Z) n\
” D \é
3 g
X 3
ey 82
% o s
iy Inverter “, i 4
ra —
£
4 \
u R L oo J J -.
‘S«-—«wf‘{][i]"—u.—ﬁ ‘I”w, | ¢ +
Three-Phase U1y i A5
Grid Supply u.,a WWL" £ iu‘_ Ui — | |
— S —— AT — . - [ -
|
) r
~ /]
* s
™ - ~ -
Ve | Wa | W, -7
gk ia in | L £a%h S 1 v,
Valtages Currents Currents Voltages
Irvarte
Mea;:er;nmt MH;:::UBM Driver Bim:ni Mﬂ-i::dm hlai;::ﬂmm
4a b 5o
.
Rl == = e
Time
Cantroler
NI cRIO-3022 e Dightal input/output madule, NI 9401

Design and Implementation of a Three-Phase Boost Battery
Charger with PFC using CompactR10 Control System

Master of Science Thesis in Electric Power Engineering

Daniel Castro Carmona
Javier Fernandez Mandiola

Department of Energy and Environment
Division of Electric Power Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden, 2012



Design and implementation of a Three-Phase
Boost Battery Charger with PFC using
CompactRIO control system

Design, simulation and implementation of a 3-phase boost battery
charger

Daniel Castro Carmona

Javier Fernandez Mandiola



Supervisors
Saeid Haghbin

Tarik Abdulahovic

Examiner

Ola Carlson

Department of Energy and Environment
Division of Electric Power Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY

Goteborg, Sweden, 2012



DESIGN AND IMPLEMENTATION OF A THREE-PHASE BOOST BATTERY CHARGER WITH PFC USING
COMPACTRIO CONTROL SYSTEM

DESIGN, SIMULATION AND IMPLEMENTATION OF A 3-PHASE BOOST BATTERY CHARGER
DANIEL CASTRO CARMONA

JAVIER FERNANDEZ MANDIOLA

© DANIEL CASTRO CARMONA, 2012

© JAVIER FERNANDEZ MANDIOLA, 2012

Department of Energy and Environment
Division of Electric Power Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
SE-412 96 Goteborg

Sweden

Telephone : + 46 (0)31-772 1000

Goteborg, 2012



Abstract

Design and implementation of a Three-Phase Boost Battery Charger with PFC using CompactRIO
control system

Design, simulation and implementation of a 3-phase boost battery charger

Daniel Castro Carmona

Javier Fernandez Mandiola

Department of Energy and Environment
Division of Electric Power Engineering
Chalmers University of Technology

In a plug-in hybrid electric vehicle, the utility grid charges the vehicle battery through a
battery charger. For a three-phase grid supply voltage, three-phase boost rectifiers are commonly
used as chargers. Bi-directional power transfer capability and unit power factor operation become
desirable features due to the increasing power quality requirements on the grid-connected
converters.

The Voltage Oriented Control is one of the methods based on high performance dg-
coordinate controllers which satisfies the increasing power quality requirements. The Voltage
Oriented Control method for a three-phase boost rectifier has been designed, simulated and
implemented. The system simulation is performed using Matlab/Simulink software as well as
Labview. A feedforward decoupled current controller is designed along with a Pulse Width
Modulation scheme to control the battery charging. The controller, consisting of a current controller
and a DC-link voltage controller, is designed using a method called Internal Model Control.

A National Instruments CompactRIO system is used for practical implementation. The system directly
runs a Labview model to execute the control. The Labview files are developed for this purpose. A brief
explanation of the system configuration is provided for the experimental system.

Keywords : battery charger, decoupled controller, Internal Model Control (IMC), Pulse Width
Modulation (PWM), three-phase boost PWM rectifier, Voltage Oriented Control (VOC).
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List of symbols, superscripts, subscripts and abbreviations

ABBREVIATIONS

SIGNAL OR VARIABLE

P

P load
VLL(rms)
Vpc
VLN(rms)
R load
E:n

R

L

w

id

iq

| Ripple

C

VOC
PLL
IGBT
VFOC
PWM
UPF
DPC

Power supplied by the grid

Power consumed by the battery
Line-to-line voltage supply

DC Bus voltage

Line-to-neutral voltage supply

Load resistance

Amplitude of Line-to-Neutral voltage
Resistance of the line for each phase
Inductance of the line for each phase
Frequency

Current direct axis

Current quadrature axis

Ripple current

Capacitance of the inverter

d-axis component of the reference voltage
g-axis component of the reference voltage
Voltage angle

Current controller bandwidth

Voltage controller bandwidth

Voltage controller proportional coefficient
Voltage controller integrator coefficient
Current controller integrator coefficient
Current controller proportional coefficient
PLL integrator coefficient

PLL proportional coefficient

Vdc?

