificial intelligence [68].

All the above mentioned techniques can be applied in case of HSIMDs to omit the speed
sensor [32]. As mentioned, application of sensorless techniques becomes more significant in
case of very high- speed drives [71].

3.6.2 Experimental investigations of the RFOC

As concluded in the previous section, RFOC with ARS-PWM is a suitable control strategy for
HSIMs. Since the simulated HSIM was completed after the completion of this work [4], a
standard IM has been applied to verify the operation of simulated RFOC with SRS-PWM and
ARS-PWM.

A schematic of the applied test bench is shown in Fig. 3-31. A 400 kVA line transformer
provides the grid voltage. The dc motor (DCM) fed by a 4Q-B6C is used to load the IM. The
IM is connected to a 2L VSC which realizes torque and speed control on the basis of a rotor-
flux-oriented control with SRS-PWM and ARS-PWM. Photographs of the low speed drive
test bench are shown in Fig. 3-32.

The control system is realized by an ABB OPCoDe control platform [133]. The control
system is based on a power PC board linked to a host PC. Control tasks with higher priorities
(e.g. protection) are realized by means of local programmable devices. The control structure
depicted in Fig. 3-24 (a) is applied in order to control of the standard IM.

Converter switching frequency is 4 kHz (m,= 80) and the sampling frequency of the current
control loop is 4 kHz and 8 kHz for RFOC with SRS-PWM and ARS-PWM, respectively.
Sampling frequency of speed control loop for RFOC with both SRS-PWM and ARS-PWM is
4 kHz. Stator currents on the direct and quadrature axis are limited to 1.5 pu. Basic
parameters of the converter and the control system are summarized in Table 3.10. The
induction machine has two pole pares and a synchronous speed of 1500 rpm. The nominal
mechanical power equals 44 kW.
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Fig. 3-32 Photographs of the standard drive test bench (a), induction machine and dc-machine (b),
2L VSC of the induction machine (¢)

Table 3.10

Basic data of the converter and control system for the standard induction machine drive
Parameter Value
IGBTs SKiiP 642GH120-2*208CTV
Carrier frequency, fc 4 kHz
DC-link voltage, V4 560 V
Sampling frequency of current control loop, f SRS-PWM ARS-PWM

» el 4 kHz 8 kHz

Sampling frequency of speed control loop, f; s 4 kHz
Current control loop damping factor, a.. 3

Speed control loop damping factor, ay. 4
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Table 3.11

Data and parameters of the standard induction machine
Parameter Value
Nominal rms stator line-to-line voltage, Vs » 320V
Base voltage of machine side per unit system, Vj Vo= \/Evs’,,,n / NE)
Nominal rms stator current, /g, 1045 A
Base current of machine side per unit system, /j 5 Iy = \/E I,
Rated load power factor, cos(¢,, ) 0.85
Nominal stator frequency, £, 50 Hz
Number of pole pairs, Z, 2
Nominal synchronous speed, L N, = e 1500 rpm
Nominal mechanical power, P, 44 kW
Moment of inertia, J 0.483 Kgm®
Nominal electromechanical torque, Tepmyn, Temp=Temn 280 Nm
Nominal stator flux, v, 0.8165 Wb
Nominal rotor flux, w, , 0.7798 Wb
Stator resistance, R 0.038 Q
Rotor resistance, R, 0.032 Q
Stator leakage inductance L 0.5 mH
Rotor leakage inductance L, 0.5 mH
Mutual inductance, Ly, 12.46 mH

Speed step response and load disturbance rejection are investigated to analyze the dynamic
performance of the rotor-flux-oriented controlled IM with SRS-PWM and ARS-PWM. Both
simulation and experimental results are presented. MATLAB/SIMULINK is used in the
simulation. All parameters of the controllers are the same in the simulation and experiment.
Simulation and experimental results for speed step response of RFOC with SRS-PWM are
shown in Fig. 3-33 (a) and (b), respectively. The speed set point is changed stepwise from 0.5
pu (750 rpm) to 0.967 pu (1450 rpm). The mechanical speed show a linear rise with a
constant mechanical torque and the stator current is amplitude limited to 1.5 pu. Simulation
and experimental results for the same speed step change for RFOC with ARS-PWM are
shown Fig. 3-33 (¢) and (d), respectively. The electromechanical torque is filtered in both
simulation and experimental results to obtain the average torque.
The main difference between simulation and experimental results is the maximum amplitude
of the electromechanical torque and consequently the rotor speed rise time. In the simulation
results, the maximum amplitude of the electromechanical torque is 1.7 pu and the rotor speed
varies from 0.5 pu to 0.967 pu in about 75 ms. In the experimental results the
electromechanical torque is limited to 1.2 pu and the required time to change the rotor speed
from 0.5 pu to 0.967 pu is about 120 ms. The main reasons for the difference between
simulation and experimental results are summarized in the following:
e All speed and current sensors are considered to be ideal sensors in simulation,
e Anideal IM is used in simulation and the parameters deviation as well as the saturation is
ignored,
e Ideal semiconductor device behavior is considered in simulation.
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Fig. 3-33 Speed step response of the standard induction machine: (a) and (b) simulation and
experimental results for RFOC with SRS-PWM; (c¢) and (d) simulation and experimental results
for RFOC with ARS-PWM; N, = 1500 rpm, T, =280 Nm, /,,, = 147.8 A
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Fig. 3-34 Influence of the main inductance saturation on the transient performance (speed step
response): (a) speed step response with the same parameters in control system and the machine;
(b) speed step response with 20 % saturation of the main inductance of the machine; N,= 1500
rpm, Ty p =280 Nm, [, = 147.8 A

Simulation results for the influence of the IM main inductance saturation on the speed step
response of the standard induction machine drive are shown in Fig. 3-34. Stator currents are
limited to 1.5 pu and the speed set point has a step change from 0.5 pu to 0.967 pu. Fig. 3-34
(a) depicts the simulation results for the speed step response with no deviation between the
real machine parameters and the parameters of IM as applied in the control system. In
Fig. 3-34 (b), 20 % saturation of the main inductance is considered for the induction machine.
Because of the saturation and the consequent flux amplitude reduction, the maximum
amplitude of the electromechanical torque is reduced to 1.3 pu. Obviously, maximum
amplitude of the stator current is limited to 1.5 pu in both cases.

Simulation and experimental results for disturbance rejection of the-rotor-flux oriented
controlled IM with SRS-PWM and ARS-PWM are shown in Fig. 3-35. The dc machine
shown in Fig. 3-31 is used to load the induction machine drive. In the simulation, a step load
disturbance with amplitude of 90 % is applied. The same amplitude of the load disturbance is
applied in the experiment. However, generating an ideal step mechanical load with the dc
machine is not realizable. As shown in Fig. 3-35, RFOC with ARS-PWM features a better
load disturbance rejection as compared to RFOC with SRS-PWM. The load disturbance
rejection time is reduced by about 50 % if ARS-PWM is applied. Moreover, the speed drop in
the transient is reduced significantly in the case of RFOC with ARS-PWM.
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Fig. 3-35 Disturbance rejection of rotor-flux-oriented controlled induction machine with SRS-
PWM and ARS-PWM: (a) simulation results; (b) experimental results; 1 and 3:
electromechanical torque and rotor speed for RFOC with SRS-PWM; 2 and 4: electromechanical
torque and rotor speed for RFOC with ARS-PWM; N, = 1500 rpm, 7,,,, = 280 Nm

3.7 Comparison of 2L VSC and 3L-NPC VSC for the high-speed
induction machine drive with RFOC

Comparison of 2L VSC and 3L-NPC VSC for a HSIMD has been described in [58]. A
comprehensive comparison with more details will be carried out in this subchapter.

The type of the converter which feeds the HSIM does not substantially affect the drive
dynamic performance [58]. However, the effect of the topology on the machine and converter
losses, voltage stress of the stator windings, and the torque ripple is undeniable. Converters
which are connected to high-speed machines differ from standard converters due to the
drastically increased fundamental frequency. Obviously, a lower value of the machine
harmonic losses in the case of high-speed machines, considering the high power density of the
high-speed machine, is very important.

In this subchapter the effect of the converter topology (2L VSC and 3L-NPC VSC) on the
machine torque ripple is investigated for two different operating conditions. In a first step
both converters operate at an identical carrier frequency of fo= 11.5 kHz. In a second step the
carrier frequency of the 2L VSC is varied so that the harmonic distortion of the machine
torque is comparable to that of the 3L-NPC VSC applying a carrier frequency of
fc = 11.5 kHz. Then the installed switch power, converter losses, and converter efficiency for
both cases are investigated and compared.

Fig. 3-36 show the waveform and the spectrum of the electromechanical torque of the
exemplary HSIM which is fed by a 2L VSC (Fig. 3-36 (a)) and a 3L-NPC VSC (Fig. 3-36
(b)). The carrier frequency of both converters is fc =11.5 kHz (my = 23). It can be seen that,
with an identical carrier frequency, the torque THD and the maximum torque ripple of the
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Fig. 3-36 Electromechanical torque and corresponding spectra of the exemplary high-speed
induction machine fed by: (a) 2L VSC; fc= 11.5 kHz; (b) 3L —-NPC VSC; f-= 11.5kHz; (c) 2L

VSC; fe=21.5kHz
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HSIM being fed by the 2L VSC is about 87 % and 76 % larger as compared to the values if a
3L-NPC VSC had been connected to the HSIM.

To reduce the torque THD of the HSIM fed by the 2L VSC, the carrier frequency fc has to be
increased, since the harmonic values of the inverter voltage and current of a 2L VSC are
substantially higher than those of a 3L-NPC VSC at a constant carrier frequency [75]. An
increase of the carrier frequency will shift the carrier bands occurring at n:fc to higher
frequencies of the harmonic voltages, causing a better damping of the harmonic currents. The
carrier frequency of the 2L VSC was determined at 21.5 kHz to achieve the same torque THD
(THDtem = 10.66 %) as in the HSIM applying 3L-NPC VSC at a carrier frequency of
fc = 11.5 kHz. The electromechanical torque of the HSIM fed by the 2L-VSC with a carrier
frequency of fc=21.5 kHz (m, = 43) and corresponding spectrum are shown in Fig. 3-36 (c).
Obviously, the torque ripple of the HSIM fed by 2L VSC (fc= 21.5 kHz) is comparable to the
torque ripple if a 3L-NPC VSC (f¢ = 11.5 kHz) feeds the HSIM.

It should be noted that the simulation results of Fig. 3-36 are for converters with ideal
behavior of the semiconductor devices. However, a typical dead time of 2-3 ps is required in
the implementation of the converters with IGBTs. The dead time influences the converter
output voltage [13] which is especially considerable in case of HSDs, due to high switching
frequencies. The effects of the dead time on the converter output voltage can be reduced using
a dead time compensation algorithm (e.g. [77]).

3.7.1 Converter design

Table 3.12 summarizes the design of the power semiconductors for 2L VSC and 3L-NPC
VSC for the exemplary HSIMD. Parameters of the HSIM and the basic converter parameters
are listed in Table 3.1 and Table 3.2. Vg, and I¢, denote the rated collector emitter voltage
and the nominal current of the IGBTs. The voltage V., describes the commutation voltage of
the corresponding commutation cells. The current rating /¢, of each power semiconductor is
determined by the occurring device losses in a worst case operating point, the maximum
junction temperature 7. = 125°C, and the thermal resistances of IGBTs and diodes. The
simulations are based on the losses given in the IGBT datasheets by applying a natural
sampled PWM with added third harmonics.

The losses were determined by converter simulations using an earlier developed accurate
semiconductor loss model [3], [5], [43], [52], [65]. In order to calculate the converter power

Table 3.12
Semiconductor specifications for 2L VSC and 3L-NPC VSC for the high-speed induction machine
drive (Vsu, = 400V; I, = 38.25A; T}, =125°C)

Converter topology 2L-VSC 3L-NPC VSC 2L-VSC
fc=11.5kHz  fc=11.5kHz fc=21.5kHz
Nominal dc-link voltage, Vy. 700 V 700 V 700 V
Commutation voltage, Veon 700 V 350V 700 V
Rated device voltage/current,  1.2kV /50 A 600 V/50 A 1.2kV/ 100 A
Vepn/ Icn IGBT IGBT IGBT
. 360 kVA
Installed switch power, Ss 360kVA  +90 kVA (NPC- 720 kVA

(3-111) diodes)
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losses, the conduction and switching power losses of IGBTs and diodes of each half-bridge
are taken into consideration. Then the total converter power loss, device thermal resistances,
and the heat-sink temperature are applied to estimate the junction temperature. It is assumed
that all IGBT modules have been mounted on a single heat-sink. Information about output
characteristics of IGBTs and diodes as well as the switching loss energy presented in product
datasheets [141] are applied to determine the power losses. In order to realize an accurate
power loss estimation, output characteristic and switching loss energy are modelled as
nonlinear first order functions of IGBT or diode current [52], [65], [143].

The output characteristics of IGBTs and diodes can be approximated by

Ver 1 (8) = Vo g + Ay 7 1), (3-102)
Vi p () = Vo p + Apyg p 10, (3-103)
where

veer 18 IGBT on-state collector-emitter voltage,
vrp 1s diode on-state anode-cathode voltage,
vo,r and v, p are threshold voltage,
AconT, Beon, 1> Aconp, and Beopn p are the curve-fitted constants,
i(t) is the instantaneous value of the device current.
IGBTs and diodes are shown with 7" and D, respectively.
According to (3-102) and (3-103), the conduction power losses of IGBTs and diodes are as
follows:
1 B
B cond.x = 7I(vo,x + A1) )-z(t) -dt, x=D,T, (3-104)

10

where, T} is the fundamental period.

Commutation processes which create switching losses are classified into inductive and
capacitive commutation. The inductive commutations are characterized by the turn-on losses
of the active switches and the recovery losses of diodes. Capacitive commutation is
characterized by turn-off losses of the active switches [5].

Similar to the approximation applied for the output characteristics, the switching loss energy
offered in datasheets can be approximated by a first order nonlinear function of the device
current. Applied function for the IGBTSs turn-on and turn-off loss energy( Eg.on 1, Esw,op7) and
the diode recovery loss energy (Esy rec.p) are as follows

Eloss,sw,on,T (t) = Asw,un,T ’ l’(t)BvaO"-T s (3'105)
. B, X

E oo () = Ay, o 1) (3-106)

Eloss,sw,rec,D (t) = Asw,rec,D ' i(t)Bw”mD > (3'107)

where

E owonr and E, .. are IGBT turn-on and turn-off loss energy,

E\ s srece.p 18 diode recovery loss energy,

Asw,on, T Bsw,on,Ta Asw,oﬁ’,T: Bsw,off,T » Asw,rec,Da and Bsw,rec,D arc the curve-ﬁtted constants.
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If the commutation voltage v., of the IGBTs as well as the diodes differ from the
commutation voltage Veomrs at which the measurement of the loss energy has been carried
out, the following modification is required to estimate the actual loss energy [3], [45]:

Eloss,sw,T (l(t)) = (Asw,on,T : i(t)BwMI + Asw,ojj",T ' l.(t)BW)a”-’T )VCOm—Wl(t) 9 (3_ 1 08)

com,ref

7 . y,rec,D Vcom t
Eloss,sw,D (l(t)) = (Asw,rec,D ’ l(t)Bm‘ ’ )J * (3_109)

com,ref

The sum of IGBT and diode switching loss energy (Eloss,sw,7» Eloss,sw,p) 1IN @ fundamental time
period 7, can be used to determine the switching power 10ss Pjggs s-

J=hfow

(Eloss,sw,T (J) + Eloss,sw,D (.])) (3 '1 10)

loss,sw

N -

J=1

The total power losses for each device (IGBTs and diodes) is then the sum of the conduction
and the switching losses in (3-104) and (3-110). The total module losses can be calculated
considering the number of IGBTs and diodes per module. Furthermore, the total converter
losses are the sum of all module losses.

Fitting parameters of the IGBT modules which are used in the 2L VSC and 3L-NPC VSC are
presented in Table 3.13.

In order to estimate the junction temperatures for an operating point at steady-state, the device
total power loss, and the thermal resistance is applied. According to the information for the
thermal resistance in data sheet, one of the equivalent thermal circuit diagrams for a module
which is shown in Fig. 3-37 is applied. In case that a common case to heat-sink thermal
resistance (Ry,.) 1s proposed for all devices of the module (e.g. BSM 50 GB120 DLC and
BSM 50 GB 60 DLC), the circuit diagram of Fig. 3-37(b) is used. For the modules with
separate case to heat-sink thermal resistance for every device (e.g. BSM 100 GB 120 DLC),
the circuit diagram in Fig. 3-37(c) was applied [142].

The accuracy of the given method to determine the converter losses and to estimate the
junction temperature is investigated in [3], providing experimental measurements. According
to [3], the relative error of the estimated junction temperatures can equal maximally +30 % of
the measured values.

3.7.2 Investigation of simulation results

According to the simulation results presented in Table 3.12, the required current rating to
achieve a nominal output current is different due to different semiconductor losses in the
different converter topologies, while the voltage utilization of the semiconductors is the same
for the 2L-VSC and 3L-NPC VSC. The installed switch power of the 2L VSC operating at a
carrier frequency of 11.5 kHz is only half, compared to that of the 2L VSC operating at a
carrier frequency of 21.5 kHz. The 3L-NPC VSC requires about the same installed switch
power as the 2. VSC operating at a carrier frequency of 11.5 kHz. The installed switch power
is a measure of the semiconductor expense and is defined as:

Ss =Veg Do, -1y +0.5Vgy L -1y, (3-111)

where, Vrry 1s the repetitive peak reverse voltage of diodes,
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Table 3.13
Fitting parameters and thermal resistances of IGBTs / diodes
BSM 50 GB BSM 100 GB BSM 50 GB
120 DLC 120 DLC 60 DLC
EUPEC EUPEC EUPEC
VeEn 1200 V 1200 V 600V
Ic, 50 A 100 A 50 A
Vor 04V 04V 025V
Vo.b 025V 04V 05V
AswonT 0.00017171 0.00038093 0.000011710
Bsywont 0.9284 0.6738 0.9308
Asw,off T 0.00055698 0.00021665 0.000040426
Bowoprr 0.6162 0.8666 0.8069
Asw,ree,d 0.00056091 0.0014 0.00024812
By ree.n 0.5062 0.4154 0.4621
Acond T 0.2900 0.1524 0.3032
Beonar 0.4895 0.5707 0.4736
Acond.D 0.2487 0.1233 0.0762
Beonap 0.4507 0.5127 0.5622
Rinjer 0.27 K/'W 0.16 K/'W 0.44 K/'W
Rinje.p 0.6 K/'W 0.3 K/'W 0.8 K/IW
Rin-ch,r - 0.03 K/'W -
Rin-enp - 0.06 K/W -
Rin-ch 0.05 K/'W - 0.03 K/'W
(T T T T T T T T T T 7
| Dl T D2 |
| !—“—\ Py !—H—\ 1
3z N
'\__T_l____a____fz_,'
Ploss, T Ploss,D] Plass T2 lms D;E lms TI Ploss,DI Ploss, T2 Ploss,DZ \
NI N ./ NI ./ _J ./
junction T T junction 1 1 M
Rth.ja T1§ Rth,jc,D1§ Rth,jc, T2 th jc.D. thfc T1 § th Je, D1§ th je, T2 Rth,jc,D2§
case case
Rth,ch th ch, T1§ Rth ch, D1§ Rth ch,T2. Rth,ch,ng
heat-sink
R,, heat-sink P
(b) (c)
ambient ambient

Fig. 3-37 Steady-state equivalent thermal circuit diagram of a half bridge IGBT module (a) with
common Ry, ., for all IGBTs and diodes (BSM 50 GB120 DLC and BSM 50 GB 60 DLC) (b); with
separate Ry, ., for IGBTs and diodes (BSM 100 GB 120 DLC) (c)
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Ir, denotes the nominal diode current,
nr/np is the number of IGBTs/diodes in the converter.

Characteristic values for the operation at rated speed and rated load are summarized in
Table 3.14. The semiconductor loss distribution of the considered converter topologies is
depicted in Fig. 3-38.

Table 3.14
Comparison of 2L VSC and 3L-NPC VSC for the high-speed induction machine drive

2L-VSC 3L-NPC VSC 2L-VSC

Converter topology
fc=115kHz fc=11.5kHz fc=21.5kHz
Torque THD (%) 19.4 10.66 10.65
Torque ripple (%) 32.6 18.5 18.2
Total converter losses (kW) 0.710 0.463 1.231
Total converter losses (%) 3.48 2.27 6.03
Converter efficiency (%) 96.64 97.8 94.3

Obviously, the semiconductor losses of the 2L-VSC are 53% larger than those of the 3L-NPC
VSC, if a comparable converter switching frequency fc = 11.5 kHz is assumed (Fig. 3-38). In
this case both converters have a comparable installed switch power.