Switching frequency

Temperature in the junction

Voltage Oriented Control

Phase locked loop

Insulated gate bipolar transistor

Virtual Flux Oriented Control

Pulse Width Modulation

Unit Power Factor
Direct Power Control
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Chapter 1. Introduction

Chapter 1. Introduction.

In this introductory chapter, the project background, main objectives and thesis outline are
described.

1.1. Background of the thesis and previous work.

Nowadays, the level of pollution and the fossil fuel availability problem has contributed to a quick
evolution of the hybrid and electric vehicles.

Electric and hybrid vehicles use electric power from the grid to charge their batteries but they usually
do not use the traction system during charging. Since the battery charging and traction power do not
happen at the same time, both inverter and engine can be used as a charger avoiding the need of
building one with a rectifier. The possibility of using a motor as a double set of inductors during the
charge time allows the implementation of an integrated charger to achieve a considerable reduction
of weight, volume and price [1].

According to [2], the proposed charger is an isolated high power integrated charger based in the use
of half of the windings of the engine during the charge. The use of this specific engine with the
charger will be a new project to in a near future.

1.2.  Purpose of the thesis.

The main purpose of this thesis is to design and implement an integrated charger for an electrical or
hybrid vehicle with a power requirement of 15KW and unit power factor operation as well as
achieving the control of the inverter.

Firstly, the design of the different hardware is done. After this, simulations are conducted on
Matlab/Simulink software [3] to check the validity of the design.

Secondly, the control system is developed by programming on LabView and implemented using a
CompactRIO control device.
Finally, the experimental system is implemented in the laboratory and the results are obtained.

1.3. Outline of the thesis.

This thesis is divided into 6 chapters. After this first chapter of introduction, the modeling and the
selected type of control for the rectifier are explained in chapter 2. In chapter 3, the design of the
system as well as the Matlab simulations are included. After that, chapter 4 includes the simulations
of all the control programmed in Labview followed by chapter 5, in which the practical
implementation is included.
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Chapter 1. Introduction

Finally, in chapter 6, all the results and conclusions are shown as well as the future work.

Appendices are added to this report as part of the thesis. Matlab code used in simulations, lab setup
diagrams and datasheets of the lab components are shown in appendices.
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Chapter 2. Modeling and voltage oriented control of the rectifier

Chapter 2. Modeling and voltage
oriented control of the rectifier.

In this chapter, the rectifier topology is discussed. After that, the selected type of control (VOC) is
presented as well as the mathematical model used to carry it out.

2.1. Three phase controlled rectifiers.

The aim of the thesis is to develop a three phase charger with unit power factor operation. To
achieve that, several topologies have been compared and analyzed in Figure 1 in order to choose the
topology which fulfills the requirements better.

Simple solution of the boost converter Using PWM rectifier modules
P
AL
| 3 43
c= “ c= %
LI
e High stress on the components. e Low current rating (20-25% RMS
e Low frequency distortion on the input current).
current. e Low cost potential.
e  Possibility of regeneration.
e Possibility of active filtering.
o DC regulation is more difficult.
Vienna rectifier Universal bridge topology
REEIN:
2 Yy : — [=]
3 Yy =N — g
S| L
* Low switch voltage. e It can provide UPF.
*  High power density. e Bidirectional energy flow.
e Unidirectional power flow. o High switching losses.
* ltcan provide UPF. e High per unit current rating.

Figure 1: Comparison of topologies [4][5].

According to the specifications, the universal bridge topology is chosen and implemented using the
SEMIKRON inverter.
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Chapter 2. Modeling and voltage oriented control of the rectifier

2.2.  Voltage oriented control.

Comparing several control methods, a VOC (Voltage Oriented Control) or VFOC (Virtual Field
Oriented Control) can be implemented because both methods have the same advantages:

Fixed switching frequency, which makes easier to design the input filter.
e Low sampling frequency for good performance.

Advanced PWM is feasible with this control.

A/D converters are cheap.

These control methods have also some disadvantages it is necessary to deal with:

e Decoupling between active and reactive power is required.
e Complex algorithm.

Input power factor is lower than using DPC (Direct Power Control) or VF-DPC (Virtual Flux
Direct Power Control).

The main advantage of the VFOC control against VOC is the better behaviour under non-linear

conditions in the line voltage. In order to simplify the algorithm and due to the requirements of the
system, the VOC control is implemented [3].

The Voltage Oriented Control is based on a series of transformations from a three phase stationary
reference system abc to a synchronous rotating reference system d-q through a two phase stationary
reference system a-8. With these transformations, the control voltages remain constant and become

DC values, making all the control process more simple. A closed-loop current control is used. A
scheme of the Voltage Oriented Control is shown in Figure 2.

en
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00
g 211} 'jVE}TiR - O
S T

9PA

o
7]

Sa
Sc

v v

v v
VOLTAGE CURRENT PWM ADAPTATIVE DC VOLTAGE
MEASUREMENTS MEASUREMENTS MODULATOR MEASUREMENT
I 1 ‘

Va_ref
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Vc_ref

=

DQ transformation

v v A

DQ anti transformation

Phase Locked WTheta 8
Loop
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Figure 2: VOC scheme.
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Chapter 2. Modeling and voltage oriented control of the rectifier

The mathematical model and transformations used for the control are the following:

2.2.1. Space vector definition for voltage and current.

In a three phase system, the voltages and currents are defined by the equations 2.1 and 2.2.

Ua = \/EVLN(rms) - cos wt
2
Ub = V2V y(rms) - cos(wt — ?")

5 (2.1)
Uc = V2V n(rms) - cOS(wt + ?n)
Ia = Im - cos(wt + @)
2m
Ib =Im- cos(wt+ ¢ — 5) 2.2)
Ic = Im- cos(wt + ¢ +?)
These three voltages or currents can be split in only two components a and 6 (real and
imaginary respectively) [6][7][8].
s : 2 2 _}.2_1:
V' =v,+ jug =§k(va+vbe’3 +vee '3) (2.3)

For the control system that is going to be developed K=1 gives an amplitude invariant which
facilitates the control. In other applications another K can be interesting in order to have power

invariant (k=,/3/2 ) or RMS invariant (k=1/+/2 ) [8].

2.2.2. From abc to a-f using Clarke transformation.

The a-8 transformation can be expressed applying the matrix form of the space vector definition.

2 1 _1la
[g] =° 13 i [b] (2.4)
0o L _1 .
V3 V3] €

After the transformation the voltage equation can be written as follows.

Ug _ ia d ia Usq
U3] =R [lﬁ] + LE [lﬂ] T [uSﬁ] (2:5)
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Chapter 2. Modeling and voltage oriented control of the rectifier

2.2.3. From a-f to d-q using Park transformation.

Physically, after the Clarke transformation, it is required to control 2 voltages (a-8) instead of 3
voltages (abc), which simplifies the control. However, u, and ug are still sinusoidal signals rotating
physically with the angular speed of the electrical system w. Changing again the reference axis onto
new axis, which are rotating at the same angular speed w, an amplitude invariance can be achieved.
Applying Park transformation in d-q axis, the a-8 axis are displaced by the angle 8, as shown in [6] [7]

[8].

Vgq = vSe~I0

(2.6)
After applying the 8 transformation.
. didq . .
Ugqg = Rldq + L W +]L(1)ldq + Usdgq (2.7
After that, the real and the imaginary part are identified.
. dig .
Ug = Rld +LE— (l)qu +u5d
di
o q . (2.8)
U, = Rig + L_dt + wliy + ug,
dug,

C

3. . .
dt = E (Sdld + Sqlq) — lioad

2.2.4. Active and reactive power.

Using the transformations shown before, an expression for the active and reactive power can be
obtained [7].

Re{v® (i)} = Re{v?? (i%)"}
2 \? 21 4T 21 4\ *
v (i) = (§K) (va +vye’3 +v,e’3 ) (ia +i,e’3 +i.e’3 ) 2.9)

2 1
= (5K) [t + v + vt 4 7 (alic = i) +vola = i) + 7ty ~ i)
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Chapter 2. Modeling and voltage oriented control of the rectifier

From the real part, the active power is obtained.

P= 2K2 ——Re{v® (i%)*} = 2K2 ——Re{v¥ (i%9)*} = v i, + vpip + Vi, (2.10)

From the imaginary part, the reactive power can be calculated.

s Im(vS () = g v (199)°)
_ ia)]- (2.11)

=3

[va(ic - ib) + Vp (ia - ic) + vc(ib

a|~

In this particular case, as consequence of the transformation to d-qg axes, the g component of the
voltage is zero. Because a charger with unit power factor is being implemented, the current will be
synchronized with the voltage and therefore, the g component of the current will also be zero as
well. This simplifies the equations of the active and reactive power to.
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Chapter 3. System design

Chapter 3. System design.