If both 2L-VSC and 3L-NPC VSC realize a constant torque THD (THD7., = 10.7 %) the
semiconductor losses of the 2L-VSC are 166% larger than those of the 3L-NPC VSC with the
carrier frequency of fc=11.5 kHz (Fig. 3-38). Furthermore, the 2L-VSC requires about twice
the installed switch power as compared to the 3L-NPC VSC.

1.4

Ploss (kW) 1.2

- les, cond, T

1 B Plnxs, cond,D
loss,on, T

08 r

Pl oss,off,T

loss,rec,D

06 -

04+

2L VSC @ 3L-NPC VSC @ 2L VSC @
11.5 kHz 11.5 kHz 21.5kHz

Fig. 3-38 Semiconductor loss distribution at nominal load (V.. = 700 V; Is = 38.25 A); Ploss.con /D"
conduction losses of IGBTs/diodes; Piyssonmp: Turn-on losses of IGBTS; Pjyg o570 Turn-off losses
of IGBTS; Pjyssrec.p: Turn-off losses of diodes
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The investigated results of Table 3.12, Table 3.14, and Fig. 3-38 depict clearly that 3L-NPC
VSCs are substantially more attractive than 2L VSCs in high-speed drives. A detailed
comparison of further characteristics of 2L VSC and 3L-NPC VSC for low voltage drives can
be taken from [74].

3.8 Summary

RFOC and DTC are compared for an exemplary HSIMD fed by a 2L VSC. A switching
frequency of 11.5 kHz (my = 23) is applied for the RFOC. The electromechanical torque THD
with the given frequency ratio is equal to THDz., = 20 % for RFOC with both SRS-PWM
(fs.cc = 11.5 kHz) and ARS-PWM (f; .. = 23 kHz).

The sampling frequency of the torque and flux control loop for DTC is determined to 230 kHz
to realize a comparable torque THD of THDr., = 20 %. In this case, the average switching
frequency of DTC is 11.53 kHz.

For the applied sampling frequencies for RFOC (f; .. = 11.5 kHz for SRS-PWM and f; .. = 23
kHz for ARS-PWM) and DTC ( f; prc = 230 kHz), the DTC features the best load disturbance
rejection capability with a disturbance rejection time of 0.5 ms. RFOC with ARS-PWM and
SRS-PWM realize a disturbance rejection time of 1.5 ms and 3.5 ms, respectively.

Spectrum analysis of the electromechanical torque for the DTC shows low order harmonics
while the RFOC cause a well defined torque spectrum with harmonics at switching frequency
and times of the switching frequency. Consequently, DTC requires a larger LC-filter to
reduce the torque THD at the given switching frequency.

The main advantage of the DTC for HSIMDs is the excellent dynamic performance which is
not very essential in high-speed drive applications. A significantly higher sampling frequency
and consequently the requirement of an expensive control platform are the disadvantages of
DTC for HSDs. Furthermore, a large LC-filter is required to damp the low order harmonics of
the electromechanical torque.

RFOC features a satisfactory dynamic performance for HSIMDs with a lower sampling
frequency as compared to DTC. Therefore, simpler control platforms can be applied. Due to
the well defined behavior of PWM in RFOC, a smaller LC-filter is required to reduce the
THD of the electromechanical torque. Hence, the RFOC is more desirable for the control of
HSIMDs.

Application of a 3L-NPC VSC instead of a 2L VSC in high-speed drives is an attractive
solution to reduce the voltage stress of the stator windings, electromechanical torque ripple,
and converter power losses. The investigations which are carried out in this thesis show that at
a constant carrier frequency of 11.5 kHz for the exemplary HSIM (Vs;, = 400V,
Is, = 3825 A, Puechn = 20 kW, forr = 500 Hz), power losses of the 3L-NPC VSC are about
50 % lower than the power loss of the 2L VSC. Both converters have a comparable installed
switch power in this case.

If the switching frequency of the 2L VSC is increased so that both converters generate a
comparable torque THD (e.g. THDr., = 10.7 %), the semiconductor power losses of the 2L
VSC are about 166% higher than that of the 3L-NPC VSC. Furthermore, the 2L VSC requires
twice the installed switch power as compared to the 3L-NPC VSC.
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Chapter 4
PWM Active Front End Converters

Subject of this chapter is the investigation of a PWM active front end converter with L- or
LCL-filter between converter and grid. Voltage-oriented control is applied as the control
strategy of PWM active front end converter. At first, transient and steady-state performance
of active front end converter with L-filter connected to an ideal as well as distorted grid is
investigated, using simulation and experimental results.

Secondly, an iterative procedure to design L- and LCL-filter parameters is proposed. The
main goal of the filter design procedure is to meet the IEEE-519 limits for the grid current
harmonics. The procedure uses the analytical expression of converter voltage harmonics by
Bessel functions. The stored energy of the filter passive components as a measure for expense
of the components is considered exemplarily to compare different LCL-filter designs.

Finally, an active damping scheme of current control loop is applied to avoid LCL-filter
resonances. Simulation and experimental results are applied to investigate the transient and
steady-state performance of active front end converter with LCL-filter.

4.1 Advantages and disadvantages of PWM active front end
converters

PWM voltage source converters are increasingly applied as active front end converters in low-
voltage drives for reasons such as strict international grid standards and emerging applications
like regenerative energy sources (e.g. microturbines) [84], [89], [90], [91], [95], [116], [122].

The main advantages of PWM active front end converters with voltage dc-link are [12]:

e Bidirectional power flow: Due to this feature, PWM active front end converters are very
attractive for distributed power generation systems (e.g. microturbines and wind turbines)
and applications with a high share of regenerative energy such as cranes, elevators, and
high-speed drives with a high inertia.

e Sinusoidal input current: Input current of PWM active front end converters connected to
a grid has a sinusoidal waveform with current harmonics occurring in carrier frequency
and times of carrier frequency in principle. Current harmonics can be damped by an input
filter (e.g. L- or LCL-filter). This feature of PWM active front end converters is very
beneficial as compared to passive front ends (e.g. diode front ends) in the case that grid
current harmonics are restricted by grid standards like IEEE-519 [97]. Diode and thyristor
rectifiers cause low-order current harmonics (e.g.h=6nxl; n=1,2,3,...) and voltage
notches which require a substantially higher filter expense to be damped [12].

e Adjustable power factor: Diode rectifiers have an unchangeable displacement power
factor (DPF = P/S,, P is input active power, and S; denotes the fundamental component
of input apparent power [13]). In thyristor active rectifiers DPF varies with variation of
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dc-link voltage [13]. In PWM active front end converters DPF at point of common
coupling can be adjusted separately thanks to decoupling control of the active and reactive
power [111].

o Adjustment of dc-link voltage: PWM active front end converters with voltage dc-link
operate as boost converter with a fixed dc-link voltage polarity. Amplitude of dc-link
voltage is theoretically adjustable for all voltages greater than amplitude of the grid line-
to-line voltage. Amplitude of the dc-link is practically limited according to blocking
capability of the applied semiconductor devices (e.g. IGBTs).

However, PWM active front end converters have also some disadvantages. These converters
require a relative complex control structure. Active semiconductor devices (e.g. IGBTs) are
needed, which cause extra switching losses compared to diode rectifiers. Moreover, a high
switching frequency in PWM active front end converters can lead to electromagnetic
interferences (EMI) which have to be limited by corresponding filters.

4.2 Mathematical description of PWM active front end converters

A block diagram of the power part of a PWM active front end converter with L-filter is shown
in Fig. 4-1. The grid side converter (GC) is a 2L VSC which is connected by an L-filter to the
grid at the point of common coupling (PCC).

The grid is modeled as an ideal voltage source in series with the grid stray inductance L and
the grid resistance R¢. The grid phase voltage and the grid phase current are expressed by v |
andi; . where x = a, b, c. Grid and PCC line-to-line voltages are denoted by v, ,  ndv,.., .,
respectively.

The output phase voltage of the converter is shown by v,.  and i;.  denotes the phase
current of the grid side converter. Star point of the grid Ng is considered as the reference point
for the definition of the converter output phase voltages. The inductance and resistance of the
L-filter are shown by Lrand Rp.

The dc-link voltage and the dc-link capacitance are expressed by V. and Cy.. Variables i 16.GC
and i, . denote the dc-link current of the grid side converter and the machine side converter,
respectively. Current of the de-link capacitor is shown by .. .

________________________ -
/ |
| |
: o
I Lic.ge Ldemc !
: i { I
[
: [ S
| v, |
[
: |
|
, . . GC
| Grid PCC L-filter (2LVSC) : MC
\ J

Fig. 4-1 Block diagram of the power part of a PWM active front end
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For simplicity, the grid is assumed to form a symmetric three-phase system. Regarding this
assumption the grid phase voltages in Fig. 4-1 are defined as follows:

Vo.at) = \/%VG,HS in(@g!)
Vo.» ()= \/%VG,II sin(@wgt —%7) , (4-1)
Vo (1) = 2V sin(wyt +2)

where, Vi denotes the rms value of the grid line-to-line voltage and @, =27f,. The
parameter f. is the grid frequency.

The converter currents and the dc-link voltage are the system’s state variables and should be
taken into consideration in the mathematical description of the PWM active front end
converters.

Description of the converter currents and the dc-link voltage

The converter currents can be described by using the filter voltage drop, the converter output
voltage, and the voltage of the PCC. For a balanced three-phase system without neutral point
connection, the filter voltage drop has been described as:

=R.i L Digeur b 4.2
Vecex ~ Voo = Bploex T Ly 0 xX=a, b, C, (4-2)
where
Vecca TVecep TVpcoe = 0, (4-3)
Ioc.a Tloep Tloe, =0- (4-4)

In order to describe the converter output voltage vge, , a basic representation of the grid side
converter with 2L VSC is depicted in Fig. 4-2 (a). Switching states of the converter legs are
denoted by Sgcr; x = a, b, c. These switching states can be determined by applying a
modulation strategy (e.g. PWM for voltage-oriented control [111]) or by hysteresis controllers
(e.g. in direct power control [112]).

Sinus-triangle modulation and resulting switching state for phase leg a in a 2L VSC are
shown in Fig. 4-2 (b) and (c). The switching state is 1 if the reference signal is greater than
the carrier signal. If the carrier signal is greater than the reference signal, the switching state is
considered to be 0.

Considering Fig. 4-2 (c), if the dc-link midpoint (shown in Fig. 4-2 (a) as NP) is assumed as
the reference point, the grid side converter output voltages can be described as follows, based
on the switching states and the dc-link voltage

Vdc
2

VGC,XNP = (ZSGC,x _1) ' » X=4a, b’ C. (4-5)

Due to the system symmetry, voltage difference between the grid neutral point Ng and the
midpoint of dc-link NP can be expressed as follows:

1
VNGNP = E(vaa(;NP T Voenr T VCGCNP) ) (4-6)
where v wp,X=a,b, ¢ is the converter output phase voltage if the dc-link mipoint is

considered as reference point.
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vG,aJ'

time

N

Fig. 4-2 (a) Block diagram of a grid side converter with 2L VSC; (b) natural sampled sinus-
triangle modulation (e.g. phase a, 1: triangle carrier signal, 2: reference signal); (c) switching state
of converter leg a

Hence, the output voltages of the converter with Ng as reference point can be described as

Voca = (2SGC,11 - SGC,b - SGC,c) Vie /3
Vocy = (ZSGC,b - SGC,a - SGC,C) Vie /3 . 4-7)
Voc,e = (2SGc,c - SGC,a - SGC,b) Vie /3

The dc-link currents of the grid side and the machine side converters are required to describe
the dc-link voltage. According to the applied definition for the switching states, the dc-link
current of the grid side converter can be calculated as follows:

Licoe = SGC,a loca T SGC,b Loep T SGC,c loe,e - (4-8)

Using (4-8) and the dc-link current of the machine side converter iy ), the voltage equation
of the dc-link is derived as

av,

a1 =Llie.gc " liemc = SGC,a Loca t SGC,b ooy T SGC,c “lee ~ Yiemc - (4-9)

Description of the converter currents and the dc-link voltage in a— coordinates

A space vector representation of the three-phase variables of the PWM active front end
converter can be applied to reduce the number of equations in the mathematical model.
Similar to the definition used to calculate the space vector of machine variables in the
previous chapter, the projection in (3-4) has been used to determine the space vectors of the
grid side converter three-phase variables. Using this space vector projection, the voltage drop
equation in (4-2) is projected into the following equation

‘7Pcc - VGC = RF?GC + L, > (4-10)

where
Vpce 18 the PCC voltage vector,
Ve and i, denote the converter output voltage vector and the converter current vector.
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Equation (4-10) can be expressed in s-domain in form of real and imaginary components
(a—p) as below:

lc.a 1 “Voca TVecca
. =T ; (4-11)
lge,p Ry +SLp | —Voe s+ Ve s

where

Ige, and i , are real and imaginary components of the grid side converter current vector,

Vipeo @0 vy, denote real and imaginary components of the grid voltage vector at the PCC,
Voc.. and v, , being real and imaginary components of the converter voltage vector.

Space vector of the grid side converter output voltage can be determined by using (4-7) and
the projection presented in (3-4). The real and imaginary components of the converter output
voltage vector are related to the real and imaginary parts of the converter switching states as
presented in the following equation

v S
|: GC,a:| :Vdc|: GC,a:|’ (4_12)
Voc,p SGC,/;’
1
SGc,a = 5(2SGC,0 - SGc,b - SGC,L')
| (4-13)

SGC,ﬂ = \/5 (SGC,b - SGC,C)

In the same way, projection (3-4) is applied to project the dc-link voltage equation (4-9) into
the o—f coordinate system. Following equation is derived as the expression of the dc-link
voltage in terms of the real and imaginary parts of the converter current and the switching
states vector

dv, 3

+S

de " 1o - 2 (SGC,a 'iGC,a (4-14)

Ge.p -’ iGC,ﬁ' ) - idc,MC .
A block diagram of the grid side converter model in stationary coordinate system (a—f) based
on (4-11), (4-12), and (4-14) is shown in Fig. 4-3.

Instantaneous input active and reactive power in the a—f§ coordinates

Real and imaginary components of the converter current vector and the PCC voltage vector
can be used to determine the instantaneous input active and reactive power of the grid side
converter at the PCC. A definition of the grid side converter active and reactive power at PCC
is presented in the following equation [12]

Pace.pcc = Veee “loe

, (4-15)

doc.rcc = Vree lac
where “-” denotes the scalar product of the vectors. Furthermore, v,.. lags the voltage vector
Vpee by 90°.

Using the definition in (4-15) and the real and imaginary components of the PCC voltage
vector and the converter current vector, the input active and reactive power of the grid side
converter are expressed as following:



100 PWM ACTIVE FRONT END CONVERTERS

iGC a
- — X 3/2 >
R, +sL, T / +ah sC,.

/T

1 iGC,ﬂ
- 5, X
R, +sL, .

Fig. 4-3 Block diagram of the grid side converter model in stationary coordinate system

Vece,p

Péc.pcc = E(VPCC,a “Igc.a T Vecep 'ch,ﬁ)

3

dGe.pcc = > (VPCC,,B "I6c.a T VpcC.a 'ch,ﬁ)

(4-16)

Instantaneous active and reactive powers are required in the direct power control strategy,
which will be introduced briefly in the next subchapter.

4.3 Selection of the control strategy

An overview of the control strategies of PWM active front end converters has been presented
in the Chapter 1. As mentioned there, these control techniques can be categorized into
voltage-based and virtual-flux-based methods.

Voltage-based control techniques

Voltage-oriented control (VOC) and voltage-based direct power control (V-DPC) are the two
types of the voltage-based control strategies of PWM active front end converters [111]. A
basic block diagram of VOC is presented in Fig. 4-4 (a). VOC is similar to the well-known
field-oriented control of induction machines. The grid side converter currents and the line
voltage at the PCC are the measured variables. In VOC a rotating reference frame
synchronous to the line voltage vector at PCC (v, ) is applied to realize the control strategy.
Therefore, the angle of the line voltage vector Py, is used to project the converter current
vector into the rotating reference frame. Then, the direct and quadrature components of the
converter current vector in the rotating reference frame (ig”g;,, iZPCijI in Fig. 4-4 (a)) can be
used to control the dc-link voltage V. and the DPF at the PCC, respectively. VOC comprises
inner current control loops, and the outputs of the current controllers are the reference
voltages required in the modulation unit. Due to the application of a modulator (sinus-triangle
PWM or SVM), the output voltage of converter has a well-defined harmonic spectrum.
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Fig. 4-4 Block diagram of the voltage-oriented control (a) and the voltage-based direct power
control (b)

Another control strategy called V-DPC (Fig. 4-4 (b)) is based on instantaneous active and
reactive power control. Instantaneous active and reactive power at PCC can be determined by
using measured converter currents and grid voltages at PCC. Equation (4-16) can be applied
to calculate the active and reactive power. Input real and imaginary power at PCC can also be
estimated based on the converter currents, the dc-link voltage, and the converter switching
states [111]. In this case there is no requirement to measure the line voltages at the PCC.

In V-DPC, there are no internal current control loops. Modulation unit is not required since
the converter switching states are appropriately selected by a switching table based on the
instantaneous errors between the commanded and estimated values of the active and reactive
power [12], [111], [112], [115]. Due to the application of hysteresis controllers in V-DPC,
converter output voltage has a variable switching frequency. Furthermore, because of the lack
of current control loop, direct limitation of converter current is not possible.

Virtual-flux-based control techniques
Virtual-flux-based control techniques can be divided into virtual-flux-oriented control
(VFOC) and virtual-flux-based direct power control (VF-DPC). Structure of VFOC is very
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similar to the structure of VOC presented in Fig. 4-4 (a). Instead of a voltage vector, virtual
flux vector, which is defined as time integral of the line voltage, is used to define the rotating
coordinate system [12]. Application of the line voltage time integral instead of the line
voltage is advantageous for supplies with distorted voltage [111].

In virtual-flux-based direct power control (VF-DPC) active and reactive powers are estimated
based on converter current and real and imaginary components of the virtual flux [110].
Structure of VF-DPC is similar to the block diagram shown in Fig. 4-4 (b). In VF-DPC virtual
flux vector of PCC is determined by using the line voltage at PCC, and the angle of the flux
vector is used to identify the sector number.

Like sensorless control strategies for induction motors, PWM active front end converters can
be controlled by only using grid currents as feedback eliminating grid voltage sensors [12],
[94], [102], [103], [104], [115]. In some sensorless techniques the grid voltage angle is
estimated by considering the converter output voltage and voltage drop across the line
inductor [12]. It should be noted, however, that if the line inductance is used to estimate the
projection angle, the steady-state performance (e.g. DPF) of the sensorless techniques will be
sensitive to the accuracy of the inductance value used in the estimation.

To summarize, in VOC and VFOC the rotating reference frame is aligned with grid voltage
vector and grid virtual flux vector, respectively. Inner current control loops are applied to
control the active and reactive power indirectly. A separate modulator (e.g. sinus-triangle
PWM) is required. Similar to the FOC of IMs, the sampling frequency of current control loop
is equal to the carrier frequency for SRS-PWM and twice the carrier frequency for
ARS-PWM if a sinus-triangle PWM is applied.

V-DPC and VF-DPF are very similar to the DTC of IMs. Active and reactive powers are
controlled directly with hysteresis controllers, and no additional modulator is required. For a
proper operation of the discrete hysteresis controllers a high sampling frequency

Table 4.1
Advantages and disadvantages of PWM active front end control strategies [111]

Technique Advantages Disadvantages
Constant switching frequency Requirement of coordinate
. projection and decoupling of
Low sampling frequency active and reactive components
Low cost A/D converters
VOC Dependence of current controller
VFOC Application of optimized PWM parameters to filter parameters
strategies possible
Inherent current control and
current limitation
No current regulation loop Requirement of high sampling
. _ frequency
Avoidance of coordinate ‘
V-DPC projection Larger input filters than VOC at
VF-DPC constant average switching

Decoupled control of active and
reactive power

frequency due to limitations of
IEEE 519 compliance.
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(e.g. 10- f£,-20- f5,) 1s required. Hence, V-DPC and VF-DPC require more powerful
processors [111].

Advantages and disadvantages of VOC, VFOC, V-DPC, and VF-DPC strategies are
summarized in Table 4.1. Because of some advantages like lower sampling frequency and a
constant switching frequency, VOC is a widely distributed control strategy for the PWM
active front end converters. Distinct similarities between VOC and rotor flux-oriented control
of induction machines especially concerning the parameter tuning of current PI controllers
make it possible that the current controllers of induction machines can be applied directly in
VOC. A constant switching frequency leads to a smaller input LCL-filter to meet the IEEE-

519 limits for the grid current harmonics. Regarding these features and advantages, VOC is
investigated as control strategy for the grid side converter in this thesis.

4.4 \Voltage-oriented control of PWM active front end converters

As mentioned in the previous subchapter, VOC is structured based on current control in a
rotating reference frame. In order to design the current controllers, a model of the converter in
the rotating reference frame is required. Furthermore, for projecting the converter currents
into the rotating reference frame, precise information about the angle of the reference vector is
required. In this thesis, the rotating reference frame is considered to be synchronous to the

PCC voltage vector. A phase-locked loop (PLL) is applied to determine the angle of the PCC
voltage vector, which is required for the projection.