In this chapter, all the parameters of the components that are used in the following chapters are
calculated (see Figure 3). To check the validity of these calculations, given Simulink/MATLAB files are
used modifying the design parameters to satisfy the new power requirement [3].

This chapter is divided in two parts:

I.  The first one contains the calculations needed to design the hardware and choose the

appropriate components.

1. The second one contains the simulations in Simulink/MATLAB to verify the behavior of the
system and if it follows the specifications and requirements.

, 7 Inverter N igc
/|
/ \
u R L o KF KEF N
La | i
—6 ——gu ‘| e +
Three-Phase u Lb@_ AM_rm-\ JE u = | E-
Grid Supply U Lo [ ik, o — Source
—@\—l\ AM-{W\-I\—I‘ p U | -
uCE uCE /
\
\ ya p N p N

N 7/
7
\ ~ —_— -— -
Va|Ve| Vc
grid | grid | grid i i i ;
AJ B | le Sa Sb Sc i g Ve
Y 2 4 v -
Voltages Currents — Currents Voltages
Measurement Measurement IR Ca] Measurement Measurement
Board Board fver Soar Board Board
Sa Sb Sc
|
Real ek -~ v v v i
Time
Controller
Analogic input module. NI 9215 Digital input/output module. NI 9401
NI cRIO-9022 RiEE igital input/output modu

Figure 3: General view of the system scheme.

The design of the components of the charger starts from the desired power level for the system.

P =15 KW ViLrms)= 400 V (line-to line)

Page 8



Chapter 3. System design

3.1. Hardware design.

3.1.1. Minimum DC-link voltage.

The correct selection of the DC-link voltage needs to be done in order to assure a complete control of
the inverter. The voltage should be high enough to polarize the diodes in inverse mode (Figure 4) but
always taking into account the limit of the inverter, in our case the semi teach IGBT’s.

Following the specifications of our inverter, the voltage should be less than 750 V [9].
Vpe<750 V (3.1)

To polarize a diode in inverse mode, the DC voltage has to be higher than the peak value of the diode
rectifier line-to-line voltage [4].

RPN
+

Three-Phase Lb s " U
Grid Supply [ LC@ Vv (m i b -] Source

Figure 4: Three phase diode rectifier.

Vpc > \/EVLL(rms) =2.43. VinGrms) (3:2)

Note that the maximum line-to-line voltage in the rectifier will depend on the control mode of the
inverter, in this case sinusoidal pulse width modulation. In this control, three-phase reference
voltages are compared with a triangular wave with fixed amplitude and frequency (Figure 5). Each
comparator will obtain the switching pattern for each leg of the inverter.

Depending on the switching state, the positive or negative half of the V. will be applied in the
inverter, this is very important to fix the lower limit for the DC bus. [10]
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Chapter 3. System design

A
i

Figure 5: Maximum reference value achievable in PWM.

Using Sinusoidal pulse with modulation, the minimum DC voltage becomes the DC voltage that is
provided by the diode rectifier and the maximum DC voltage is established from the limitations of
the inverter as shown in Figure 6.

VDC
VLN(peak) = T
VLL(rms) \/-z — @ (3-3)
NE) 2
2V2

Vpemin > 2 VLN(peak) = EVLL(rms) =653.19V

v
-~
750 Upper it
653.2 _ Lower limit

Diode rectifier peak value

Figure 6: Range of DC bus voltage between the diode rectifier behavior and inverter limit.

VDC:700 Vv
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Chapter 3. System design

3.1.2. Load resistance.

For the first approximation, in this thesis a resistor is going to be used as load on the DC bus. After
the implementation, a DC source is used to have a model closer to a real battery. The load resistance
that is needed to fulfill the power specifications depends on the selected DC voltage. It can be

calculated in two different ways.

Considering the inverter has no losses.

2
Vdc
Pg a Pload - Rl d
v4 70002‘1 (3.4)
Rigag = 7 = 1550-32.660

Taking into account the performance of the inverter and supposing a value of 95-98 % for
performance of an auto switched inverter with IGBT technology [9].
2
Vic

Rload (3.5)

Ploaa =

2 2
v 700
Rjppq = —2e = =34.38Q
Pioaa  0.95-15000

Finally, for simplicity, a 33Q resistor is chosen.

3.1.3. Line inductance and ripple analysis.

Following the Chapter 11 in reference [4], a minimum value of DC voltage is defined taking into
consideration the inductance. This formula is valid in our case due to the amplitude invariance

transformation.

The DC bus voltage has to be high enough to compensate the voltage drop in the inductance. It can
be checked that if the inductance value is zero the formula is equivalent to (3.3).

Vpe > \/4[E,2n + (wLid)?]
2
- E

wid

(3.6)

L<
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Chapter 3. System design

Based on the d-q transformations, equations for active and reactive power are obtained.

3 Nk 3, . 3, . .
P = ERe{vdq(ldq) }= E(vdld +v4iq) = 2 (Eaiq + Eqiq) (3.7)

3 * 3 3
Q= Elm{”dq(idq) }= E(tid —Valq) = E(Eqid — Ealq)

In our system a unitary power factor is demanded so a decoupled current control design will be
achieved to obtain i; = 0. Using this control, the active and reactive power can be written as [3]:

P—3E'
=3 dld

Q=0

(3.8)

id = ——P,=30.61 A
3E,

This value is confirmed in the simulations of the system.

According with the grid voltage specifications, Ej is calculated.

E; = \/f% = 326.6 V (Phase-to-Ground) (3.9)

Finally, in order to obtain the limit for the inductance, the initial formula is used.

7002
7 326.62 (3.10)

2m50 x 30.61

L<

L <13mH
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Chapter 3. System design

The minimum value that can be used for the inductance depends on the maximum current ripple for
the system. A series of simulations of the complete system have been carried out with different
values of the inductance to analyze the current ripple.

Using 1mH, as it is a very common value for Boost converters, the current ripple is shown in the
following simulation figure (Figure 7).

iaibic

Figure 7: Current ripple with L= 1ImH.

I Ripple = 31,8 -23,5=8,3 A (3.11)

Theoretically, the current ripple is calculated using the equation of the voltage drop in an inductance.

Vpc U 700 400

. _ 2 \3.pn—2 3. —
piy =28 p=28. 05 = 64 (3.12)

Using a value for the inductance of 2mH, according to the simulation results (Figure 8) the current
ripple is also calculated.

iaibic
|

003 i) 20 04 (13

Figure 8: Current ripple with L=2mH.
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Chapter 3. System design

|Ripp|e = 29,7 — 25,4 = 4,3 A (313)

Theoretically, the current ripple is calculated using the equation of the voltage drop in an inductance.

VLZJC % 7(2)0 ‘i/o_;) (3.14)
Ai; = T - D= ir -0,5=34

According to the simulation results shown in Figure 9, the current ripple using a 3mH inductance is
calculated.

iaibic

2B

B

I

]
]

25—

0.01 0.015 0.02 0025 003

Figure 9: Current ripple with L= 3mH.

Iripple = 29 — 26,4 = 2,6 A (3.15)

Theoretically, the equation of the voltage drop in an inductance is used to calculate the current
ripple.

Vpc U 700 400

Ai, =-2B.p=2_B.05=1984 (3.16)

Finally, referencing to the acceptable current ripple in Boost converters applications, 3 mH has been
chosen as inductance value.
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Chapter 3. System design

3.1.4. Capacitance of the inverter.

According to the inverter specifications, the filtering capacitors are electrolytic capacitors with an
individual value of 2200uF/400V, two connected in series and two in parallel.

For all the calculations the equivalent capacitance of the complete DC bus is used [11].

C = 1100uF/800V

3.1.5. Switching frequency used in pulse width modulation.

A fixed switching frequency is used in Voltage Oriented Control in order to have an easier design and
to achieve a lower sample frequency. To minimize the effect of the harmonics on system
performance, the PWM frequency should be high. But a higher frequency also means higher
switching losses, so an intermediate value is used.

fsw = 10KHz

Resume template
Pny=15 KW
Vi1(rms)= 400 V (line-to line)
Vpc=700 V
Rload:?’gg
L= 3mH
C = 1100uF/800V
fsw = 10 KHz

Table 1: Design parameters conclusion.
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Chapter 3. System design

3.1.6. Temperature limitation for the inverter.

It is very important to know what the temperature limit of the junction is.

The junction temperature Tjyay is usually 150,° but for safety reasons 125° is more appropriate value

to consider. As mentioned before, an inverter using the IGBT technology has efficiency of 95-98%.

Losses have to be dissipated to maintain components in a safe range of temperatures. This is the
reason why it is necessary to calculate the equivalent thermal impedance of the system and check if
the temperature is lower than the maximum temperature on the junction.

The thermal impedance can be modeled as a capacitor and a resistance, as shown in Figure 10.

Power losses Rthermal
— AAA
LA A
Temperature e— = Cthermal = Temperature
1 2

Figure 10: Equivalent thermal circuit.

Following the impedance values given in the datasheet of our inverter, it is possible to check that the
value changes over time, but after 0.5 s of transient state, the capacitor value is neglected and only
the resistance is taken into consideration. For nominal operation of the inverter the value of the
thermal resistance is 0.4 K/W (see Figure 11).