In the following sections, mathematical model of a PWM active front end converter with L-
filter in a rotating reference frame synchronous to the PCC voltage vector is illustrated. Then,

the structure of the applied PLL and PI-based current and voltage control loops are illustrated.
Corresponding simulation and experimental results are also presented.

4.41 d-q Model of PWM active front end converters with L-filter

An a—pf model of PWM active front end converters has been presented in Subchapter 4.2.
Equations (4-10) and (4-14) present the mathematical model of a PWM active front end
converter with L-filter. These two equations are required to be projeced into a rotating
reference frame to obtain the d-q model. In the case that grid voltages at PCC are measured, a
rotating frame fixed on PCC voltage vector can be defined as shown in Fig. 4-5. Then,
converter current vector, converter output voltage vector as well as equations (4-10) and
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Fig. 4-5 Rotating reference frame fixed on the voltage vector of PCC
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(4-14) should be projected into this rotating reference frame to describe a mathematical model
of a PWM active front end converter in PCC voltage-oriented coordinate system.

It is assumed that the switching frequency of converter is adequately high so that the
converter current ripple at switching frequency is ignorable compared to amplitude of the
fundamental component. Moreover, the PCC voltage is considered to have a sinusoidal
waveform.

From projecting (4-10) into rotating reference frame (multiplying by e "), the following
voltage equation is derived:

d(e "req)
dt

~iPipec = i Pipec =

e Voce —€ Voo = RFefjp“”CC i+ L, + ja)Gefjp"’PCC i;, (4-17)

where @; denotes the grid angular frequency (a; =dp;, / dt).
Direct and quadrature components of (4-17) are

Vpee L dlépévcd + R Vpce _ L Vpce _ Vpce
“Voca = Lr Floca — Oolrloey —Vecc,a
. : (4-18)
;Vpcc

- 1 - =
Vrce — GCyq Vpce 1Vpce
“Vecy = Ly i + RFZGC,q +OcLpigey

where

ige, and i are direct and quadrature components of grid side converter current vector in
the rotating reference frame synchronous to the voltage vector of PCC v,

vese, and vé”g;j denote direct and quadrature components of grid side converter output voltage
in the rotating reference frame synchronous to the voltage vector of PCC,

Vipce 1s direct component of the PCC voltage vector in the rotating reference frame
synchronous to the voltage vector of PCC which equals the amplitude of v, .

Obviously, using proper decoupling terms, the direct and quadrature current components can
be controlled independently by direct and quadrature components of the converter output
voltage, respectively.

In VOC with a limited sampling frequency (e.g. f; = 2f;.,) average values of converter currents
and dc-link voltage are going to be controlled. Hence, voltage ripple of the dc-link has been
ignored, and average values of the converter switching states are applied to determine the dc-
link voltage. From projecting (4-14) into the rotating frame, the following equation for the dc-
link voltage (ignoring the voltage ripple) is derived:

Ve 22 (S e 4 50 108 ) T (4-19)

“odr 2

Parameters §G“gfg, and Eépg‘; denote the average values of the direct and quadrature
components of the converter switching states in the rotating reference frame synchronous to

Voce - Lewe 1S the average value of the machine side de-link current. Following equation has
been applied to determine the average values

X(t) = Ti jT x(r)dr, (4-20)

where, T in (4-20) denotes the sampling time in discrete control.
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For a 2L VSC with dc-link voltage of V., (4-12) and the definition in (4-20) are used in order
to relate the average values of the switching states to the converter output voltage as follows:

Suss] 1 [

_ —_ ) (4-21)
S GZ‘C,; (?) Ve VGg;Z (?)
Therefore, equation of the dc-link voltage can be represented as:
dVC 3 -V C 'GPCC _GPCC "7[’('(' =
de dtd’ = 2w, (VGZC,d “Loca T Vocy 'ZGC,q)_ Lie.mc - (4-22)

A block diagram of the grid side converter with L-filter based on (4-18) and (4-22) in a
rotating reference frame fixed on the grid voltage vector at the PCC is depicted in Fig. 4-6.

By projecting (4-16) into the rotating reference frame, following expression for the input
active and reactive power of the converter is obtained:

— ~_\,Ypcc l"jPCC
Pce.pcc = 5 Vrcca tlaca
(4-23)
_ _ = \Vpcc , iVpcc
46c,pcc = 2VPCC,d lgc.q

Equation (4-23) and the d-q model of the grid side converter presented in Fig. 4-6 show that
the dc-link voltage (active power) and the DPF at PCC (reactive power) can be controlled
indirectly by using the components of the grid side converter current on the d- and g-axis,
respectively. In order to determine the direct and quadrature components of the converter
current vector, the angle of the PCC voltage vector is required. Similar to the projection
(3-37) in the previous chapter, the following projection can be applied to project the converter
current vector into the rotating reference frame.

‘7[’ CC
Vpcc,a

—Vpce
Vec,a

—Vpec
Vac.q

|

Fig. 4-6 Block diagram of PWM active front end converter with L-filter in the d-q coordinate
system synchronous to the PCC voltage vector



106 PWM ACTIVE FRONT END CONVERTERS

g cos(p;, ) sin(p; ) loc.a
CjC,d _ ' pec pec 'GC, (4-24)
lCV?FCg(q -SIn(pVPCC) COS(p“’PCC) loc.p

Structure of the applied PLL to measure the angle of the PCC voltage vector p; , which is

required for the projection is illustrated in the following section.

4.4.2 Structure of the applied PLL

For a proper operation of VOC, a fast, stable, and distortion-free phase and frequency
detection of PCC voltage vector is required. The three-phase PLL structure shown in
Fig. 4-7 is used to detect the required phase and frequency [82], [83], [101]. The phase
voltages measured at the PCC are the inputs of the PLL. Considering the grid voltage
definition in (4-1), three-phase voltage of the PCC can be described as (4-25), where V.., is

Pl o
controller T
+ PriL
yiPLL + KP,PLL (I+ S]—;,PLL ) + 1
PCC.d - — — >
- S 7;,PLL Wpyy, s
PLL
PCC.d
dg ’
PLL N
Vecca | abc
Vpcca Vpccb

Fig. 4-7 Structure of a three-phase PLL

the rms value of the line-to-line voltage at PCC and 6, = denotes the phase of v,.., at =0

Voce.a () = \/% Vpce u SI(@gt + QVPCC )

Vpce () = \/%VPCC,H sin(wgt +6, —4). (4-25)

Vece

Voce, (1) = \/%VPCCJ, sin(wgt +6, +%)

These voltages are then projected into the PLL rotating reference frame using the angle of the
PLL rotating frame p,,, (¢) . If the angular frequency of the PLL w,,, equals the grid angular
frequency ., the components of the PCC voltage vector in the PLL rotating frame
(Vpcc.asVree, ) are de signals.

In the structure of the PLL in Fig. 4-7 a PI controller is applied to determine the PLL angular
frequency based on the difference between the reference value for the direct component of the
PCC voltage vector v pe., and the corresponding measure onv,c.,. A feed-forward signal
@, equal to the nominal grid angular frequency can be used to improve the PLL tracking
performance [83]. Magnitude of the reference signal v*ﬁLCLC’ , determines the phase difference

between the PLL rotating frame and the phase a of the PCC voltage (v, , ).
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If the reference signal is adjusted as vy, =0, then p,,, approaches the phase of vy,

(P () =zt +06, ) [101]. Using the phase of v, ,, the voltage vector angle at PCC can
be derived as follows for a symmetric three phase system:

Pspee = Prrr — 72'/29 Pprr = J.a)PLL (r)dz . (4-26)
0

Considering the phase difference between the PCC voltage vector and the PLL rotating frame,
the direct component of the PCC voltage vector in the rotating reference frame synchronous
to V- 1s determined as follows:

Foce L PLL
Vpcc,a = Vece,q (4-27)

In order to design the parameters of the PI controller of the PLL, a simplified linear model of
PLL proposed by [101] is applied. Using (4-25) and the projection defined in (3-37), direct
component of the PCC voltage vector in the PLL rotating reference frame is:

VﬁéLc,d = \/% VPCC,H sin((wgt+6, )= pp,)- (4-28)

Vece
For small values of (&t +6, )—pp, ,equation (4-28) can be approximated by the following
linear equation:

vlféé,d = \/% Vecen (@t + ‘91/,,(7(; )= Ppis) - (4-29)

For a reference value equal to zerov p., =0 in Fig. 4-7, the PLL control loop for small

signals is presented in Fig. 4-8. T py; is the PLL sampling time and a processing delay of one
sampling time is considered in the PLL control loop. This control loop is a standard control

Pl Processing Linear model
controller delay of PLL
Prrr
gt + HVPCC_’; KP,PLL ( +ST;,PLL) ) 1 ‘ \/gVPCC,II R
. ST[’PLL 1+STv,PLL s
Plant

Fig. 4-8 Simplified small signal model of the control loop of PLL

loop similar to the speed control loop of induction machine drives. Similar to the design
procedure of the speed control loop, symmetrical optimum was used to tune the parameters of
the PLL PI controller. According to Table 3.5, the PI parameters in Fig. 4-8 are:

T ooy = a?’LLTs,PLL 5 (4-30)

1
2
Apry \/; VecenTs pir

where, apr 1s the PLL damping factor.

By changing ap;;, PLL bandwidth can be controlled [101]. For grids with distorted voltage
(e.g. notched grids) pollutions normally do not affect the locking capability although they
cause harmonics in the the PLL output. Selection of a high value of ap;; leads to a clean
output of PLL despite the line distortions but reduces the bandwidth of the PLL. For utility

22 (4-31)

KP,PLL =
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interface applications where the frequency does not change substantially a low value of ap;
could be used to obtain a quick lock at startup and later a suitable value to obtain a smooth
PLL output [101]. It should be mentioned that the bandwidth reduction leads to a poor PLL
dynamics and is not an acceptable solution in the presence of an unbalanced grid voltage
[123]. The decoupled double synchronous reference frame PLL introduced in [124] is
recommended in the case of unbalanced notched grids.

Structure of the VOC in this thesis is established according to Fig. 4-4 (a). Obviously, the
current control and the dc-link voltage control are the main two parts of the applied control
strategy. PI controllers are used for both control loops. The design procedure of the applied PI
controller is illustrated in the following sections.

4.4.3 Pl-based current control

As shown in Fig. 4-4 (a), current control loop is the inner control loop of VOC; therefore, the
performance of the entire system strongly depends on the performance of the current control
loop. The current control can be realized by different methods. A review of the recently used
current control techniques for the three-phase voltage source PWM converters is presented in
[63]. Current controllers can be categorized into two main groups: current control in
stationary frame (working with AC current components) and current control in rotating frame
(working with DC current components). For each group, linear controllers (such as PI, state
feedback, predictive control, etc.) or nonlinear controllers (such as hysteresis, fuzzy
controller, etc.) can be applied. Using hysteresis controllers, the converter switching
frequency depends on load parameters and varies with the ac voltage. Among linear
controllers, PI controllers have a simple structure and are easy to implement with low cost
microcontrollers. According to [125], it is concluded that the rotating frame current
controller has no steady-state error and therefore very good steady-state accuracy. Hence, PI
controllers in a rotating frame are chosen as the current controllers in this thesis. A sinus-
triangle PWM with asymmetrical regular sampling ARS-PWM (Fig. 3-10 (b)) is applied as
modulator in the block diagram shown in Fig. 4-4 (a). Peak-to-peak amplitude of the triangle
signal is considered to be constant and equal to the nominal voltage of the dc-link V. ,. The
current control loop comprises the converter model presented in Fig. 4-6, model of ARS-
PWM, and the processing delay. For simplicity, it is assumed that the semiconductor devices
with ideal behavior have been used in the converter. Considering the dynamic model of the
ARS-PWM presented in Section 3.4.2, output voltage of the grid side converter
(VgeroX =a,b,c) are related to reference signals v ., x =a,b,c of the PWM as follows:

_ v, 1 .
Voo =—%—————vy .. . x:a,b,c, 4-32
GC,x Vd ., 1+05.ST; GC,x ( )

c

where, V. is the actual dc-link voltage.

It is assumed that the PWM reference signals do not change significantly over a sampling
period (sampling frequency is very much higher than the grid frequency, e.g. my= 80). As
mentioned above, the peak-to-peak amplitude of the carrier signal is kept constant and equal
to the nominal value of the dc-link voltage V,.,. By projecting (4-32) into the rotating
reference frame synchronous to the PCC voltage vectorv,.., following equation as the
PWM model can be obtained
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e e
V PCC V 1 V PCC
GC.,d GC.,d
a|_ Y ’ 433
Vece V 1+0.5sT “pce | ( )
V6c.qg de,n 5 Voo g

Using (4-33) and the model of the converter shown in Fig. 4-6, a block diagram of the d-q
model of the grid side converter comprising simple models of the ARS-PWM and processing
delay is presented in Fig. 4-9.

Vece.a
*Vpce X 1 N j‘jPCC
Vea NN I GC.d
x 1+1.5s7, . Vore
1/ Vdc,n‘_ Vdc a)G ) Lf
—Vpee
P pec 1
R v GC v
*Vpce | 1 4 - iVpcc
v —»{ X » !
GC, - GC,
! 1+1.5sT, . Ry +sL, !

Fig. 4-9 d-q model of PWM active front end converter with L-filter comprising models of the
modulator and processing delay (input: PWM reference signals, output: converter currents)

Similar to the current control of IMs, the processing delay (equal to one sampling period of
the current control loop) and the delay of ARS-PWM are approximated with a total delay of
1.5T% .. where T .. denotes the sampling period of the current control loop. Obviously, the
current model in Fig. 4-9 is nonlinear (due to the multiplication of the input signal by V) and
there are coupling terms between current models on the d- and g-axis. The structure in
Fig. 4-10 can be applied for linearization and decoupling the direct and quadrature
components of the converter current vector.

When applying the linearization and decoupling structure shown in Fig. 4-10 and the current

. T TTrTrTmTmTmTmEmEmEmEm—_—_———
*Vpce +~ current | | \ e
LGea ====¥_ F---» » B—H V&
e controller | | = ;
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e N current l f_] | V' ece
GCq AL controller | \ _ —, GCq

Fig. 4-10 Block diagram of linearization and decoupling circuits of current control loops on the d-
and g-axis
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model of the converter presented in Fig. 4-9, the current control loop of the grid side
converter with ARS-PWM and L-filter is simplified to the control loop shown in Fig. 4-11.

Delay of processing

Pl B}
and PWM VVPC(:
controller dis,dq Load
e | i
- + KP,cc(l + ST;,CC) R 1 N N N _—1 B
sT,.. 1+1.5sT ~ R, +sL,
Plant

Fig. 4-11 Block scheme of current control loop in VOC

It should be noted that due to the processing and PWM delays, a complete decoupling
between direct and quadrature current control loops is not possible if the decoupling circuit in
Fig. 4-10 1s applied. A full decoupling is possible if the delays are compensated by using
derivative terms as proposed in [19]. However, application of derivative terms could lead to
undesirable noise amplification.

Voltage distortions of PCC in the rotating coordinate system are modeled as v, at the
converter output in Fig. 4-11.

The current control loop in VOC is very similar to the current control loop of RFOC of IMs
presented in Fig. 3-11. Similar to the design procedure of the current controller of IMs,
technical optimum was applied to tune the parameters of the PI controller for the current
control loop. According to Fig. 4-11 and Table 3.4, parameters of the current PI controller are
designed as follows:

T, =%, (4-34)

cc :L—F’ acc
P 15a.T

cc” s,ce

>2, (4-35)

where, a.. and T .. denote the damping factor and the sampling period of the current control
loop, respectively.

4.4.4 Pl-based dc-link voltage control

As shown in Fig. 4-4, the voltage control loop of VOC comprises the current control loop and
the voltage dynamics of the dc-link capacitor. According to Fig. 4-6, the dc-link voltage of the
PWM active front end converter has a nonlinear model. However, PWM active front end
converters operate usually at a constant dc-link voltage. Therefore a linear model around the
converter operating point at steady- state was applied to tune the controller parameters.

It is assumed that the converter operates at a desired dc-link voltage of v, at unity power
factor condition (iépgfq =0). In steady-state, the dc-link voltage equals the desired value
(v, =v, ). Furthermore, if the filter voltage drop is ignored, the direct component of the
converter output voltage is equal to the amplitude of the PCC voltage vector

Vi = 2V e (4-36)
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Therefore, the linear model in Fig. 4-12 can be considered as the dc-link voltage model for an
operating point with the dc-link voltage reference of v, and unity power factor condition.

Current
control loop i
de, MC

V.
l *Vpce 1 lépécd 1 de
GC,d — _

1+1.5a,sT,, T > % sC,.

PCC il /Vdc

Fig. 4-12 Linear model of dc-link voltage at unity power factor and a dc-link voltage reference of
Vi
The current control loop of Fig. 4-11 is approximated by a first order transfer function of
zcv;’c“dq / z*aG”é'f'dq =1 / (I1+1.5a,sT, ) in Fig. 4-12. The parameters of the PI current controller have
been selected according to (4-34) and (4-35).

A PI controller is also applied to control the dc-link voltage. A block diagram of the dc-link
voltage control loop with PI controller based on the linear model in Fig. 4-12 is shown in
Fig. 4-13. Obviously, the voltage control loop in VOC is very similar to the speed control

loop in RFOC presented in Fig. 3-13.

PI Current _
controller Loy control loop Liemc
v; N/ *Vpce lVPCC v
c GC,d GC,d - d
) P ve (1 + ST; vc) "f \+ u R 1 R \/% VF;‘::,// 1 ;
- sT,,. 1+1.5a,.sT, . dc sC,.

Plant

Fig. 4-13 Voltage control loop of VOC with a PI controller

Similar to the design procedure of the controller parameters for the speed control loop of
RFOC, symmetrical optimum is used to tune the parameters of the voltage PI controller.
According to Fig. 4-13 and using Table 3.5, following values for the PI parameters are
derived:

T =15a’a T

i,ve ve Tee™ s,cc?

Cdc
1.84 ”‘”a a T

ccve s,ce

(4-37)

>2, (4-38)

pve

where, a,. denotes the damping factor of the dc-link voltage control loop.

A detailed block diagram of the applied VOC comprising PLL, decoupling and linearization
grids, and the PI controllers is shown in Fig. 4-14. In case of load disturbance, the PI
controller of the voltage control loop responses to the dc-link voltage drop. If a big damping
factor a., is applied to avoid oscillation of the voltage control loop, the voltage control loop
will be slow and a large transient dc-link voltage drop will occur.
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Fig. 4-14 Detailed block diagram of VOC

The de-link current of the machine side converter i, ,, can be estimated and a feed-forward
signal i, , corresponding to the estimated value can be added to the current set point on the
d-axes in order to reduce the dc-link voltage drop in case of a load disturbance [20]. If an
induction motor drive with RFOC is connected to the dc-link, set point values of the stator
voltages and currents (see Fig. 3-7) in the rotating reference frame can be applied to estimate
the active and reactive output power of the machine side converter in a method similar to the
procedure carried out to obtain equation (4-23). If the power loss of the machine side
converter is ignored, the machine side dc-link current can be estimated using the dc-link
voltage and the machine side converter output active power as follows:

555 %S %58 S
3(VV/RZ“//R _|_VWRZ‘V/R)
_ S,d* S,d S,q" S.q . (4_39)

) = _
de,MC *
2 v,

Considering the gain of the voltage control loop, the following feed-forward signal can be
applied in Fig. 4-14 as the feed-forward signal

558 %58 S %S
N NG AR A
zdc,ff=£ — (4-40)

VPCC,II
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4.4.5 Performance investigation of the voltage-oriented controlled PWM
active front end converter at symmetrical sinusoidal grid voltage

The performance of VOC for PWM active front end converters is investigated using
simulation and experimental results. Simulations are carried out in the SIMULINK. A block
diagram of the applied PWM active front end converter test bench is shown in Fig. 4-15. The

Control system %7

vy

S | (o ) i
_fi |
: L, : L-filter J ﬁ} J | : ‘ |
| S VG - N I N, : Cdc : :
: B o | T | R:
'~ YY) ryyy\ | V |

| | dc

| | PCC [5G o ﬂ : LT
! ) ] —
\_ ) e == —_——

Grid 2LVSC Resistive load

Fig. 4-15 Block diagram of the PWM active front end converter test bench with a resistive load

Table 4.2

Basic parameters of the grid and the PWM active front end
Parameter Value
Grid
Nominal grid effective line-to-line voltage, Vg, 400V
Base voltage of grid per-unit system, V}, ¢ Vo= \/gVG’H’n’1
Nominal grid frequency, f¢ 50 Hz
Base angular frequency, o ¢ w6 = 27 fg rad/s
Grid stray inductance, Lg Le=51pH
Input L-filter
L-filter inductance, Lg 1.5 mH
Resistance of the L-filter inductor, Rr 6.4 mQ

Grid side converter

SKM400GB128

( Vee =1200 V, I =400 A)
Nominal effective converter phase current , /¢, 70 A
Base current of grid per-unit system, /¢ Ing = 2 1ccni
Asymmetrical regular sampled

IGBTs

Modulation sinus-triangle PWM
Carrier frequency, fc 4.05 kHz

Switching frequency , fsw 4.05 kHz

dc-link capacitance, Cg, 9 mF

Nominal dc-link voltage, Vg, 700 V
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test bench comprises a 2L VSC with a resistive load. The converter is connected to the grid at
the PCC through an L-filter. A 400 kVA line transformer (stray inductance Ls = 51 pH)
provides the grid voltage at the PCC. The basic parameters of the grid and the converter are
depicted in Table 4.2.