1 SumSOg 1 233 9
K/W u i) 0.4
IGBT

0,1

“paoed
<

s ese - e v

IS 8 IR

0,01
0,001 3t
L "
R - ."‘
0.0001 pitis deor s R |
% —= T == ===z
Z . e . goon . e - 4 - vorl
m4<) 1 I 8411 — e - 1 1
- .- - ‘o4 - ER it Q‘ - T - R * o4

| |
0,00001

0.00001 1%, 2001 0,001 0.01 01 s 1

Figure 11: Thermal resistance VS time.
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In the worst case scenario the inverter has efficiency of 95%, supposing steady state and that the 6
IGBT’s produce the same losses, the temperature in the junction can be calculated as follows.

TJ :Tambient+ Rth' Plosses

0.4:15000:0.05 _ (3.17)
AT= . = 50K

Tj=20°+50°=70°

In order to have a more accurate estimation of the losses, the conduction losses and the switching
losses are calculated following the expressions from datasheet [9].

The switching losses appear during the commutation due to the switching patterns.

The switching losses (on+off) for a 3 phase inverter, using the graph in Figure 12 are calculated.

V2Irms
Pon+orragery = —— fsw U K
T (3.18)

P = fsw:(Eon+ Eoff))

P=10kH(2,6+3,4)=60W

S0l 234 3

16 T
T =126C
Z

™IS | vee =600 V
Vagailsv Em/

12 }Rs = 270
4

Z]
g

/
" Eor
//‘

0 le 20 40 60 A 80

Figure 12: Switching losses from the datasheet of the inverter.
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The conduction losses in an IGBT are the result of the product of the current and the voltage
(collector-emitter) during the conduction period.

The conduction losses for IGBT’s in a 3 phase inverter can be estimated by.

2 2

1 /1 I rl
Pconaticer) = 7 <E ‘Vceo+r1- Z) +m-cosp- (Vceo '3 + g) (3.19)

Where m is a degree of modulation and V.., and r are determined graphically from the datasheet
curves. This depends on the application, and can be calculated using the rms value of the current.
The parameters for the conduction losses are calculated, using Figure 13.

skm50gb123d_1

10 t,,='80 s /7
A FT=125°C 73
80 e //////

= ~ /
15 |
60 Vo
13
V. =
40 / Jdvd
Iy -/

Veell Ree

/’_ 4

O!).L-——-"‘/

0 Veo 1 \Veeo | 2 3 4 VvV b

Figure 13: Conduction losses from the datasheet of the inverter

rms:%:17,l4A

(3.20)
Vce0=1,9V

r=Au/AI=1V/30A=0,03Q

(=

Urms 0

—_ V3 _ 3 _
m=—a— = 22 = 0,659
2

'S

5]

w |

Pcond=4,703W
Plosses=64,7W (3.21)

AT=0.4- 64,7=25,88K
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Tj=20°+25,88°=45,88°

This temperature in the junction is much lower than the limit given in the data sheet. For this reason,
the inverter can be used in the setup for this power level.

3.1.7. Measurement cards design.

In order to develop the control system, certain measures of voltages and currents are necessary.

3.1.7.1. Voltage measurement cards.

For this purpose, voltage transducers UMAT2 are used. They have three channels to measure three
different signals with a common neutral point. The three channels of one of the voltage transducers
are used to measure the three-phase voltage and only one channel of another voltage transducer is
used to measure the DC voltage [1].

The transducer is an electronic device that converts energy from one form to another. In our case,
the transducer UMAT2 is used as a voltage divider to give a low voltage output that our control
system can manage.

The compactRIO system is an electronic system made of modules. This is very useful and can be used
for different applications and purposes. In this case, the corresponding module with analog inputs
has a range of £10 V input ranges [12].

Rt=4R1

min

2.

Figure 14: Voltage divider circuit.

For the transducer measuring the three-phase voltage, the maximum voltage phase-to-ground that
can be measured is 327V, so the calculations are set taking into account this value.

U,=+400V
U,=+10V (3.22)

Rt:Z R1 + RZ + R3 + R4_:4' R1
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Applying the voltage divider formula, the ratio between both peak values is obtained.

Y2 _Bs_—10v/400V = 0.025
U, RotR, (3.23)

Standard values for resistors are chosen.

Rs=12kQ
R, =R, = Ry = R, = 120kQ (3.24)

With these values, the voltage ratio is obtained.

Y2 Rs _—0.02439
U; Rs+R: (3.25)

For the transducer measuring the DC voltage, the voltage of 750 V is chosen as a maximum because
it is the maximum DC voltage that the inverter can support.