The block diagram of the control system in Fig. 4-14 is used in simulation and experimental
investigation. An ARS-PWM with a carrier frequency of fc=4.05 kHz (m,= 81) is used as the
modulator. The sampling frequencies of the PLL, the current control loop, and the voltage
control loop are f; = 8.1 kHz (twice the carrier frequency).

The damping factor of the PLL is considered to be ap;; =30. This damping factor leads to a
PLL cut-off frequency of wcurop = 55 Hz. With this bandwidth, the PLL output will be
synchronized to the phase a of the PCC voltage within one cycle, and the PLL output remains
clean in spite of line distortions [101].

The damping factors of the current control loop and the dc-link voltage control loop are a..~ 3
and a,. = 4, respectively. A large damping factor of the voltage control loop is selected to
obtain a damped control loop and to reduce noise amplification in the implementation.

The simulation and experimental results for the step response of the current control loop of
the VOC are presented in Fig. 4-16(a) and Fig. 4-16(b), respectively. A step reference of 1 pu
(99 A) is applied in the current control loop of the g-axis. All parameters are considered to be

15 @ T T T T T T 15 ©) r
~ a) . . . . . . Free
igeg(uy| o igcq(Pw) |~

0.5 0.5

0O 05 1 15 2 25 3
time (ms) time (ms)

Fig. 4-16 Step response of the current control loop of VOC: (a) Simulation results; (b)
Experimental results; 7, =99 A

the same in simulation and experiment. Obviously, simulation and experimental results are
well comparable. It can be seen that the current step response has no overshoot (a..~ 3) and
the settling time of the step response is about 2 ms. By using the control structure in Fig. 4-14
and the PI parameters in (4-34) and (4-35), the current control loop becomes independent of
filter parameters (L; Ry ), and the time constant of the current control loop becomes
1.5accTscc = 0.56 ms.

The dc-link voltage variation and the converter phase current for nominal load disturbance are
presented in Fig. 4-17. The dc-link voltage reference value is 700 V, and a rated load
disturbance of 48.5 kW is applied in both simulation and experiment. The results are shown in
Fig. 4-17 (a) and Fig. 4-17 (b), respectively. Obviously, simulation and experimental results
are comparable. The set point of the converter current on the direct axis is limited to 1.5 pu in
both simulation and experiment. The dc-link voltage drop is about 6% of the nominal dc-link
voltage V., = 700 V. The load disturbance is rejected in less than 30 ms in both simulation
and experiment results.



PWM ACTIVE FRONT END CONVERTERS 115

VilVar [ T 1 T V.V,

de,n

1.1 ....... ........ ........ ........ ........ 11 ....... ........ ........ ........ ........

1

0.9

0O 005 01 015 0.2 0.25 0 005 041 0.15 0.2 0.25
(a) time (s) (b) time (s)
Fig. 4-17 The dc-link voltage and the converter phase current for nominal load disturbance of

48.5 kW: (a) Simulation results; (b) Experimental results, V., =700V, I,c=99 A

As mentioned, one of the interesting features of the PWM active front end converters is the
sinusoidal input current with the current ripple occurring at switching frequency. However,
this statement is valid only if the PWM active front end converter is connected to an ideal
distortion-free grid. The line-to-line voltage of the PCC and the grid side converter current at
steady-state and nominal load are shown in Fig. 4-18. A distortion-free voltage at the PCC is
applied in the simulation (Fig. 4-18 (a)), and the converter current has a sinusoidal waveform
with the current ripple at the switching frequency. In the experimental results presented in

2

1

2

1

Vecciia (pu% Veccina (pu%)

5 10 15 20 25 5 10 15 20 25
time (ms)

5 10 15 20 25 5 10 15 20 25
time (ms) time (ms)

Fig. 4-18 PCC line-to-line voltage and the PWM active front end converter phase current at

nominal load and steady-state: (a) Simulation results; (b) Experimental results; Vs = 327 V,

Ic=99 A
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Fig. 4-18 (b), the grid voltage at the PCC contains slight low-order harmonics, which are
related to the saturation of the mains transformer and other parallel nonlinear loads connected
to the grid at the PCC such as diode and thyristor rectifiers. Apparently, the converter current
is slightly affected by these distortions of the PCC voltage.

PWM active front end converters operate in parallel with nonlinear loads like diode and
thyristor converters in many industrial applications. Nonlinear loads cause voltage distortions
(e.g. voltage notches) which can affect the performance of the PWM active rectifiers [98].
The steady-state behavior of the PWM active front end converters in the presence of parallel
thyristor converters is depicted in the following section.

4.4.6 Influences of the grid voltage distortions on the steady-state
performance of voltage-oriented control

Effects of grid voltage distortions caused by thyristor converters on the steady-state
performance of a PWM rectifier with dc-voltage link for low-voltage applications are
presented in this section. Disturbance transfer function of the current control loop is used to
analyze the effects of the grid distortions. Furthermore, influences of the current controller
damping factor, PLL parameters and the filter inductance on the generated current harmonics
are presented. For existing grid voltage harmonics, amplitude of the corresponding current
harmonics are determined and compared to current harmonics measured by using a 400 V
44 kW test bench consisting of a PWM active front end converter with voltage dc-link in
parallel to a thyristor converter. Results of the investigations carried out in this section have
been presented in [98].

Nonlinear loads such as diode and thyristor rectifiers cause substantial current and voltage
harmonics which decrease the power quality of grids at PCC. Additional problems caused by
an input line voltage distortion include a significant distortion of the input current waveforms
and an increase of the dc capacitor current and voltage ripple. Performance of PWM active
front end converters applying different control schemes to eliminate the dominant line current
harmonics under different line voltage conditions has been investigated in recent publications
(e.g. [87], [114], [120], [121], [128]). Although PWM three-phase ac/dc/ac converters are
increasingly applied in parallel to existing thyristor converters (e.g. dc drives), the influences
of a thyristor converter operation on the performance and the current control loop of a PWM

Thyristor ac/dc/ac ac/dc/ac
Con\ierter Con\_/erter Con\ierter

1 %
I} I}

i i

i s

PCC

Fig. 4-19 Low-voltage PWM active front ends and thyristor converters connected to PCC
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active front end converter with voltage-oriented control has not been investigated in the
literature in detail so far.

A typical configuration of PWM ac/dc/ac converters and ac/dc thyristor converter fed drives
for low-voltage applications is presented in Fig. 4-19. PWM active front end converters and
thyristor converters are connected in parallel to the grid at the PCC. In several industrial
applications like in the paper and chemical industry, PWM active front end converters
commonly operate at low voltages in parallel to thyristor converter fed dc drives.
Corresponding conditions can be found in a large variety of currently existing industrial

A

7 control syitem e
| [U i
— il S

50-Hz 2L VSC 2L VSC
Transformer

thyristor converter

%
I

control system

A\ AN 4

A A

Fig. 4-20 A block diagram of the test bench

applications. For example, such configurations have been recently applied to the newest hot
and cold rolling mills.

A block diagram of the applied test bench to investigate the steady-state performance of a
PWM active front end converter with VOC connected to a distorted grid is depicted in
Fig. 4-20. The power part of the test bench is illustrated in Fig. 4-21 in more detail.
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> YV
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4Q-B6C
Fig. 4-21 A detailed block diagram of the test bench power part




118 PWM ACTIVE FRONT END CONVERTERS

The basic parameters of the IM and the machine side 2L VSC are presented in Table 3.10 and
Table 3.11 of the previous chapter. Specification of the grid, input filter of the PWM active
front end converter, and the grid side converter are presented in Table 4.2. The IM and the
DCM are coupled to configure a motor-generator system. The DCM is fed by a four-quadrant
thyristor converter (4Q-B6C) which allows speed, torque, and armature current control. The
parameters of the DCM and the thyristor converter are listed in Table 4.3.

Table 4.3
Basic parameters of the dc machine and the thyristor converter

Parameter Value

DC Machine

Nominal mechanical power 84.6 kW
Nominal speed 2710 1/min
Nominal torque 298 Nm
Nominal armature voltage 400 V
Nominal armature current 229 A
Thyristor converter (4Q-B6C)

Type PAD 664A V5
Nominal voltage 400 V/50 Hz
Nominal current 350 A
Nominal power 147 kW
Filter inductance, Ly 40-psc 82 uH

The induction machine is connected to an inverter which realizes torque and speed control on
the basis of a rotor-flux-oriented control. A large dc-link capacitor (46 Ws / kVA) is applied
to reduce the dc-link voltage ripple to less than 1% of the dc-link voltage (¥, = 700 V) and to
decrease the effects of the induction motor current harmonics on the active rectifier line
current harmonics. The maximum value of the dc-link voltage ripple is 2.8% if a typical
designed dc-link capacitance of 13 Ws/kVA is used. Fig. 4-22 (a) shows the thyristor
converter and its grid side inductor (L) connected to the PCC. The PWM active front end
converter and its grid side L-filter are shown in Fig. 4-22 (b) and Fig. 4-22 (c).

TR

(a) (b) (c)

Fig. 4-22 (a) Thyristor converter and the line inductor; (b) grid side converter; (c) input L-filter of
the PWM active front end
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4.4.6.1. Performance of the current control loop of VOC for a polluted
grid

Distortions of the grid voltage as a result of nonlinear loads such as diode and thyristor
rectifiers and also saturation of transformers can be modeled as a distortion in the current
control loop added to the PWM converter output as shown in Fig. 4-11. In order to model the
voltage harmonics in the rotating frame synchronous to the fundamental positive sequence of
the PCC voltage, a voltage harmonic with 1™ order is assumed. Considering the converter
model in the stationary reference frame described in (4-10), the model of the grid side
converter with input L-filter for voltage and current harmonic vectors with 4™ order is as
follows:

7 jevPCCh d |- 19’ 7, ‘GCh e

Vicese _LFE Ioepe “" |+ R ]GC 7€ T VGCn o (4-41)
where

VPCC , and 0 are amplitude and phase angle of the PCC voltage harmonic vector

vPCC n =Veccs 0‘ >
I G and 0 denote amplitude and phase angle of the grid side converter current harmonic

vector zGC g =1ge, L0,
VGC ,and 8,  being amphtude and phase angle of the grid side converter output voltage
harmonic vector Voo = VGC WL 0,

GC.h

The projection presented in (3-4) has been applied to determine the voltage and current
harmonic vectors.

The vector arguments (9. ,6’7 ,0, ) can be represented as a function of the fundamental
positive sequence of the PCC Voitageoxcfector argument at steady state as below:

; = .+ -
9".»(?(?./1 l’lp Vpce 90"}."(7(7./1

H%C’i - np‘jpcc + go’aGC‘h ? (4'42)
- = .+ 0 -
H[GC. h npvpcc 90>i GC.h
where

P, denotes the phase angle of the fundamental positive sequence of the PCC voltage vector,
i, > s, > and 6~ are the phase angles of the corresponding vectors at 7 = 0.

Furthermore, n is a positive or a negative integer for harmonics with positive sequences

(n = h) or negative sequences (n = -h), respectively.

Projecting (4-42) into the rotating reference frame synchronous to the fundamental positive

sequence of the PCC voltage vector results in:

diGC,dq,11 e ~ ~ .
L, 7 + RFZGC,dq,h = (VPCC,dq,h - VGc,dq,h) + JOl6c ag s (4-43)
where
Vpec.aqn denotes the voltage harmonic vector of the PCC in the rotating reference frame,
Ige a0 18 the grid side converter current harmonic vector in the rotating reference frame,
Voc.agn DCING the grid side converter output voltage harmonic vector in the rotating reference

frame.

It is noticeable that all voltage and current harmonics in the rotating frame are ac signals of
frequencies different from those of the corresponding line voltage and current harmonics as
presented in the following equation:
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)

5 _p D
PCC,dq,h PCC,h

0Vpce p

A J((”‘I)PVPCC +05 )

Gené o (4-44)
)

V6c.dg.n

;’ _7 ej((n_l)p‘;pcc +90~70c.h
GCdg.h — Lac.n

Applying the real and imaginary parts of - ja)gziq, o s the decoupling terms, the last term in
(4-43) is compensated for and, similar to the converter model for the fundamental positive
sequence, a first order system is obtained as the converter model for the h™ order harmonic.
Consequently, the current control loop in Fig. 4-11 can be used to investigate the influences
of the grid distortions on the converter currents.

Considering the current control loop in Fig. 4-11, the transfer function corresponding to the
h™ order harmonic is:

A

]GC,dq,h — 1 . (1+S7—;,cc)(1+0'5S7—;,cc) (4_45)
Vpcc,dq,h (R, +L.s) (1+sT,, )1+0.55T, )+R, /(1.5a,T, .s)

For a distorted symmetrical grid, the voltage harmonics and their positive (+) or negative (-)
natural phase sequence in stationary (a-f) and rotating (d-g) coordinate systems are listed in
Table 4.4. Assuming a balanced system, the phase sequence indicates the harmonic space
phasor rotational direction. By projecting (4-41) into the fundamental reference frame, the
harmonic order is increased (positive sequence) or decreased (negative sequence) as described
in Table 4.4.

Consequently, in order to calculate the current harmonic amplitude caused by an W™ order
PCC voltage harmonic in steady-state, the frequency in (4-45) should be set as follows:

{s = j(n-1)a,; for harmonics with positive sequence (4-46)

s = j(I-n)w,; for harmonics with negative sequence

For harmonics with positive sequence, 7 is a positive integer (n = /) and for harmonics with
negative sequence, 7 is a negative integer (n = - h).

Bode diagram of the current harmonics transfer function in (4-45) and the bode diagram of
the input L-filter are shown in Fig. 4-23 using the parameters presented in Table 4.2. The
Bode diagram of the current control loop for the line distortions has two cut-off frequencies.
The cut-off frequency at low frequencies is related to the ability of the current control loop to
reject the low-order current harmonics. Obviously, the current control loop is fast enough to
reject the low-order grid voltage harmonics (lower than 0.5 Hz). The second cut-off frequency
is related to the grid side filter. Harmonics with a higher order (higher than 800 Hz) are
attenuated because of the high value of the inductor impedance for higher frequencies.

Table 4.4
Harmonics order in stationary (a-f) and rotating (d-q) reference frame

Harmonic order in stationary reference frame = Harmonic order in rotating reference frame

15,47,7°,107, 13", 16".. k" 0,3,6%,97,12" 15" ...(k-1)"
2,5, 8, 117,14, 17 ...(k+1) 3,6,9,12,15, 187...(k+2)
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Fig. 4-23 Bode diagram of the disturbance transfer function of VOC

Varying the current controller’s damping factor (a.. > 2) and the line side inductance changes
the behavior of the current control loop against a distorted grid. A lower damping factor
(a.c =2) leads to an increase in the current control loop bandwidth and reduces the gain of the
current control loop for line voltage harmonics as shown in Fig. 4-24 (a). It is noticeable that
a high current control loop bandwidth will cause problems like noise amplification.

A higher grid side inductance also leads to a better harmonics rejection. The Bode diagram of
the current control loop for voltage distortion as input is shown in Fig. 4-24 (b) for two
different line inductances.

Provided that the line voltage harmonics are located at the second corner of the closed loop
Bode diagram, the current controller is not able to reject the effects of the line voltage
distortions significantly, even with a low damping factor and a high value of the line
inductance. Therefore, the grid voltage harmonics in this range will cause current harmonics
with considerable amplitudes.
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Fig. 4-24 Bode diagram of the disturbance transfer function of VOC for various damping

factors of PI controller and the filter inductance: (a) with a constant line inductor (Lr= 1.5 mH);
(b) with a constant damping factor of PI controller (a..= 3)
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4.4.6.2. Simulation and experimental results

The measured line-to-line voltage of the thyristor converter (v, g4¢,, In Fig. 4-21) and the
PCC (vpecy, 1n Fig. 4-21) are shown in Fig. 4-25 where the thyristor converter operates at a
load of 44 kW. Furthermore, Fig. 4-25 illustrates the line current of the thyristor converter
(is0-Bsc.a In Fig. 4-21) and shows that the voltage of the PCC is notched during the converter

V40-B6Clla
(pu)

Veccila

(puw)

L40-B6C.a

(pw)

5 10 15 20 25 1 2 3 4
time (ms) time (ms)

Fig. 4-25 (a) Line-to-line voltage of the thyristor converter (v4o.85c14); (b) the PCC line-to-line
voltage (Veccuq ); (¢) phase current of the thyristor converter (i 40-6¢.4)

current commutation. Line voltage notching is periodic in nature and causes low-order odd
voltage harmonics (5™, 7" 9™...). The effects of this voltage harmonics on the phase current
of the PWM active front end converter are investigated in this section using simulation and
experimental results. MATLAB / SIMULINK are used in the simulations.

Table 4.5 summarizes the simulation results for the effects of the PLL parameter, current
controller attenuation factor, and line filter inductance on the amplitude of the PWM active
front end converter current harmonics. In part (a) of Table 4.5, the damping factor of the PLL
(aprr) and the current control loop (a..) are 30 and 3, respectively. The inductance of the input
L-filter equals 1.5 mH. Current harmonics obtained from simulation and determined by using
(4-45), (4-46), and the voltage harmonics amplitude are presented. The current harmonics
obtained from simulation and the calculated current harmonics are well comparable. Fig. 4-26
shows the simulation results for the grid voltage, the grid current and their harmonic spectra
corresponding to part (a) of Table 4.5.

In part (b) of Table 4.5, the simulation results for the PLL with a smaller damping factor
(aprr = 3) are presented. These results show that a smaller damping factor leads to increased
amplitude of the 5™ harmonic in the grid current, but the higher harmonic orders are not
changed significantly.

The current control loop damping factor is reduced to a.. = 2, and the effect of the reduction
of the current controller damping factor on the current harmonics is presented in part (c) of
Table 4.5. This reduction by 33% in damping factor leads to a 19% decrease in the amplitude
of the 5™ current harmonic while the amplitude of current harmonics with a higher order
increased as expected according Fig. 4-24 (a).

According to Fig. 4-24 (b), using a higher value of the filter inductor will reduce the
amplitude of the current harmonics significantly. The simulation results of using a line filter
with Lr=3 mH are shown in part (d) of Table 4.5.
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Table 4.5
PCC voltage harmonics and current harmonics of the PWM active front end converter in percent of
the base voltage and current (simulation results), Vs =327 V, I, = 99A

Harmonic order (h) 5 7 11 13 17 19

(a) ap;=30,a..=3,Lr=1.5 mH

Amplitude of the line-to-line voltage harmonics (%) 2.65 088 1.89 1.11 1.75 1.19

Calculated current harmonics (%) 1.0 052 0.70 041 046 031
Simulated current harmonics amplitude (%) 1.61 0.70 0.83 048 0.52 0.34
Calculated / Simulated (%) 99 74 84 85 88 91

(b) apri=3,a..,=3, Lr=1.5 mH

Amplitude of line-to-line voltage harmonics (%) 265 087 191 1.11 1.75 1.18
Simulated current harmonics amplitude (%) 1.85 070 085 043 054 034
Variation in current harmonics compared to (a) (%) 15 0 2.4 -10 4 0

() apr;=30,a..=2,LFr=1.5mH

Amplitude of line-to-line voltage harmonics (%) 267 09 189 1.13 1.77 1.21
Simulated current harmonics amplitude (%) 1.30 0.67 087 0.57 063 042
Variation in current harmonics compared to (a) (%) -19 -43 2 18 21 24

(d) apr;=30,a..=3,Lr=3 mH

Amplitude of line-to-line voltage harmonics (%) 270 090 194 1.16 1.73 1.26
Simulated current harmonics amplitude (%) 0.78 043 041 027 029 0.18
Variation in current harmonics compared to (a) (%) -52 -39 -50 -44 -44 -47
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Fig. 4-26 Simulation results for the steady-state performance of the active front end converter
connected to a notched grid: (a) grid line-to-line voltage at the PCC and the corresponding
harmonic spectrum; (b) phase current of the active front end converter and the corresponding
harmonic spectrum; V¢ =327, I,c;=99 A
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Obviously, an increase in the filter inductance by 50 % reduces the amplitude of the 5™ order
current harmonic by about 50% and the higher order harmonics are reduced by 39% - 50%.
The steady-state performance of the active front end converter is also evaluated practically
under notched grid conditions. The measured PCC line-to-line voltage and its harmonic
spectrum are depicted in Fig. 4-27(a). The parameters of the PWM converter and the PLL are
chosen according to the part (a) of Table 4.5. The measured grid phase current of the active
front end converter and the related harmonic spectrum are shown in Fig. 4-27(b). It can be
seen that the 5™ and 7™ harmonics of the grid current cannot be damped satisfactorily.