U,=+750V
U,=+10V (3.26)
Rt:Z Rl + RZ + R3 + R4=4' Rl

Applying the voltage divider formula, the ratio between both peak values is obtained.

Y2-_Rs —10v/750V=0.01333
U RstR; (3.27)

Standard values for resistors are chosen.

Re=13kQ

With these values, the voltage ratio is obtained.

(3.29)
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The error between the theoretical and the calculated value is 0.23%, which is sufficiently accurate.

Using this transducer, the maximum value of the DC voltage (750V) corresponds to 10.02V, which is
within the range of measurement of the compactRIO module for analogic inputs [12].

3.1.7.2. Current measurement cards.

In the same way as with the voltage, transducers are used. These transducers are four LEM LA 50-
S/SP1 are going to be used. This electronic device produces a voltage drop Up,eqsin a resistance
Rpeas because of the current I,, which is proportional to the current measured in a factor that
depends on the number of turns [1].

Imeas Rmeas

Umeas

Figure 15: LEM scheme

Using an identical compactRIO module for analogical inputs with a range of +10 V and the datasheet
of the transducer, the relationship between currents is obtained.

Imeas _2000

I N (3.30)

where N is the number of turns in the LEM device. By choosing a number of turns that provides a
good accuracy, it is possible to calculate the value of Ry,¢qs-

N=10 turns

I
meas =200
2 U (3.31)
Imeas = 2001, =200-1e

meas

Ripeas = 400

Selecting this value of R, .45 , the relationship of the output voltage with the current measured is 51

This is an appropriate value for our system because the maximum value of the current is £50A, which
corresponds to an output voltage of +10 V. This is the exact range of the National Instruments
analogic input module which is used [12].
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3.1.8. Filter design.

Filters are very important in data acquisition systems to remove the undesirable frequencies from
the signal that is being measured. To achieve this, analog filters are used before the analog to digital
converter [13].

3.1.8.1. Voltage filter.

Operating with a switching frequency of 10kHz, a sample frequency of 1kHz is enough to sample the
50 Hz voltages because this is more than the double of frequency and it is sufficient to keep the
desired frequency below the Nyquist limit [14].

A cut-off frequency of 1kHz in the low pass filter is enough for the voltage before the digital
conversion. Taking into account the anti aliasing effect, the chosen frequency is 2kHz [15].

The design of the passive first order filter is completed using the well-known formula.

1

fC = m (3.32)

4 Attenuation/dB

30

»
»

40

N
Figure 16: Attenuation scheme using a low pass filter.

Making the calculations and choosing a capacitor of C=10nF, the resistor value is calculated as
R=7,95kQ. Finally, for simplicity, R=10 kQ is chosen.

3.1.8.2. Current filter.

Calculations are done in the same way as for the voltage filter but using a sampling frequency of
5kHz. Choosing a capacitor of C=10nF, the resistor value obtained is R=3,18 Q . Finally, selecting a
standard value, R=3,3 kQ is chosen.
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Va Ve Vc
grid grid grid

ia isic Sa Sb sc idc Vae

Voltages
Measurement
Board

Currents

Board

Currents
Measurement
Board

Inverter V=D

Driver Board

ement
Board

Sa Sb Sc

Real - - -
Time

1 Se———C

Controller

NI cRIO-9022

Analogic input module.

NI 9215

Digital input/output module. NI 9401

Figure 17: Data communication between CompactRIO and the system.

Signal Measure range Input CRIO Units Sampling

range Frequency
Ua +400 +10 Vv 1 kHz
Ub +400 +10 \Y 1 kHz
Uc +400 +10 \Y 1 kHz
la +50 +10 Vv 5 kHz
Ib +50 +10 \Y 5 kHz
Ic +50 +10 Vv 5 kHz
Udc 750 +10 Vv 1 kHz
Idc +50 +10 Vv 5 kHz

Table 2: Range of measurements and sample rate.

Voltage measurement board

R5
R1=R2=R3=R4
Ratio of conversion

12 K
480 K
0.02439

Table 3: Voltage measurement board.

Voltage DC measurement board

R5
R1=R2=R3=R4
Ratio of conversion

13 K
240 K
0.01336

Table 4: DC voltage measurement board.

Current measurement board

N
Rmeas
Ratio of conversion

10 turns
40 0
0.2

Table 5: Current measurement board.

Voltage antialiasing filter

C 10 nF
R 10 k)
frequency 2 kHz

Table 6: Voltage antialiasing filter.