The measured and calculated results are also summarized in Table 4.6 part (a). The amplitude
of the line voltage harmonics and equations (4-45) and (4-46) are used to calculate the
amplitude of the current harmonics. The fundamental amplitude of the line-to-line voltage and
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Fig. 4-27 Experimental results for the steady-state performance of the active front end converter
connected to a notched grid: (a) the PCC line-to-line voltage and the corresponding harmonic
spectrum; (b) phase current of the active front end converter and the corresponding harmonic
spectrum, Ly = 1.5 mH (0.143 pu); (c) phase current of the active front end converter and the
corresponding harmonic spectrum, Ly =3 mH (0.286 pu); V, =327, 1,:=99 A
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Table 4.6
Measured voltage and current harmonics of the active front end converter for a notched grid in
percent of the base voltage and current, V=327, [, =99 A

Harmonic order (h) 5 7 13 17
(a) aprr= 30, Aqe = 3, LF =1.5mH

Amplitude of PCC line-to-line voltage harmonics (%) 449 1.7 133 3.19
Calculated amplitude of current harmonics (%) 2.7 1.00 0.53 0.86
Measured current harmonics amplitude (%) 414 124 0.65 0.82
Calculated / Measured (%) 66 81 82 105
(b) aprr— 30, Ace — 3, LF =3 mH

Amplitude of PCC line-to-line voltage harmonics (%) 4.2 1.07 1.05 2.84
Measured current harmonics amplitude (%) 2.1 - - -
Variation in current harmonics compared to (a) (%) -49 - - -

the grid side converter current are 550 V and 101 A, respectively. Current and voltage

harmonics with amplitudes below 5% are considered as measurement error.

The main reasons for the difference between measured and calculated values in Table 4.6 are:

e Dead time effects are not considered in the simulations and in the transfer function (4-45).
The converter’s dead time is considered to be 2us and produces harmonics of 6n =1 (n =1,
2, 3...) in the converter output voltages which affects the grid current,

e The applied approximation in the modeling of the PWM and processing delays (both of
them are modeled as simple first-order delay),

¢ Distortions in the measured voltage cause the PLL to produce a distorted grid voltage angle
because of its incomplete attenuation of the angle distortion.

As shown in Table 4.5, solely a larger line inductor leads to a reduction in the amplitude of all
current harmonics. The experimental results for the steady-state performance of the PWM
active front end converter with a greater value of the filter inductance (L = 3 mH) are
presented in Fig. 4-27 (c). The damping factors of the PLL and the current controllers are 30
and 3, respectively. The measurement results are given in Table 4.6 part (b). The experimental
results confirm the simulation results presented in Table 4.5 part (d).

To summarize; assuming symmetrical sinusoidal grid voltages and a constant dc-link voltage,
the widely spread voltage-oriented controlled PWM active front end converters generate grid
current harmonics in carrier bands of n times the switching frequency, which are usually
sufficiently damped by moderate inductive filters in industrial grids. However, grid voltage at
the PCC is substantially distorted by the commutation of thyristors if PWM active front end
converters and thyristor converters are operated in parallel. In this case, voltage-oriented
controlled PWM active front end converters are not able to suppress low-order current
harmonics (e.g. 5™ and 7™) if conventional state-of-the-art PI current controllers are applied.
The use of faster PI current controllers decreases the lower current harmonics (e.g. 5™ and 7™)
but increases the higher current harmonics (e.g. >11"). An increase in the filter inductor leads
to a significant damping of all current harmonics between grid and switching frequency.
However, additional costs, size and weight of an increased inductor as well as the limitation
of the maximum dc-link voltage and the dynamic performance prevent the use of large filter
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inductors. Obviously, the application of control schemes like individual harmonic control
overriding current controller [117], [118] and Multi-Resonant current controllers [96], [108],
[109], which are able to suppress harmonic currents at distorted grids, are the most attractive
solution if sinusoidal grid currents are required in industrial applications where thyristor
converters operate in parallel to self-commutated PWM active front end converters.

4.5 Inputfilter design for PWM active front end converters

An inductance is the most simple filter configuration between a PWM voltage source
converter and the grid. However, the limited maximum dc-link voltage and dynamic
performance of a converter with common switching frequencies as well as the substantial
costs and size of the inductance prevent the use of a pure inductive filter for medium- and
high-power converters if grid standards have to be guaranteed (e.g. IEEE-519).

The existing application of an LCL-filter is an attractive solution to overcome these problems.
The higher harmonic attenuation of the LCL-filter permits the use of lower switching
frequencies to meet the harmonic limits presented in the standards (e.g. IEEE-519-1992 [97]).

The design of the LCL-filter components according to the given maximum current harmonics
(e.g. IEEE-519-1992) is a complex task. The reference [107] presents a design procedure
using the trial-and-error method. The selection of the initial values for the converter current
ripple and the filter capacitance absorbed reactive power, especially, complicates the design
procedure. Furthermore, the design of the converter side inductance for a selected converter
current ripple is not addressed in this reference. Basic analytical expressions to calculate the
upper limits of the filter inductance, the filter capacitance, and the converter current ripple are
presented in [12], [43], [75], [119]. Reference [100] describes a design procedure where the
maximum converter current ripple determines the design of the filter inductance and the filter
capacitance is chosen based on the reactive power. Basic criteria for an LCL-filter design on
the basis of the filter attenuation factor for the grid current harmonics at switching frequency
are presented in [129]. However, so far a precise and clear design procedure considering the
control reserve limitation and the amplitudes of the grid current harmonics has not been
presented.

In this thesis, an iterative procedure to design the L- and LCL-filter parameters considering
the most significant grid current harmonics is proposed based on the guidelines presented in
[107]. The procedure uses the analytical expression of the converter voltage harmonics by
Bessel functions. As an example, the stored energy of the filter components as a measure for
the expense of the passive components is considered to compare different filter designs. The
structure of the active front end converter used to investigate the filter design procedure and
the system performance is presented in Fig. 4-28. The interface between grid and converter is
an L-filter or an LCL-filter to damp the current harmonics injected into the grid. The filter
components are considered to be variable to study the filter performance for various filter
designs. A 2L VSC with a carrier frequency of 4.05 kHz is used as power converter. An
asymmetrical regular sampled PWM (ARS-PWM) is applied as modulator. The basic
parameters of grid and the grid side converter are presented in Table 4.2.

The input L- and LCL-filters are designed to meet the harmonic distortion limits according to
IEEE-519-1992. Table 4.7 shows the IEEE-519-1992 definitions for the current harmonic
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Fig. 4-28 Three-phase active front end converter with L- and LCL-filter

limits at PCC [97]. Considering the capability of the PWM converter to operate at power
generation mode, the spectra content of the grid currents around the switching frequency and
multiples of the switching frequency should be attenuated to be lower than 0.3%. It should be
noted that in the design procedure of both L-and LCL-filters, the resistance of the filter
inductors is assumed negligible in comparison to the inductive reactance at the switching
frequency. Results of the investigations carried out in this section are presented in [99].

Table 4.7
Current harmonic limits in percentage of rated current amplitude according to IEEE-519

Maximum odd harmonic current distortion (in percent) of /; for general distribution
systems (120V—-69kV)

Isc/ Ig h<11 11<h <17 17<h<23 23<h<35 35<h
<20%* 4.0 2.0 1.5 0.6 0.3
20<50 7.0 3.5 2.5 1.0 0.5
50 <100 10.0 4.5 4.0 1.5 0.7
100 < 1000 12.0 5.5 5.0 2.0 1.0
> 1000 15.0 7.0 6.0 2.5 1.4

Isc : grid short circuit current.

I : maximum demand grid current.

Even harmonics are limited to 25% of the odd harmonics.

"All power generation equipment is limited to this value of current distortion.

4.5.1 L-filter design procedure

A single-phase representation of the PWM active front end converter with L-filter is shown in
Fig. 4-29 (a). There are upper and lower limits for the total filter inductance Ly, = Lg+Lr. The
upper limit of the total inductance is related to the limited maximum filter voltage drop at a
limited dc-link voltage for a given power semiconductor voltage class. The lower limit of the
total inductance is caused by the limitations of the grid current harmonics (e.g. IEEE-519).

Upper limit of the L-filter inductance
The converter is considered to operate with its maximum output voltage (maximum
modulation depth in the linear range) at rated current in order to determine the upper limit
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Fig. 4-29 (a) A single-phase representation of PWM active front end with L-filter; (b)
fundamental components of line voltage vector, grid current vector, and converter output phase
voltage vector in a rotating coordinate system synchronous to the grid voltage vector v |

inductance corresponding to the maximum filter voltage drop. If the fundamental component
Vi, of the grid voltage vector v, is considered as the reference vector (Fig. 4-29 (b)), the
fundamental component of the filter inductance voltage drop vector at steady state is:

Vo= Vocs = J@6(Lg + L ig,, (4-47)
where
le \/7 Gnléo VGCl \/7VGC149 s gy = \/70;11 = 2rf;,

VG .1 18 the fundamental component of the grid rms rated phase voltage,
Ve, denots the fundamental component of the grid side converter rms phase voltage,
1, ,, being the fundamental component of the grid rated rms phase current.

The upper limit filter inductance at the rated grid current can be calculated by substituting the
maximum amplitude of the converter phase voltage for Vi, in (4-47). For a sinus-triangle
PWM, the maximum value of the converter rms phase voltage in the linear range of
modulation is Ve, =V /22 .

The real and imaginary parts of (4-47) for the maximum rms value of V(¢ are:

9% -—2 V,.cos(6, ) =-0.(L;+L. )., siné. )
o1, 4 GC1 s S, iG 1
(4-48)
N2 .
-TVdC sin(@, ) = @(Lg + Ly ), 08(0: )

From (4-48), the upper limit of the filter inductance Lrma.x corresponding to the maximum
amplitude of the converter output voltage at the rated grid current can be derived as:

2
Va1 8i0(6; )E \/Vg

ogl;,

2 2
-V, cos(6, )

L =

F ,max - LG . (4_49)
For the grid unity power factor condition DPF = +1 (rectifying mode: DPF =1, sm(@ ) 0,

cos(H )—1 regenerating mode: DPF = -1, sm(& ) 0, cos(& )——1 .), the upper limit of
the filter inductance in (4-49) has been simplified to
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2
Icéc - VG,n,lz
LF,max = - LG . (4_50)
a)G]G,n,l

Grid current vector and converter output voltage vector in a rotating reference frame
synchronous to the grid voltage vector are shown in Fig. 4-30 (a) and (b) for the rectifying
and regenerating mode, respectively.
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(a) (b)
Fig. 4-30 Fundamental components of grid current vector and active front end converter output
voltage vector in a rotating reference frame synchronous to the grid voltage vector: (a) rectifying

operation; (b) regenerating operation

In the case of asymmetrical regular sampled sinus-triangle modulation with added third
harmonic zero sequence signal to the modulator reference signals (ARS-ZSS-PWM) [12], the
maximum rms value of the converter output voltage in the linear range of the modulation
increases to Ve = Va/~J6 [7]. From substituting this maximum value in (4-47) and (4-48),
the upper limit of the filter inductance for ARS-ZSS-PWM at the grid unity power factor
DPF = +1 is derived to (4-51) in the same manner as that for ARS-PWM presented in (4-47)
to (4-50).

v,

6“ - VG,n,12

LF, max - LG (4_51)
a)GIG,n,l

Ly . 10 (4-50) and (4-51) causes the upper limit filter voltage drop at the rated current and

the unity power factor conditions for a dc-link voltage of V..

Lower limit of the L-filter inductance

The lower limit of the filter inductance is caused by the required limitation of the current
harmonics around the first carrier band according to IEEE-519. Below, the analytical
representation of the converter phase voltage harmonics is applied in order to determine the
lower limit of the filter inductance.

The harmonic voltage amplitude per harmonic frequency is a measure for the potential of the
voltage harmonic to produce a corresponding current harmonic. The filter inductance is
designed based on the most significant converter phase voltage harmonic with the highest
ratio of the voltage and frequency. For an ARS-PWM, the amplitude of the converter phase
voltage harmonics based on the Bessel functions is as follows [7]:

5 2V, :
Vo = A sinl(n + 1071, (g, 5 M), (4-52)

ﬂ-qn,y
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where

Vw is the amplitude of the converter output phase voltage harmonic,

n denotes the carrier band number [1,20),
4 being the side band number (-00,0),

J, 1s bessel function,

9,y =N+ 4f; / fe (fs : grid frequency, f,. : carrier frequency).

The first carrier band of the converter output phase voltage is shown in Fig. 4-31 (a). The
harmonic voltage of (mf-2)th order (n = 1, u = -2) is the most significant harmonic voltage in
the harmonic spectrum of the grid side converter output phase voltage because of its higher
Volt-per-Hertz ratio compared to the other significant harmonics. The Volt-per-Hertz ratio of
the harmonic voltage of (merZ)th order is smaller than that of the harmonic voltage of (mf-Z)th
order for a ARS-PWM despite of its higher amplitude. The ratio of the Volt-per-Hertz value
of the harmonic voltage of the (m, -2)™ order to the Volt-per-Hertz value of the harmonic
voltage of (mf+2)th order depending on the modulation depth M and the carrier frequency fc is
shown in Fig. 4-31 (b) if an ARS-PWM is applied.

35| [ ARS PWM = ARS 755-PWM] |
. A30 ...... 2990/0 ...E. ...... E.. ....5 ...... ...... p 1.06
VGC’h/VGC,1 ....... R B U IR S v/fh:m/_2
: : 224 % : : avaem— :
(%) 20 ....... ....... . e :. ...E ...... ...... p V/fh:m/+2 E.'....:
15 peeeee , s ...... : ...... ...... 4 1.02
10 ....... ...... ........... : .. ..... ......
: I| X ; : : I| : 1.00
5 ....... : ...... : .o ..:. ...... :.. ...: ..... ‘ ...... B 8
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(a) harmonic order (b)

Fig. 4-31 (a) First carrier band of a 2L VSC output phase voltage harmonic spectra for ARS-
PWM (Voeur =400V, Ve =700V, my= 81) and ARS-ZSS-PWM (Ve =400V, Vi =609V,
ms= 81); (b) Volt-per-Hertz value of the (my - 2)™ order harmonic to the Volt-per-Hertz value of
the (m,+ 2)™ order harmonic of the converter phase voltage for various values of M and f

Fig. 4-31(a) shows the first carrier band spectrum of the converter output phase voltage for a
frequency ratio of my= 81 and the dc-link voltage of 700 V and 609 V for ARS-PWM and
ARS-ZSS-PWM, respectively. Different dc-link voltage is chosen for both modulations to
enable a comparable dc-link voltage reserve. Obviously, the application of the ARS-ZSS-
PWM reduces the amplitude of the harmonic voltages and results in a wider sideband than the
ARS-PWM does [7]. The complex analytical depiction of the harmonic voltages for the ARS-
ZSS-PWM is presented in [7]. In order to simplify the filter design procedure, the filter
inductance is determined based on the harmonic voltage amplitude for ARS-PWM. According
to the afore-mentioned comparison between the first carrier band spectrum of the ARS-PWM
and the ARS-ZSS-PWM, the filter inductance determined based on (4-52) will guarantee that
the IEEE-519 limits will not be exceeded if a ARS-ZSS-PWM is applied instead of the ARS-
PWM.

The amplitude of the (mf-Z)th converter phase voltage harmonic at nominal load can be used
to design the filter inductance for a desired grid current harmonic. The nominal load
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modulation depth M, is required in the design according to (4-52). M, depends on the filter
voltage drop in a closed loop control system. Thus, the filter inductance is required for
determining M,. Obviously, an iterative procedure is essential to calculate the filter
inductance. Therefore, the no load modulation depth M, which is independent of the filter
inductance is used in the proposed design procedure to calculate the amplitude of the (mf-2)th
converter phase voltage harmonic in the first step. In the next step, the required filter
inductance is determined by considering the grid current harmonic limitations
IG (my-2.0% IG ) ~2)desived % ° IG (=205 denotes the amplitude of the (m; -2)" grid
harmonic current at no load conditions in percent of the rated fundamental component. The
desired amplitude of the (my -2)™ grid harmonic current in percent of the fundamental

component at rated load conditions (e.g. according to IEEE-519) is denoted as
I

G,(m=2),desired % *
Finally, the amplitude of the (m/ 2) grid current harmonic at nominal load I G.(my 2% is
calculated by applying the filter inductance and M,,. The initial value of I G -2).0.% should be
changed in an iterative manner based on the calculated ] o 1O obtain a grid harmonic

current of (my- 2) order which is below the IEEE-519 limitations

Using (4-52), the converter phase harmonic voltage of (mf-2)t order at no load condition is
given as:
. 2V, V n
Vl, 2 = & J, (”\/th 2 &), q, , = 1- 2& . (4-53)
q,, »7 Vie Je

Therefore, the per-unit value of the required inductance to limit the amplitude of the (m, 2)h
grid current harmonic to /, G.(m,-20% At no load is:

V n
Jz(”\/i%,-z ; ’1)
L., = 10052 L , (4-54)
G,n,l

7Z'q1,-2 (m/- — 2) IG,(mf-z),O,% V’
dc

where, L., = L. +L; , LF,t,pu =L, /Lb , L= Vb,G/a)b,GIb,G :VG,n,l/a)GIG,n,l .

Variations of the modulation depth at nominal load condition should be taken into account in
order to calculate the value of the current harmonic 7 (2o A rated load. Using the filter
. N mff* ,1,70
inductance voltage drop (4-47), the fundamental component of the converter phase voltage for

the rated grid current and unity power factor is

2 2 27 2 [ 2
VGC,l = \/VG,n,i +[G,n,1 W LF,t = VG,n,l 1+LF,t,pu . (4-55)

Therefore, the modulation depth at nominal load for the designed filter inductance with a
carrier peak-to-peak amplitude of V., is

242V
M o= ——% Nyr. 2. (4-56)

n F.,t,pu
Vdc

Applying M, and the amplitude of the (my -2)™ converter voltage harmonic in (4-53), the
amplitude of the grid current harmonic of (mf-2)th order at nominal load is
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T
" Jz(%,.zEMn)
Ig nony n, o4 = 10052 T (4-57)
7q, ,(m,-2) L =

F.t,pu V
de

As mentioned above, if ] Go(my~2)m.% in (4-57) exceeds the IEEE-519 limitation, the chosen
initial value for no load grid current harmonic 7, G 2).0.% in (4-54) should be reduced and the
filter inductance should be designed in an iterative manner applying equations (4-54) - (4-57).

Converter current ripple and dc-link voltage reserve

For a designed L-filter, the maximum amplitude of the inductor current ripple can be
approximated by the following equation, neglecting the inductor resistance and assuming a
closed loop control [43]

7 VG,n,l

Iri emax, pu ~ A = . (4-58)
pricm 2\/6 fCLF,t
Furthermore, the dc-link voltage reserve for the control system can be defined as
Vdc - Vdc min
Vdc, reserve, % = 100 ——— . (4_59)

dc

Viemin 18 the minimum required dc-link voltage for the designed filter inductance (M = 1 at
nominal load). According to the filter voltage drop (4-47) and the fundamental component of
the converter phase voltage in (4-55), the minimum required dc-link voltage for a total filter
inductance of Ly ; = LgtLr is

Viewn = Vowan] MU+ Le, 7). (4-60)

Parameter m is 8§ for ARS-PWM and 6 for ARS-ZSS-PWM. Consequently, the dc-link
voltage reserve (in percent) of the rated dc-link voltage for a designed filter inductance is

V

dc,reserve, %

VG,n,l 2
=100(1 - 22 m(1+ Ly ) ). (4-61)

de,n

Flowchart of the proposed L-filter design procedure

A flowchart of the proposed L-filter design procedure is shown in Fig. 4-32. The design can
be started with useful initial values of the dc-link voltage and the modulation index
(e.g. Vae =700V, my=81). The dc-link voltage or the switching frequency can be increased to
achieve an increased upper limit of the inductance if the calculated inductance is larger than
the upper limit according to (4-50). In the flowchart of Fig. 4-32, the dc-link voltage is
increased in the first step to get a higher upper limit filter inductance. In the second step, the
carrier frequency fc and subsequently the frequency index should be increased if the limits of
the IEEE-519 can not be achieved for the given maximum dc-link voltage. The maximum
possible dc-link voltage V. ma i1s determined by the blocking characteristics of the applied
power semiconductors, gate units, cooling conditions, and the stray inductance of the
converter configuration [14]. The upper limit of the filter inductance is Lyyax = 4.2 mH
according to (4-50), assuming the grid parameters presented in Table 4.2, and applying ARS-
PWM. The grid current harmonic of (my -2)™ order is limited to about 1% of the rated grid
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Fig. 4-32 A flowchart of the proposed L-filter design procedure to limit the amplitude of grid

harmonic current to a desired value

current amplitude in this case. Using a proper gate resistance and a suitable mechanical design
to reduce the turn-off over voltage, the dc-link voltage can be increased to 800 V considering

the applied IGBT modules.

The upper limit of the filter inductance is calculated to L. = 7.5 mH for V. = 800 V. If the
new upper limit is used, the grid current harmonic of (m, -2)th order is limited to about 0.7 %
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of the rated grid current amplitude, which is again above the IEEE-519 limitation of 0.2%.
Thus, the carrier frequency has to be increased to reach the IEEE-519 compliance.

Finally, an inductance value of Ly = 6.3 mH was calculated during the iterative design
procedure according to the flowchart of Fig. 4-32 for fc = 15 kHz (m,= 300) and V. = 800 V.
The dc-link voltage reserve is about 5 % in this case according to (4-61). The required
switching frequency and filter inductance in order to fulfill the IEEE-519 conditions
(iG,(m/—Z),n,% =0.2) for different dc-link voltages are presented in Table 4.8. The dc-link
voltage reserve Ve reserve,2 18 considered to be about 5 %.

Table 4.8
Required switching frequency and corresponding L-filter inductance to fulfill the conditions of

IEEE-519 ([, Gumy D% = 0.2 ) for different dc-link voltages, Ve reservess = 5

Ve (V) fc(kHz) my Lr(mH) Lr(pu)
700 335 670 2.4 0.227
750 18.5 370 4.7 0.450
800 15 300 6.3 0.599

4.5.2 LCL-filter design procedure

As shown in the previous section, the L-filter is only a useful solution at very high switching
frequencies. An LCL-filter enables a distinctly cheaper and smaller filter solution at low
switching frequencies (e.g. fc = 2 kHz — 8 kHz), which are usually applied in industrial low-
voltage drives [85], [107].

An iterative design procedure of an LCL-filter is proposed in this section. The main goal is to
limit the most significant grid current harmonic at nominal load to the values defined in
IEEE-519. A single-phase representation of the PWM active front end converter with LCL-
filter is given in Fig. 4-33.

6)1 Vo Cr = l Ve, Voc l@m@

Fig. 4-33 A single-phase representation of PWM active front end with LCL-filter

Filter split factor » and filter resonance frequency f.s as the LCL-filter parameters are given

r=—%t r Lo+ L., (4-62)

F.G,t

1 LF,GC + LF,G, t

f;‘es = - ;5 4 -
27 LF,GCLF,G,tCF

(4-63)



PWM ACTIVE FRONT END CONVERTERS 135

The filter resonance frequency (4-63) is considered to be in a range between ten times of the
grid frequency and one-half of the carrier frequency in order to avoid a filter excitation by the
converter voltage harmonics [107].

In the proposed LCL-filter design procedure, the converter side filter inductance Lpgc 1S
determined at no load condition M = M, in the first step. The required inputs of the design
procedure are the filter parameters ( and f.), the IEEE-519 defined (my -2)th grid current
harmonic amplitude I, Gy -2).desived, % and the basic parameters of the PWM active front end
converter (e.g. Table 4.2). The other passive filter components Ly and Cr are calculated
then based on Lrgc and the filter parameters defined in (4-62) and (4-63). The thevenin
equivalent circuit of the converter side LC-grid is used in the next step to model the LCL-
filter as an L-filter. The (mf-2)th grid current harmonic amplitude I Gy -2)n% for the rated grid
current is determined by applying this model and the calculated passive filter components in
order to verify the filter effectiveness at nominal load. Finally, the required passive filter
componentsAfor nominalA load condi‘Eions are calculated in an iterative manner applying the
deviation A]G,(mf—Z),O,% = IG,(m, 2% IG,(m_/-—Z),desired, %

Design of the converter side filter inductance

The converter side filter inductance Lg ¢ is determined on the basis of (4-54) to limit the
(my-2)™ converter current harmonic at no load condition as described for the design of the
L-filter. The filter capacitors are assumed to have zero impedance at the switching frequency.
The amplitude of the (my -2)™ converter side current harmonic is required to determine L ¢,
which is calculated applying the IEEE-519 defined grid current harmonic amplitude and the
filter attenuation factor ig(s) /igc(s).

According to Fig. 4-33, the grid current harmonics are related to the converter current
harmonics by:

Ig (s) _ 1
ige(s)  1+8°L.,Cp (4-64)
LF,G,t = LG+LF,G’S¢ij

Substituting the filter inductance values and the resonance frequency for the filter capacitance,
the attenuation factor (4-64) becomes

A

2
G, (m;-2) _| k, |
v Jor-r 69
GC, (m;-2) F
for the (mf—2)th current harmonic, with
k., = L (4-66)
(mf - 2)fG

Applying (4-65), the converter side filter inductance is derived for the given filter parameters
r and f;.; on the basis of (4-54) as:

k.’

L ———, 4-67
k-7 -1 (4-67)

F,GC, pu = al

where
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V n
Jz(”‘/z%, 2 = ’1) I v
al = 100\/5 dc , LF 6C. pu — F,GC , Lb — G,n,l
N1 @ o L, wG]G,n,l
74y, (mf -2) Gy -20.% "
dc

A

16,200 15 the amplitude of the grid harmonic current of (ms-2)" order at no load conditions
in percent of the rated grid current amplitude.

Design of the grid side filter inductance and the filter capacitance
Applying the determined converter side filter inductance in (4-67) and the filter split factor
(4-62), the grid side filter inductance is:

k 2
LF,GJ,P” = alr kFZ fl”-l >™F,G, pu = LF,G,t,pu _LG,pu . (4-68)
Using (4-63), the filter capacitance is
PP rQ-k)+(1-k.) 1
CF,pu_ 2 = 4 = ’a2 = 2 (4_69)
rk, (m,-2)"q,

for a chosen filter resonance frequency and split factor with

C I,
Cropy =—t—, Cpp=—22

F,pu s .
CF,b a)GVG,n,l

Effectiveness verification of the designed LCL-filter at rated load

The modulation depth at nominal load condition M, can be specified by using the calculated
passive component values Lzgc, Lrg, and Cr. M, is used to verify the amplitude of the
(mf—2)th grid current harmonic while the PWM active front end converter operates at nominal
load and unity power factor. In order to calculate A, the single-phase representation of the
LCL-filter in Fig. 4-33 is simplified to the single-phase representation shown in Fig. 4-34,

LF, GC Lth

e YYY L __(YYY

Cr = o | @W — > W ] @m@
fG L Lyg L,
— Y YY LYY Y . YYY

ol 1LY

Fig. 4-34 A single-phase representation of PWM active front end converter with LCL-filter
applying the thevenin equivalent circuit for the converter side LC-grid
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applying the thevenin equivalent circuit of the converter side LC-grid. The parameters and
variables presented in Fig. 4-34 for an angular frequency w are:

L _ LF,GC - ‘_;GC
th — X > Vth — X
LC LC (4-70)
(4]
Xie = 1 -LF,GCCFCUZ =1 'LF, GC,puCF,pu (a)_)z
G

Using the fundamental component of the filter voltage drop in Fig. 4-34, the modulation depth
for an ARS-PWM at rated load can be calculated in the same manner as presented in (4-56)
for the L-filter design

Vo
Mn: 2\/5%\/ XLC,fGZ + (LF, G, l,puXLC,fG + LF, GC, pu )2 ’ (4-71)

XL 1 - LF,GC,puC

C.fg = F,pu*

When substituting the nominal modulation depth in equation (4-52), the amplitude of the most
significant converter voltage harmonic can be determined. By using the converter voltage
harmonic and the LCL-filter total inductance Ly g, +L;, in Fig. 4-34, the amplitude of the most
significant grid current harmonic at rated load 7 Ga(my-2yns 18°

T
A lOO\/EVdcn Jz(zqh .M,)
Gomp2,m, % : X ,
7 T ql, 2 (mf _2)VG,n,l (XLC, (mf—2)fGLF, G.t,pu +LF,GC,pu) (4'72)
XLC,(mf -2) fg =1- (mf - 2)2 LF,GC,pu CF,pu .

The dc-link voltage reserve and the converter current ripple

Applying the definition of the dc-link voltage reserve in (4-59) and the LCL-filter voltage
drop in Fig. 4-34, the dc-link voltage reserve for the PWM active front end converter at unity
power factor is calculated as before for the L-filter design

VG,n,l

Vi

c

,reserve,%zloo(l - \/ ’/n()(LC,fG2 + (LF,G,t,puXLC,/C +LF,GC, pu )2)) . (4_73)

dc
Parameter m is 8 for ARS-PWM and 6 for ARS-ZSS-PWM.
If the influence of the filter capacitance on the converter side current ripple is neglected, the
following equation can be used to approximate the maximum converter current ripple [43]:
. V,

]ri Je,max — . (4_74)
. 2\/6 f;wLF,GC

Flowchart of the LCL-filter design procedure with a constant dc-link voltage

The grid current harmonics at rated load condition in (4-72) should not exceed the I[EEE-519
limits. The chosen amplitude of the grid current harmonic ]G,(m, 20 should be reduced in
(4-67), and the passive filter components should be designed in an iterative manner applying
equations (4-67) - (4-73) if the grid current harmonic in (4-72) is higher than the limits. A
flowchart of the proposed LCL-filter design procedure is presented in Fig. 4-35. The design
procedure can be started with the initial values of the dc-link voltage V4., modulation index my,
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r ﬁes VG, 1 Vdc my

) b b

Selection of a desired grid harmonic current of

th 7
(mf\'z) OI'der, IG,(m/ —2),desired ,%

]G,(m/-—Z),O,% < ]G,(m/-—Z),desired,%’ AIG,(mf—Z),O,% =

v

~ ~ ~

]G,(m_,»—Z),O,% = L6,m;-2),0.% + A[G,(mf—z),o,%

v

1. Converter side inductance design, Lr,Gc, pu, Eq. (4-67)
2. Grid side inductance design, Lr.g, pu, Eq. (4-68)
3. Filter capacitance design, Cr, ., Eq. (4-69)

0

\ 4

~

Al

G.(m;~2),0.%

No Filter design is

Vdc,reserve , % >0 . .
impossible.

Calculation of / Gom,-2)m % using Eq. (4-72)

v

A A A

A[G,(m_f -2),0,% = G,(m,=2),n,% - ]G,(m/ —2),desired ,%

End

A 4

Fig. 4-35 A flowchart of the proposed LCL-filter design procedure to limit the amplitude of the
grid current harmonics to a desired value with constant dc-link voltage and carrier frequency

chosen filter parameters 7, f,.;, and the desired amplitude of the (mf—2)th grid current harmonic
LG n, -2)desivea 2 - 10 the first iteration, /g, )., 18 considered to be equal to /5, ) sesired.ss -

Applying equations (4-67) - (4-69), the LCL-filter reactive component values Lrgc, Lr and
Cr are determined at no load condition. The rated load modulation depth M, is calculated by
using (4-71) to determine the dc-link voltage reserve and the (my 2)" grid current harmonic

LG (n,—2,n0 at nominal load. Obviously, the dc-link voltage reserve must be positive and
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correspond to the required converter dynamic. Furthermore, IAG,(m/_z)’nﬂ% should be in the
vicinity of 15, ) sesieas, With an acceptable tolerances . The difference between I, ),
and 7, ) qesirea v, 15 applied to change the initial value of 1, _,),,, and to design the filter
components in an iterative procedure as shown in Fig. 4-35.

The grid current harmonics will be limited to the required values (e.g. IEEE-519) for every
combination of the filter parameters » and f., while considering the limitation of the
resonance frequency and the dc-link voltage reserve, if the filter components are designed
according to the procedure presented in Fig. 4-35. Fig. 4-36 shows the LCL-Filter

0.205
2 1

ripple,max

(pu)o_5

A

IG,(m/ -2),n,%

0.2

Fig. 4-36 Filter components for various values of » and f,, to fulfil the IEEE-519 condition:
Vo1 =400V, Ve =700 V, my= 81; (a) converter side inductance; (b) total grid side inductance;
(c) filter total inductance; (d) filter capacitance; () amplitude of the grid harmonic current; (f) the
converter current ripple
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components for different values of r and f,.;. The filter design is achieved by applying the
iterative procedure to obtain a grid harmonic current IAG,(M/_ZM’% of e.g. 0.2% according to
IEEE-519. The error tolerance ¢ in Fig. 4-36 is considered to be 0.001% of the fundamental
component of the grid current. The parameters of the grid and the converter are taken from
Table 4.2.

It is demonstrated in Fig. 4-36 that for high resonance frequencies the value of the filter total
inductance Lr; = Lrg:t Lrgc increases. Moreover, the total inductance remains almost
constant for every resonance frequency while » changes. By contrast, the filter capacitor
increases if the resonance frequency is decreased. Furthermore, the grid current harmonic with
(my -2)th order at nominal load condition is presented in Fig. 4-36(e), which remains almost
constant for filters with different component values. The maximum converter current ripple
(4-74) 1s presented in Fig. 4-36(f). The converter side filter inductance increases for high
resonance frequencies; consequently, the maximum amplitude of the converter current ripple
decreases. As mentioned above, the total inductance Lp, remains almost constant while r
changes. Therefore, the converter side inductance decreases while the converter current ripple
increases for rising values of r.

Optimized LCL-filter with minimum stored energy

There are several LCL-filter optimization criteria like minimum volume, weight, and
minimum filter stored energy. In order to select a useful LCL-filter design, the stored energy,
as a measure for the size and expense of the passive components, is considered in this thesis.
Thus, the filter parameters  and f,.; are derived corresponding to the minimum filter energy.
The total filter energy can be approximated by:

W, = 3/2 (]G,/1,12(LF,GC + LF,G,z) + CfVG,n,12) . (4-75)

The stored energy in the total filter inductance Ly, and the filter capacitance Cr, as well as the
total stored energy (4-75) corresponding to the filter reactive component values in Fig. 4-36
are depicted in Fig. 4-37. The amplitude of the grid current harmonic / G.(m, -2)desivea 26 15 1imited
to 0.2% with a tolerance of 0.001%. Obviously, the total stored filter energy reaches a
minimum for a specific filter resonance frequency. By contrast, ratio » = Lrg / Lr.gc only
slightly influences the stored energy of the filter. The filter parameters as well as the filter
component values corresponding to the minimum energy are presented in Table 4.9 for grids
with different rated currents, different dc-link voltages, and industrial line-to-line voltages of
400 V and 690 V. As shown in Table 4.9, the per-unit values for the reactive filter
components and the filter parameters (r, kr) corresponding to the minimum stored energy
remains constant for grids with different rated currents. Furthermore, the parameters and the
component values do not change for the 690 V grid if the dc-link voltage increases
proportionally to the line voltage (V4 = 1212 V). The design results are independent of the
rated grid voltage and the dc-link voltage according to (4-67) - (4-69) if the ratio of Vg ;/V. 1s
considered to be constant. An increased dc-link voltage to 800 V leads to smaller filter
components because of a lower modulation depth at nominal load condition. The amplitude of
the (my 2)™ converter voltage harmonic decreases according to (4-52) if the index of
modulation M, is reduced. Obviously, a smaller inductance is required for a reduced converter
voltage harmonic and constant desired grid current harmonics. The converter current ripple
for the PWM active front end converter with 800 V dc-link voltage increases and the
resonance frequency causing the minimum filter energy varies from 1.016 kHz to 1.046 kHz.
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The converter side inductance and the grid side inductance are almost equal for all converter
data of Table 4.9.

Fig. 4-37 Stored energy of the reactive components of the LCL-filters presented in Fig. 4-36:
Vour =400V, Ig; =70 A, Vg =700 V, my= 81, (a) energy of the total inductance; (b) energy of
the filter capacitance; (c) the filter total energy

Influences of the ARS-ZSS-PWM on the effectiveness of the LCL-filter

The ARS-ZSS-PWM is usually applied in industry applications due to the reduced dc-link
voltage (15%) compared to the ARS-PWM for the same maximum output voltage. The filter
components depicted in Table 4.9 are used for a PWM active front end converter with LCL-
filter and ZSS-ARS-PWM, and the simulation results for the (my -2)™ order grid current
harmonic are shown in Table 4.10. The dc-link voltage is reduced to achieve a dc-link voltage
reserve like that of the ARS-PWM. The amplitude of the (m,-2)" grid current harmonic is
given in Table 4.10 which is reduced to 0.15%. However, a certain reserve is useful in the
simulative design of LCL-filters because of parasitic effects and the component variation in a
real configuration (see Section 4.6.2).

Flowchart of the LCL-filter design procedure with a constant control reserve

The dc-link voltage is considered to be constant for filters with different component values in
the LCL-filter design procedure of Fig. 4-35, which induces different control reserves. The
total filter inductance increases, as shown in Fig. 4-36, for filters with increasing resonance
frequencies; consequently, the control reserve decreases, leading to a decreasing dynamic
performance.
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Table 4.9
LCL-filter parameters and reactive component values corresponding to the minimum filter energy for different rated grid currents, dc-link voltage,
and line voltage (Modulation: ARS-PWM, 15, (., 2 desirea.ss = 0.2)

Ve Vll, Gl I, G, 1 LF GC j ripple,max r Cr kF ﬁes Vdc,oreserve j Gy(mp-2,n
MM @A mH) o (W) (LF) (pu) (Hz) (%) (%)
700 400 7 7.109  0.068 23.29 0.989 6.942 0.072 0.257 1016 7 0.2
700 400 70 0.711 0.068 23.29 0.989 69.418 0.072 0.257 1016 7 0.2
700 400 700  0.071 0.068 23.29 0.989 694.18 0.072 0.257 1016 7 0.2
1212 690 70 1.231 0.068 23.29 0.989 40.079 0.072 0.257 1016 7 0.2
800 400 70 0.7 0.066 24 0.989 67.489 0.070 0.257 1046 18.5 0.2
Table 4.10

LCL-filter parameters and reactive component values corresponding to the minimum filter energy for different rated grid currents, de-link voltage,
and line voltage (Modulation: ARS-ZSS-PWM, 1;, . 3 sesireare =0-2)

Ve Vll, G 1 I G, LF GC j ripple,max r Cr k ﬁex Vdc, reserve j G(mp-2)n
M M A @mH) e (%) WF)  (pu) ' Hy) O ()
609 400 7 7.109  0.068 23.29 0.989 6.942 0.072 0.257 1016 7 0.15
609 400 70 0.711 0.068 23.29 0.989 69.418 0.072 0.257 1016 7 0.15
609 400 700  0.071 0.068 23.29 0.989 694.18 0.072 0.257 1016 7 0.15
1054 690 70 1.231 0.068 23.29 0.989 40.079 0.072 0.257 1016 7 0.15
696 400 70 0.7 0.066 24 0.989 67.489 0.070 0.257 1046 18.5 0.15
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Considering the control reserve (4-73), the dc-link voltage can be changed in order to achieve
a defined dc-link voltage reserve, as shown in the flowchart of Fig. 4-38. As mentioned in
reference to the L-filter design, it should be noted that the maximum value of the dc-link

voltage is limited by the blocking characteristics of the semiconductors and the converter
design.

r ﬁes VG, 1 my Vd ¢

| b b

Selection of a desired grid harmonic current of

th 7
(mf'z) Order7 IG,(m‘/fZ),desired,%

~ ~

]G,(m/-—Z),O,% < ]G,(m/-—Z),deSired,%’ AIG,(m_f -2),0,% = 0

v

~ ~ ~

]G,(m_,»—Z),O,% = L6,m;-2),0.% + AIG,(mf—z),o,%

y

1. Converter side inductance design, L Gc, pu, Eq. (4-67)
2. Grid side inductance design, Lr.g, pu, Eq. (4-68)
3. Filter capacitance design, Cr, ., Eq. (4-69)

\ 4

~

Al

G,(m;=2),0,% Vic,reserve % = k Vae=Vaet AVac

No
Calculation of / G.(m,-2ym USINg Eq. (4-72) v
¢ Filter design is
impossible.
Al =1

G.(my -2),0,% G.(my -2),n,% - IG,(mf —2),desired ,%

No

End

A\ 4

<¢g

‘A[G,(mf—z),o,%

Fig. 4-38 A flowchart of the proposed LCL-filter design procedure to limit the amplitude of the
grid current harmonics to a desired value for a defined control reserve of k£ %
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4.6 Control of PWM active front end converters with LCL-filter

The voltage-oriented control strategy is also applied to control the PWM active front end
converter with LCL-filter. Similar to the control of the PWM active front end converter with
L-filter, all voltages and currents are projected into a rotating reference frame synchronous to
the voltage vector of PCC v,... Using the single phase representation of the PWM active
front end converter with LCL-filter shown in Fig. 4-39(a) and ignoring the resistance of the
inductors, the transfer function of the converter and grid currents in the rotating reference
frame synchronous to v,.. are as follows:

"7[’('(,‘ _ 1 Ky 2 +

1
i _1
_ "GCdq __ L 6Cr
G oo(s)=—"= — T (4-76)
> Vv PCC L S s+ F.G TEF GC
GC.dg F.GC Lr 6Lp 6cCr
iy -1 s
dg r.GCr _
Gi’G(S) ‘7‘_’PCC a L s SZ + Lpg+Llrge * (4 77)
GC.dq F,GC Lr 6Lr 6cCr

Obviously, the current control plant of the PWM active front end converter with LCL-filter
comprises the dynamics of the LCL-filter; consequently, the characteristic polynomial of the
current control plant has two more poles than the current control plant of the PWM active
front end converter with L-filter in Fig. 4-11.

Passive damping of the LCL-filter resonance

Equations (4-76) and (4-77) demonstrate that the current transfer functions have two
imaginary poles at LCL-filter resonance frequency. Selecting the resonance frequency in a
range between ten times of the grid frequency and one-half of the carrier frequency will
prevent filter excitation by the converter voltage harmonics. However, converter output
voltage in transients could excite the filter.

Using a resistance series to the filter capacitor as shown in Fig. 4-39(b) is a simple solution to
damp the LCL-filter oscillations [107]. Transfer functions of the converter and grid currents
for a PWM active front end converter with passively damped LCL-filter are derived as
follows:

- 2 R
jVpcc 4 1
G (S) _locag -1 s+ Lpg s+ Lp 6Cr (4_78)
i,GC T =V 2 Lr g+Lp e Leg+Llrge
v Ly oS s™+ R, o1 g4 SO
GC.dq F,GC d LpcLp e Le 6Lp 6cCr
= R
1Vpcc d 1
i -1 S
_ Gdq Lrg Lr Cr
Gi’G (S) T Sicc 2 LptLlr e Lro+lrge ” (4-79)
v Lp oS s°+ R, —Foroc g Lot
GC.dg F.Gc d LpgLp ge Ly 6Lp 6cCr

The transfer functions in (4-78) and (4-79) have real stable poles if the damping resistance is

PCC ;G LF’G ;GC LF’GC PCC ZG LF’G ?Gc LF’GC

Vpce Cr. l ‘_}CF Voe L@m’qmw) Vice ZF /g l vCF Voc l@""ﬂmﬂ“

(a) (b) d 1,

@ [ 4

Fig. 4-39 (a) A single-phase representation of LCL-filter; (b) LCL-filter with passive damping
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designed as:

2L, L
Rd > F,GF,GC ) (4-80)
VG (L g+ L ge)
The application of a passive damping is a simple and robust solution to damp the resonance of

the LCL-filter. However, the damping resistor will cause further power loss and reduce the
effectiveness of the LCL-filter to damp the grid current harmonics.

Active damping of the LCL-filter resonance

In order to overcome the drawbacks of the passive damping, an active damping scheme of the
current control loop can be applied. In recent publications, the active damping function has
been achieved based on the feedback of filter state variables [85], [92], [95], [105], [131] or
sensorless methods [106], [113]. In this thesis, the filter capacitor voltages are applied to
control the grid side converter currents and avoid the LCL-filter resonance. The main
advantage of such a control is the robustness of the current controller against the grid
inductance variation [85]. A description of the principles of the applied current control based
on the voltage feedback of the filter capacitor is presented below.

Considering the single-phase representation of the active rectifier with LCL-filter in
Fig. 4-39(a), the current of the converter side inductor can be described as:

L 4

i
r.6c 7, lac
dt

— —

+ RF,GC?GC =Ve, " Voc - (4-81)

Equation (4-81) is projected into the rotating frame synchronous to the PCC voltage vector.
The corresponding d-q components are:

vPCC J— - .VPCC .‘713(_'(‘, - ‘713(_'(‘, - .vPCC
Voca =L ge i Igea  Re geloc Ver.d LF,GCa)GlGC,q’
(4-82)
Vpce _ i Vpce Vpce _ 4,VpcC Vpce
Vecy = Ly ¢ i locg T RF,Gchc,q Veoq T Ly 6e®glgey-

Equation (4-82) is similar to the current dynamics of the PWM active front end converter with
L-filter presented in (4-18). Both equations are presented in the rotating reference frame
synchronous to the PCC voltage vectorv,... The current model of the PWM active front end
converter with L-filter contains the components of the PCC voltage vector while the direct
and quadrature components of the filter capacitor voltages appear in the current model of the
PWM active front end converter with LCL-filter. The following decoupling terms should be
added to the output of the current controllers in the current control loop of the PWM active
front end converter with LCL-filter to compensate for the influence of the filter capacitor
voltage and the cross-coupling of direct and quadrature currents:

— ‘7PCC 'EPCC
Av, = Veoa T LF,GCwGZGC,q9
(4-83)

_ ,vpcC _ Vpce
Av, =ve<, - Ly 6c0g16¢ G-

Using the decoupling terms in (4-83), the current model is reduced to a first-order system
which comprises only the parameters of the converter side filter inductor (Lrgc, Rrgo).
Consequently, the control structure of the PWM active front end converter with LCL-filter
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Delay of processing

Pl and PWM yhree
controller dis.dg Load
g o
,dq GC,dq
+ KP,CC(1+S7-;,CC) N 1 - N -1 N
A sT,... 1+1.5sT,  +0.55°T, . ° Ry e + Ly 6o
Plant

Fig. 4-40 Current control loop of PWM active front end with LCL-filter

becomes similar to the control structure of the PWM active front end converter with L-filter.
A current control loop with the corresponding processing and PWM delays is shown in
Fig. 4-40. The PI parameters of the current control loop according to the technical optimum
(Table 3.4) are:

L L
L=, K, = — L g >2, (4-84)
RF.GC l'saccT;,cc

where, T} .. denotes the sampling time of the current control loop.

Due to the delay of the current control loop (shown as processing and PWM delay in
Fig. 4-40), a completely decoupled system is not achievable. The total delay G, of the current
control loop containing the PWM delay and the processing delay is presented by

1
G,, = : 4-85
M 1+1.5sT,, +0.55°T, 2 (4-83)

s,cc

The following compensator should be applied to achieve an ideal decoupled system:

G = 1+1.5sT, +0.55°T (4-86)

compensator s,cc *

Applying this compensator leads to the amplification of noise and harmonics around the
switching frequency. In order to avoid the noise amplification problem, a Lead-Lag
compensator with limited amplification of high frequencies is applied:

1+T,,s

G,(s)= k ,oa, < 1. (4-87)

i
1+ aHTd,HS

A part of the delay can be compensated using the Lead-Lag compensator [85], [105]. In order
to design the parameters of the Lead-Lag compensator, the total delay of the current control
loop is approximated by

1

G, ~ — | 4-88
S 141.55T (4-88)

s,cc

Considering (4-88), the following Lead-Lag compensator is added to compensate the delay
partially:

GO 1+1.5T s 459)
S)=—""7". -
14150, T s

s,cc
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Fig. 4-41 Bode diagram of the compensators with various parameters: the approximated ideal
compensator 1+1.57;s; Lead-Lag, = (1+1.57;s)/(1+1.504,Ts) with a;; = 4/3n; Lead-Lag, =
(1+1.5Ts)/(1+1.50,T,s) with oy, =2/3n

A compromise must be achieved between compensation and noise amplification to design the
position of the Lead-Lag pole. Fig. 4-41 shows the Bode plots of an ideal compensator
(Geompensator = 11+1.58T ) to compensate the approximated delay in (4-88) as well as the Lead-
Lag compensator with two different values of oy in (4-89). The Lead-Lag pole position is
considered to be at switching and sampling frequencies in an ARS-PWM. a;; should be 4/3n
to assign the pole position in the switching frequency. If ay is equal to 2/3m, then the Lead-
Lag pole position is at the sampling frequency. It can be seen in Fig. 4-41 that the smaller oy,
the greater the compensation but also noise amplification. The next sections will present the
simulation and experimental results of the influence of different compensator designs on the
dynamic behavior of the current control loop.

As mentioned above, the main effect of the filter capacitor voltages feedback in the current
control loop is the active damping of the LCL-filter oscillations. In order to explain the

Pl (’ _____________________ \\ LCL-filter
- controller : Gy (s) | (G,6c))
1 = | Vpee
GC,dg Prce jrecc
GC.d
K (5T 1 Vocar || sTeple [O0H
— ool 1y 272 o Lol
sT . : N 1+1.5sT, ,, +0.55°T : Ly ges s° + TR
| |
| G,(s) G,c, (5) |
| |
| 1+T,s 1 1 ]
| kll T L C 2 Lr g +Lr gc I
| 1+ a, T;]S FGctr ST Lp gLy 6cCr |
: v‘7PCC :
Cpdi
A J

Fig. 4-42 Current control loop with active damping and a Lead-Lag compensator
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performance of the active damping, the converter current control loop with filter capacitor
voltages as feedbacks is shown in Fig. 4-42. The current control loop comprises the current
transfer function in (4-76) as the model of an LCL-filter and a PI current controller with
parameters presented in (4-84). Using the single-phase representation of the LCL-filter in

Fig. 4-39 (a), the relation between the converter output voltage vggfgq and the voltage of the
filter capacitor v”, is expressed as follows:

Vo
yrrec 1 1
_ Cpdq __
G, cp(s) === = — . (4-90)
v L C s+ F.GTEF.GC
GC,dg F,GC™F Ly 6Lr 6cCr

Considering the active damping block shown in Fig. 4-42, the transfer function of the active
damping loop is derived as follows:

Gd,t (S)
1- Gd,; (S)GV,CF ()G (s) .

G(s) = (4-91)

The Bode diagram of the open loop transfer function of the current control loop without
active damping (G,,(s)G, ;- (s)), the Bode diagram of the active damping loop transfer
function (G,,(s)), and the Bode diagram of the open loop current transfer function with
active damping are given in Fig. 4-43. The passive component values of the LCL-filter
correspond to the LCL-filter with minimum stored energy addressed in Table 4.9
(Lrg: = 0.703 mH (0.067 pu), Lr, gc = 0.711 mH (0.068 pu), Cr = 69.418 pF (0.072 pu),

50 . . oLl . ’ o

Magnitude
(dB)

Phase
(deg) -90
-180 : S :
270 : IR P30
102 103 104
frequency (rad/sec)

Fig. 4-43 1: Bode diagram of the current open loop transfer function without active damping
(G,,(5)G, ;¢ (5)); 2: bode diagram of the active damping loop transfer function (G, (s)); 3: bode
diagram of the open loop current transfer function with active damping (k; =1, a; = 1)

fres = 1016 Hz). The active damping loop is considered to not have a Lead-Lag compensator
(ky = 1, ay = 1). Obviously, the active damping loop acts as a notch filter which damps the
peak value of the current open loop transfer function at the resonance frequency below 0 db.

The application of a Lead-Lag compensator in the active damping loop leads to a better
damping at the resonance frequency and increases the bandwidth of the current control loop.
The Bode diagram of the active damping loop transfer function with various Lead-Lag
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Fig. 4-44 (a) Bode diagram of the active damping control loop with various Lead-Lag
compensators; (b) bode diagram of the converter current control loop with different Lead-Lag
compensators in the active damping loop; &y = 1, Tyy=1.5T;c, 1: oy = 1; 2. oy = 4/3w; 3:
an = 2/3w

compensators is shown in Fig. 4-44(a). Moreover, the corresponding Bode diagrams of the
closed loop transfer function of the converter current are presented in Fig. 4-44 (b).
Obviously, the application of a Lead-Lag compensator (waveforms 2 and 3) results in a faster
current control loop (increased bandwidth) and a better damping at the resonance frequency of
the LCL filter (more reduction of the amplitude at the resonance frequency).

Detailed block diagram of the VOC for PWM active front end converter with LCL-filter
A detailed structure of the VOC for the PWM active front end converter with LCL-filter and
active damping is depicted in Fig. 4-45. The line voltages at PCC are measured to determine
the angle of the PCC voltage vector. The angle of the PCC voltage vector is required to
project the converter currents and voltage of the filter capacitor into the rotating reference
frame synchronous to the PCC voltage vector. The structure and parameters of the applied
PLL are as described in Section 4.4.2. The filter capacitor voltages are measured and
projected into the rotating coordinate. The direct and quadrature components of the capacitors
voltages (v, v ) should be added to the output of the current controllers. The Lead-Lag
compensators in (4-89) can be applied to compensate for the effects of the PWM and
processing delays. The parameters of the current controllers are according to (4-84). The dc-
link voltage is measured, and a PI controller with anti-windup is applied in the dc-link voltage
control loop. The parameters of the current controllers are according to (4-37) and (4-38).
Similar to the VOC for the PWM active front end converter with L-filter, the feed-forward dc-
current iq. 5 expressed in (4-40) can be used to achieve a faster load disturbance rejection. The
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Fig. 4-45 Block diagram of voltage-oriented control system for PWM active front end converter
with LCL filter

dc-link voltage V. and the amplitude of the carrier signal are applied for linearization in the
current control loop as described in Section 4.4.3. The peak-to-peak amplitude of the carrier
signal is considered to be constant and equal to the nominal value of the dc-link voltage V. .
Asymmetrical regular sampled sinus-triangle modulation is used as modulator.

4.6.1 Simulative investigations

The entire system comprising grid, LCL-filter, an ideal 2L VSC, and the control system is
simulated in MATLAB/SIMULINK in order to verify the performance of the controllers and
the effectiveness of the designed LCL-filters. The control structure depicted in Fig. 4-45 is
applied in the simulations. The parameters of the grid and the grid side converter were chosen
according to Table 4.2. The structure of the applied PLL is as described in Section 4.4.2. The
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PLL sampling frequency is 8.1 kHz and a damping factor of ap;;, =30 is used for the PI
controller of the PLL.

As described in Table 4.2, the converter switching frequency is 4.05 kHz (my = 81) and a
PWM with asymmetrical regular sampling is used as modulator. The sampling frequencies of
the current and the dc-link voltage control loops are 8.1 kHz (twice the switching frequency).
The damping factors of the current and voltage controllers are assigned to a..= 3 and a,. = 4,
respectively.

In order to investigate the effectiveness and performance of LCL-filters with different
parameters and component values, two sets of filter components were designed, applying the
flowchart in Fig. 4-35. The first design variant is the LCL-filter with minimum energy for
Ig1=70 A, V=400V, and V;. = 700 V, as presented in Table 4.9. The second variant was
determined for a unity split factor » and a resonance frequency f,.; = 1350 Hz larger than the
resonance frequency of the filter with minimum stored energy. The parameters and
components values of the investigated filters are presented below

1) Lrg, = 0.703 mH (0.067 pu), Lrgc = 0.711 mH (0.068 pu), Cr = 69.418 uF (0.072 pu),
r =0.989,and f,.,= 1016 Hz.

2) Lrg:= 1379 mH (0.132 pu), Lrgec = 1.379 mH (0.132 pu), Cr = 20.153 pF (0.021 pu),
r=1,and f,.,,= 1350 Hz.

The amplitude of the (mf-2)th grid current harmonic is considered to be 0.2% of the amplitude
of the fundamental component of the grid current for both filters. The simulation results for
steady-state and transient performance of the PWM active front end converter with both
filters are discussed in the following sections.

Steady-state performance

The simulation results for the amplitude of the main harmonics of the first carrier band in
steady-state are depicted in Table 4.11 for the designed LCL-filters. Obviously, the amplitude
of the most significant current harmonic for both filters is around the desired value of 0.2%
with an acceptable error.

A voltage-oriented controlled active front end converter based on the control of the converter
currents does not operate exactly at unity power factor, which was assumed in the filter design
procedure. The reason for this is the difference between the grid and the converter currents
caused by the filter capacitors. Furthermore, the grid voltage angle, which is required for the
projections, cannot be measured exactly in a discrete control system. Therefore, using a
proper set point of converter quadrature current ié”gf;l , the grid reactive power is adjusted to
zero in the simulation results presented in Table 4.11. Grid and the converter currents as well

Table 4.11
Simulation results for the amplitude of the grid current harmonics

Amplitude of grid current

LCL-Filter parameters and reactive components value )
p p harmonics (%)

Lr g, Lr 6c Cr Fres Harmonic order
(mH) (pu) (mH)  (pw (UF) o H) 77 79 83 85
0.703 0.067 0.711 0.068 69.418 0.072 1016 - 0.202 0.177 -

1.379 0.132 1379 0.132  20.153 0.021 1350 - 0.201 0.174 -
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as the corresponding harmonic spectra are shown in Fig. 4-46. Obviously, the application of a
higher filter resonance frequency leads to a lower amplitude of the converter current
harmonics. However, the filter voltage drop increases because of the higher value of the total
filter inductance. Consequently, the dc-link voltage reserve is reduced. The amplitudes of the
converter current harmonics as well as the control reserve for both filters are presented in
Table 4.12. According to (4-74), the maximum converter current ripple is 24.3% and 13.7%
of the rated grid current for the filter with a resonance frequency of 1016 Hz and 1350 Hz.

10
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Fig. 4-46 Simulation results for the grid and the converter current waveforms and the
corresponding harmonic spectra at steady state: (a) Lrg, = 0.703 mH (0.067 pu), Lr gc = 0.711
mH (0.068 pu), and Cr = 69.418 pF (0.072 pu); (b) Ly, = 1.379 mH (0.132 pu), Lrgc = 1.379
mH (0.132 pu), and Cr=20.153 pF (0.021 pu), [,c=99 A

Table 4.12
Simulation results for the amplitude of the converter current harmonics and the control reserve

Amplitude of

LCL-Filter parameters and reactive components value converter current

harmonics (%)

LF, Gt LF, GC CF ﬁesr Harmonic order Vdc, reserve
(mH) (u (mH)  (pw (uF) (pw (Hz) 79 83 (%)
0.703 0.067  0.711 0.068 69.418 0.072 1016  5.848 5.679 7
1.379  0.132 1.379  0.132  20.153  0.021 1350 3.245 3.121 4

Transient performance
As shown in Fig. 4-45, the converter current is measured and controlled by applying the
capacitor voltages for decoupling and active damping. The transient performance of the
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current control loop is investigated for the designed filters in this section. The parameters of
the current controllers are designed according to (4-84).

The simulation results for a reference step of 1 pu (99 A) on the g-axis are presented in
Fig. 4-47 (a) and (b) for LCL-filters with the resonance frequency of 1030 Hz and 1350 Hz,
respectively. Waveform 1 shows the step response when there is no compensator in the active
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Fig. 4-47 Simulation results for the current controller performance: (a) Lrg, = 0.703 mH
(0.067 pu), Lr gc = 0.711 mH (0.068 pu), and Cr = 69.418 pF (0.072 pu); (b) Lrg, = 1.379 mH
(0.132 pu), Lrge = 1.379 mH (0.132 pu), and Cr = 20.153 pF (0.021 pu), f,c = 99 A, 1: active
damping without compensator, 2: active damping with Lead-Lag compensator and o = 4/3mw, 3:
active damping with Lead-Lag compensator and o = 2/37n

damping loop of Fig. 4-42. Furthermore, waveforms 2 and 3 show the step response of the
current control loop with two different Lead-Lag designs of a = 4/3n and o = 2/3n

respectively.
It is remarkable that the current control loop is stable even without compensation. The

application of the Lead-Lag compensator leads to a faster step response and lower current
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Fig. 4-48 Simulation results for the load disturbance rejection of the PWM active front end with

LCLfilter: (a) Lrg, = 0.703 mH (0.067 pu), Lr, gc = 0.711 mH (0.068 pu), and Cr = 69.418 uF

(0.072 pu); (b) L, = 1.379 mH (0.132 pu), Lrgc = 1.379 mH (0.132 pu), and Cr = 20.153 pF

(0.021 pu), V4en=700 V, I, =99 A
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overshoot especially for the filter with the higher resonance frequency. The resonance
frequency is far from the corner frequency of the current control loop in that case. As shown
in Fig. 4-47, applying the Lead-Lag with stronger compensation leads to a better current step
response but can cause noise amplification in the implementation.

Fig. 4-48 shows the simulation results for the load disturbance rejection of the PWM active
front end converter with the two LCL-filter designs. The nominal dc-link voltage is
Vaen = 700 V. The converter is loaded with a rated load of about 49 kW, and the disturbance
is rejected in about 30 ms. Direct and quadrature components of the converter current are
limited to 1.5 pu in the control system.

4.6.2 Experimental investigations

The effectiveness of the designed LCL-Filters and the dynamic performance of the PWM
active front end converter with LCL-filter are verified by experimental investigations in this
section. The control structure shown in Fig. 4-45 is realized by using an ABB OPCoDe
control platform [133]. A picture of the LCL-filter of the PWM active front end converter test
bench is given in Fig. 4-49. Passive damping (R, in series with Cr in Fig. 4-49) or active
damping can be selected in the test bench to damp the LCL-filter resonance. The parameters
of the grid and the grid side converter are given in Table 4.2. All parameters of the control

Fig. 4-49 A picture of the LCL-filter of the test bench; Lr¢: grid side inductor, Lggc: inductor of
the grid side converter; C: filter capacitor; R;: resistor for passive damping

system are similar to the corresponding values applied in the simulation in the previous
section. The sampling frequencies of the PLL, current control loop, and the dc-link voltage
control loop are 8.1 kHz (twice the switching frequency). A damping factor of ap;; =30 is
used for the PI controller of PLL. The damping factors of the current and voltage control
loops are assigned to a.. = 3 and a,. = 4, respectively. The converter switching frequency is



PWM ACTIVE FRONT END CONVERTERS 155

4.05 kHz (ms= 81), and a PWM with asymmetrical regular sampling is used as modulator.
The parameters and reactive components value of the LCL-filters are considered to be
comparable to the parameters and reactive component values of the simulated LCL-filters.
The following LCL-filters are used in the experimental investigations:

1) L 7 = 0.6 mH (0.057 pu), Lr.gc = 0.6 mH (0.057 pu), Cr= 88 uF (0.091 pu), f,es = 980 Hz,

DL rg = 1.2 mH (0.114pu), L gc = 1.2 mH (0.114 pu), C= 22 uF (0.023 pu),
fres= 1385 Hz.

The filter capacitance tolerances are within + 5%. Furthermore, a tolerance of -10% to -15%
is specified for the filter inductance at the switching frequency of 4 kHz according to achieved
measurements.

Steady-state performance

The measured grid and converter currents and the corresponding spectra for both filters at
rated load and unity power factor conditions are presented in Fig. 4-50. The amplitude of the
fundamental component of the grid current is 100 A. The grid line-to-line voltage and the dc-
link voltage are 400 V and 700 V, respectively. The filter capacitors voltages without Lead-
Lag compensator are used in the VOC and the active damping. As described in Section 4.4.6,
low-order harmonics of the grid voltage leads to a distorted grid current with low-order
harmonics. The influences of the line voltage distortion on the grid current are stronger in the
case of the filter with the lower resonance frequency because of the lower filter total
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Fig. 4-50 Experimental results for the grid and the converter currents and the corresponding
harmonic spectra at steady state: (a) Lrg, = 0.6 mH (0.057 pu), Lr, gc = 0.6 mH (0.057 pu), and
Cr =88 puF (0.091 pu); (b) Lrg,= 1.2 mH (0.114pu), Lrgc = 1.2 mH (0.114 pu), and Cr =22 pF
(0.021 pu), I, =99 A
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inductance. Experimental results for the amplitudes of the major grid current harmonics of the
first carrier band and the corresponding simulation results are presented in Table 4.13. A
current monitor with a sensitivity of 0.1 Volt/Ampere +1/-0% is used to measure the current
harmonics. The fundamental grid current component is filtered by applying a 4" order
Butterworth high-pass filter to enable precise current harmonics measurement.

The main reason for the difference between the simulation and experimental results is the
tolerance of the filter component values at the switching frequency.

Table 4.13
Simulation and experimental results for the amplitude of the grid current harmonics for two
sets of LCL-Filters

Amplitudes of grid current
harmonic (%)

LCL-Filter parameters and reactive components value :
Harmonic order

Simulation Experimental
Results Results
Lr c,. Lr, 6c Cr Fresr
‘ 79 83 79 83

(mH) (pu) (mH) (pu) @@F) (pu) (H2
0.6 0.057 0.6 0.057 88 0.091 980 0.2 0.175 0.25 0.205
1.2 0.114 1.2 0.114 22 0.023 1385 0.235 0.204 0.304 0.254

The PWM active front end converter with LCL-filter and a -10%-deviation of the component
values given in Table 4.13 is simulated to investigate the effects of the component values
variation. The simulation results are summarized in Table 4.14. Obviously, the simulation
results are comparable to the experimental results given in Table 4.13. The drawbacks of the
reactive component values deflection can be counterbalanced by choosing a properly desired
amplitude of the (m; - 2)™ grid current harmonic 7, G.(my-2desived, v OF DY applying filter
components with appropriate values regarding the eventual variations.

Table 4.14
Simulation results for -10%-deviations of the filter component values for the LCL-Filters presented
in Table 4.13

Amplitudes of grid current

LCL-Filter parameters and reactive components value harmonic (%)

Lr . Lk 6 Cr Fresr Harmonic order
(mH) (pu) (mH) (pu) (WF)  (puw) (Hz) 79 83
0.54 0.052 0.54 0.052 83.6 0.086 1059 0.258 0.227
1.08 0.103 1.08 0.103 20.9 0.021 1498 0.314 0.271

Transient performance

The experimental results for the step response of the current control loop of the PWM active
front end converter with LCL-filter are presented in Fig. 4-51 for the above LCL-filters. The
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Fig. 4-51 Experimental results for the current controller performance of the PWM active front end
with LCL/filter: (a) Lrg, = 0.6 mH (0.057 pu), Ly, gc = 0.6 mH (0.057 pu), and Cr = 88 uF
(0.091 pu); (b) L, = 1.2 mH (0.114 pu), Lrgc = 1.2 mH (0.114 pu), and Cr = 22 pF (0.023 pu),
I = 99 A; 1: active damping without compensator, 2: active damping with Lead-Lag
compensator and o = 4/3x, 3: active damping with Lead-Lag compensator and o = 2/3n

performance of the current controller for a step of 99 A on the g-axis for the filters with 980
Hz and 1385 Hz as resonance frequencies is presented in Fig. 4-51(a) and (b), respectively.
The capacitor voltage feedback is considered to be without compensator for waveform 1, with
a Lead-Lag compensator and a = 4/3n for waveform 2, and with a Lead-Lag compensator and
a = 2/3n for waveform 3. The control system is stable without a compensator. The Lead-Lag
compensator leads to a faster step response with lower overshoot especially if the resonance
frequency is far from the corner frequency of the current controller. The current control loop
features a rise time of about 1.5 ms and an overshoot of 20% for both filters if there is no
compensator in the active damping loop.

Fig. 4-52 shows the experimental results for the load disturbance rejection of the PWM active
front end converter with the two LCL-filter designs. The nominal dc-link voltage is
Vaen = 700 V. The converter is loaded with a rated load of about 49 kW, and the disturbance
is rejected in about 30 ms. Direct and quadrature components of the converter current are
limited to 1.5 pu in the control system.

4.6.3 Robustness of the current control loop

Variations in the grid structure and other parallel devices connected to PCC can lead to a
deviation in the grid stray inductance L. Due to the deviation of the grid stray inductance; the
LCL-filter resonance frequency will be changed. As mentioned above, the filter resonance
frequency should be in a range between ten times of the grid frequency and one-half of the
carrier frequency in order to prevent a filter excitation by the converter voltage harmonics.
The control system stability cannot be guaranteed if the grid stray inductance variations move
the filter resonance frequency beyond the mentioned frequency range.

As described in Subchapter 4.6, the parameters of the current controller depend only on the
converter side inductor parameters. Therefore, in the case that the grid inductance variation
does not lead to filter excitation by grid or converter harmonics, the performance of the
current control loop will not be affected considerably by resonance frequency variations.
However, due to the processing and PWM delays and consequently no ideal decoupling
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Fig. 4-52 Experimental results for load disturbance rejection of the PWM active front end with

LCL filter: (a) Lrg,= 0.6 mH (0.057 pu), Lz gc = 0.6 mH (0.057 pu), and Cr = 88 pF (0.091 pu);

®) Leg, =12 mH (0.114 pu), Lrcec= 1.2 mH (0.114 pu), and Cr =22 pF (0.023 pu), Va.,= 700

V, ;=9 A

system, variations of the grid inductance could slightly change the behavior of the current
control loop.

The investigated PWM active front end converter with LCL-filter is applied to simulative and
experimental investigations to examine the influence of the grid inductance variations on the
current control loop performance. The parameters of the grid and the grid side converter are
as presented in Table 4.2. The following LCL-filter is applied in the robustness evaluation of
the control system:

Lrg=12mH (0.114 pu), Lr e = 1.2 mH (0.114 pu), Cr= 22 uF (0.023 pu), fues = 1385 Hz.

The grid side inductance of the LCL-filter is varied in simulation and experimental studies for
+25% (L rg = 1.5 mH (0.143 pu)) and -25% (L ¢ = 0.9 mH (0.086 pu)). These new grid side
inductances lead to new resonance frequencies of f.= 1314 Hz and f.~ 1496 Hz,
respectively. Both new resonance frequencies are in the range of ten times of the grid
frequency and one-half of the carrier frequency (500 Hz < f,.,< 2000 Hz). The simulation and
experimental results for the influence of the grid inductance variations on the step response of
the current control loop are shown in Fig. 4-53 (a) and (b), respectively. Obviously, these
+25%-deviations in the grid side converter do not lead to a significant change in the rise time
and overshoot of the step response of the converter current.

4.7 Summary

PWM active front end converters are increasingly applied due to features such as bidirectional
power flow, unity power factor, low distorted grid currents, and an adjustment of the
converter dc-link voltage. Several control strategies like direct power control and voltage-
oriented control as well as virtual-flux-based sensorless methods are successfully applied to
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Fig. 4-53 Robustness of the current control loop of the PWM active front end converter with
LCL-filter against variation of the grid side inductance: (a) simulation results; (b) experimental
results: Lrgc = 1.2 mH (0.114 pu), and Cr = 22 pF (0.023 pu), 1: Lrg, = 1.2 mH (0.114 pu); 2:
Lk, = 1.5 mH (0.143 pu); 3: L, = 0.9 mH (0.086 pu), I, =99 A

control the grid side active front end converters. Assuming symmetrical sinusoidal grid
voltages and a constant dc-link voltage, the widely spread voltage-oriented controlled PWM
active front end converters generate grid current harmonics in carrier bands of » times the
switching frequency, which are usually sufficiently damped by moderate inductive filters in
industrial grids.

However, the grid voltage at PCC is substantially distorted by the commutation of thyristors if
PWM rectifiers and thyristor converters are operated in parallel. In this case, voltage-oriented
controlled PWM rectifiers are not able to suppress low-order current harmonics (e.g. Sth and
7th) if conventional state-of-the-art PI current controllers are applied.

An iterative procedure to design L- and LCL-filters for active rectifiers has been proposed.
The analytical expression of the converter voltage harmonics based on Bessel functions is
applied to determine the filter parameters which enable a sufficient damping of the grid
current harmonics (e.g. according to IEEE-519-1992).

In the case of the LCL-filter, it is shown that LCL-filters with different parameters (f,.s 7) and
components (Lrgc, Lrg, Cr) can cause identical attenuations of the grid current harmonics.
Thus, various optimization criteria like minimum costs, weight, size, or stored energy of the
passive components can be applied to determine optimal filter parameters. As an example, the
stored energy as measure for the expense of passive components has been used to compare
different filter designs and to derive optimal solution. The optimized filter of a 400V, 49kVA
converter with a switching frequency of about 4 kHz features a split factor of about 1 and a
resonance frequency of about 1 kHz if the dc-link voltage is V. = 700 V. These filter
parameters remain constant for different rated grid currents and line voltages when assuming
a constant voltage reserve.

The voltage oriented control including active damping is applied in the simulations and the
experimental test bench. A simple design method on the basis of the modulation and
processing delays for the required Lead-Lag compensator is proposed. Simulation and
experimental results prove both, the accuracy of the proposed design procedure and an
acceptable performance of the current control loop for different filter parameters. The
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experimental investigations show that a reduction of the inductivity at high frequencies will
reduce the effectiveness of LCL-filters. The drawbacks of the reactive component values
deflection can be counterbalanced by choosing a properly desired amplitude of the (n’If-Z)th

grid current harmonic 7, Gu(my-2desived, v 11 the LCL-filter design procedure.
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Chapter 5
Conclusions

In this thesis, the control of a low voltage ac/dc/ac converter for high-speed induction motor
drive (HSIMD) applications has been investigated. Such a configuration can be applied, for
example, in microturbines and high-speed spindles. Scalar control is usually applied for the
control of high-speed drives (HSDs) especially in the case of very high-speed drives
(e.g. ng, > 200,000 rpm). RFOC and DTC are designed and compared for the control of an
exemplary HSIMD in this work. The 2L VSC is the most widely applied converter for HSDs.
However, the 3L-NPC VSC is an attractive topology if drastically increased switching
frequencies are required. In this thesis, a detailed comparison between 2L VSC and 3L-NPC
VSC as the machine side converter of the exemplary HSIMD is carried out.

VOC is applied for the control of the grid side converter. In several industrial applications
PWM active front end converters commonly operate in parallel to thyristor converter fed dc
drives. The behavior of the voltage-oriented controlled active front end converter with L-filter
in the presence of a parallel thyristor converter is investigated in this thesis.

The design of the LCL-filter components according to the given maximum current harmonics
(e.g. IEEE-519) is a complex task. So far a precise and clear design procedure has not been
presented. A new procedure to design the grid side filter (L- and LCL-filter) is proposed in
this thesis to achieve the compliance with the grid standard of IEEE-519. VOC with active
damping is used to control the active front end converter with LCL-filter. A simple method is
proposed to design the required lead-lag compensator in the active damping loop.

In an opening chapter state-of-the-art low voltage drives are investigated. Different parts of an
industrial low voltage drive are described. State-of-the-art control strategies for the machine
side and the grid side converter are introduced. Industrial applications of low voltage drives
are briefly addressed.

Characteristics and state-of-the-art of HSDs are presented in Chapter 2. Advantages,
disadvantages, power, and speed range of HSDs are addressed. Furthermore, state-of-the-art
technology of HSDs regarding electric machines, converter, and control are summarized.

In Chapter 3 RFOC and DTC are designed and investigated for the control of an exemplary
HSIMD (Vsy,= 400V, Is, =38.25 A, Puecnn = 20 kW, fopr = 500 Hz). Furthermore, design
and comparison of 2L VSC and 3L-NPC VSC for the HSIMD is presented in this chapter.

A comparison among different methods of FOC of IMs is presented in Section 3.4.1. Indirect
RFOC is preferred compared to SFOC and MFOC control due to the features like relative
simple structure and linear torque-slip characteristic at steady-state. A detailed description of
the indirect RFOC and the procedure of the controller design for the HSIMD are given in
Section 3.4.2. RFOC is implemented with SRS-PWM (f; .. =fsw) and ARS-PWM (f; .. =2fsw).
DTC and the design procedure of the control system parameters for the HSIMD are briefly
described in Section 3.5. Subchapter 3.6 presents a comparison between indirect RFOC and
DTC for the exemplary HSIMD. A switching frequency of 11.5 kHz (my= 23) is applied for
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the RFOC. The electromechanical torque with the given frequency ratio is equal to THD7.,, =
20 % for RFOC with both SRS-PWM (f; .. = 11.5 kHz) and ARS-PWM (f; .. = 23 kHz).

The sampling frequency of the torque and flux control loop for DTC is determined to 230 kHz
to realize a comparable torque THD of THDr.,, = 20 %. In this case, the average switching
frequency of DTC is 11.53 kHz.

For the applied sampling frequencies for RFOC (f; .. = 11.5 kHz for SRS-PWM and f; .. = 23
kHz for ARS-PWM) and DTC ( f; prc= 230 kHz), the DTC features the best load disturbance
rejection capability with a disturbance rejection time of 0.5 ms. RFOC with ARS-PWM and
SRS-PWM realize a disturbance rejection time of 1.5 ms and 3.5 ms, respectively.

Spectrum analysis of the electromechanical torque for the DTC shows low order harmonics
while the RFOC causes well defined torque spectrum with harmonics at switching frequency
and times of the switching frequency.

The main advantage of the DTC is the excellent dynamic performance which is not essential
in most of the high-speed drive applications. A significantly higher sampling frequency and
consequently the requirement of an expensive control platform are the disadvantages of DTC
for HSDs. Furthermore, a large LC-filter is required to damp the low order harmonics of the
electromechanical torque.

RFOC features a good dynamic performance for HSIMDs with a lower sampling frequency
compared to DTC. Therefore, simpler control platforms can be applied. Due to the well
defined behaviour of PWM in RFOC, a smaller LC-filter is required to reduce the THD of the
electromechanical torque. Hence, the RFOC is more suitable for the control of HSIMDs.

A detailed comparison between the 2L VSC and the 3L-NPC VSC for the exemplary HSIMD
with RFOC is presented in Subchapter 3.7. The investigations carried out within this thesis
demonstrate that in the same carrier frequency of 11.5 kHz for the HSIM the power losses of
the 3L-NPC VSC is about 50% lower than the power loss of the 2L VSC with a comparable
installed switch power. Torque THD of the HSIMD fed by the 2L VSC is almost twice the
Torque THD of the HSIMD fed by the 3L-NPC VSC. If the switching frequency of the 2L
VSC is increased so that both converters generate comparable torque THD (e.g. THDzen =
10.7 %), the semiconductor power losses of the 2L VSC is about 166% larger than that of the
3L-NPC VSC. In this case, the installed switch power of the 2L VSC is twice the installed
switch power of the 3L-NPC VSC.

In Chapter 4, control of PWM active front end converters and design of the grid side filter are
investigated. A brief comparison among different control strategies of active front end
converters is presented. VOC is selected for the control of the grid side converter due to
advantages like constant switching frequency which leads to a smaller grid side filter to meet
the IEEE-519 limits.

VOC is designed in detail in Subchapter 4.4 and well comparable simulation and
experimental results are presented for the dynamic and steady-state performance.

Assuming symmetrical sinusoidal grid voltages and a constant dc-link voltage, the widely
spread voltage-oriented controlled PWM active front end converters generate grid current
harmonics in carrier bands of » times the switching frequency, which are usually sufficiently
damped by moderate inductive filters in industrial grids. However, the grid voltage at the PCC
is substantially distorted by the commutation of thyristors if the PWM active front end
converters and thyristor converters are operated in parallel. The influence of the grid voltage
distortions on the steady-state performance of VOC is presented in Section 4.4.6. In the case
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of a grid with distorted voltage, VOC is not able to suppress low-order current harmonics (e.g.
5th and 7th) if conventional state-of-the-art PI current controllers are applied. The use of
faster PI current controllers decreases the lower current harmonics (e.g. 5th and 7th) but
increases the higher current harmonics (e.g. >11th). An increase in the filter inductor leads to
a significant damping of all current harmonics between grid and switching frequency.
However, additional costs, size, and weight of an increased inductor as well as the limitation
of the maximum dc-link voltage and the dynamic performance prevent the use of large filter
inductors. Obviously, the application of control schemes like individual harmonic control,
overriding current controller, and multi-resonant current controllers, which are able to
suppress harmonic currents at distorted grids, is the most attractive solution if sinusoidal grid
currents are required in industrial applications where thyristor converters operate in parallel to
self-commutated PWM active front end converters.

A new design procedure of the grid side filters (L- and LCL-filter) to meet the IEEE-519
limits is presented in Subchapter 4.5. An analytical method based on the most significant
voltage harmonic of the converter output voltage is used to design the L-filter. The simulation
results show that a high switching frequency is required to meet the IEEE-519 conditions
when using an L-filter. As an example, for a PWM active front end converter with a grid rms
line-to-line voltage of G,; = 400 V and a dc-link voltage of V;=700 V, a switching frequency
of f,,=24.3 kHz is required to limit the grid current harmonics to 0.2% of the rated current
when using an L-filter with an inductance of 2.1%.

Therefore, the application of an LCL-filter can be an attractive alternative to damp the grid
current harmonics. The analytical expression of the converter voltage harmonics is also
applied to the development of an iterative design procedure for LCL-filters under
consideration of the IEEE-519 limitations as well as the required control reserve. It is shown
that the LCL-filters with different parameters (inductance split factor and resonance
frequency) and various reactive components values can lead to the same damping of the grid
harmonics.

Thus, various optimization criteria like minimum costs, weight, size, or stored energy of the
passive components can be applied to determine optimal filter parameters. As an example, the
stored energy as measure for the expense of passive components was used to compare
different filter designs and to derive an optimal solution. The optimized filter of a 400V,
50kVA converter with a switching frequency of about 4 kHz features a split factor of about 1
and a resonance frequency of about 1 kHz. These filter parameters remain constant for
different rated grid currents and line voltages when assuming a constant voltage reserve.

In Subchapter 4.6, control of the PWM active front end converter with LCL-filter is
investigated. VOC with active damping is applied as the control strategy. Voltages of the
filter capacitors are used in the active damping. Lead-lag compensators are applied to improve
the transient performance. A simple design method on the basis of the modulation and
processing delays for the required lead-lag compensator is proposed.

The simulation results validate the accuracy of the proposed LCL-filter designed procedure.
Experimental investigations of the active front end converter with LCL-filter are also carried
out. Experimental results for the dynamic performance are well comparable with simulation
results. The experimental investigations show that a reduction of the inductivity at high
frequencies will reduce the effectiveness of LCL-filters.
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