Current antialiasing filter

C
R
frequency

10 nF
3,3 k1)
5 kHz

Table 7: Current antialiasing filter.
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3.2.

In order to check the validity of all the calculated parameters of the system, simulations in

MATLAB simulations.

continuous mode and in discrete mode have been carried out.

3.2.1.

In all the simulations the behavior after a DC voltage step is checked. As shown for the currents
results in Figure 18, the current values for the desired power level are around 35 A. This quantity is
much lower than the limit of the inverter, which is 50A. In Figure 19, the reference voltages are
shown before saturation as well as after saturation referred to d-q axis. Besides, the ABC reference

Continuous simulations.

voltages after anti transformation are shown in the third graph.

corent ()
o 8 B E BB S

Voltage (V)

Vohage (V)

Id reference before saturation

g &

Curent (A)

Id reference

15 02
Time (5)

025 03

Current (A)

Current (A)

Id(red) Iq(blue)

02
Time (s)

lalblc

100

M

S

Figure 18: Currents in continuous simulation

Vd(red) Vq(blue) (reference before saturation)

B I |

005

02
Time (5)

Vd(red) Vq(blue) (reference)

035 0.

T [ [

[ L L

= N A |

02
Time (5)

Ua Ub Uc (reference)

Figure 19: Voltages in continuous simulation
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In order to verify the behavior of the system under a step variation in the DC voltage, the current
referred to d-q axis is shown in Figure 20.

Id reference (blue) and Id (red)
T T T I T T T

Current (A)

L [ [ [ L L [
0 005 o1 015 02 025 03 035 04
Time (5)

Vde (black) and Vdc reference (red)

T T T T T T T
80— A —
70 e —
600 —
% 500 —
S a0 —
s
0 —
20 —
100~ —
[ [ [ [ [ [ [
0 005 01 015 02 0% 03 035 04

Time (s)

Figure 20: System behavior after DC voltage step.

3.2.2. Discrete simulations.

Carrying out an equivalent simulation with a step in the DC voltage, the current is limited to a value
of 50 A during the transient state after the perturbation, as can be seen in Figure 21.

Id reference before saturation Id(red) Iq(blue)
50
40
B B
z ¥
0k
°r L L r r L L r ° r r L L r r L
0 0.05 01 0.15 02 025 03 035 04 0 0.05 01 015 0.2 0.25 03 035 04
Time (s) Time (s)
Id reference lalblc
501 40
) . A
20
£ g
3 5 3
-20
WYV
1 YWY
-40
o
o o o1 om0z om  03 0% o4 O om o1 o o2 om 03 0% o4

Time (5) Time (5)

Figure 21: Currents in discrete simulation.
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On Figure 22, the reference voltages after Park’s transformation are shown.

Vd(red) Vq(blue) (reference before saturation)
T

T T T T T T
0001» —
| ~
s 20l N
It
g o= i
-200— —
[ [ [ [ [ [ [
0 0.05 01 015 02 025 03 035 04
Time (s)
Vd(red) Vg(blue) (reference)
I | T N I I T
200— —
s
P oo =
:
-200— —
[ [ [ [ [ [ [
o 005 01 015 02 025 03 035 04
Time (s)
Ua Ub Uc (reference)
A T T . A T fl . T -
{ \
VAV AN AV
S \
;4 |
H |
H
200 A \ A I\ \ A
Y WV W \ YWV
[ [ [ [ [ [ [
0 0.05 01 015 02 025 03 035 04

Time ()

Figure 22: Voltages in discrete simulation.

The last figure of the simulations, Figure 23, shows the DC voltage and the d axis current. A good and
quick response is observed because of the little integration time that was used (Ts=1*10-5s).

Id reference (blue) and Id (red)
T T T T T T T

01— —
w0~ ﬂ —
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Current (A)
1 | 1

02
Time (5)
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T T T T T T T

T
700 v —

Volage (1)
g
T
1

[ [ [ [ [ [ [
0 005 01 015 025 03 035 04

02
Time (5)

Figure 23: System behavior after DC voltage step.
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Chapter 4. Software development.

In this chapter, all the simulations of the system and the control of the inverter are developed using
Labview, which is the system design software created by National Instruments. In the first part, all
the blocks used in the simulation are described in detail. In the second part, the running of the
program is explained from the starting up to the steady state.

4.1.

Complete system and description of the simulation blocks.

The complete system is shown in Figure 24, which contains all the simulation elements from the

creation of the sinusoidal inputs to the rectifier model.
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Figure 24: Overall view of all the simulation system.
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4.1.1. Inputs for the controller block.

Inputs for
controller Inputs OUtpUtS
SubVT).wvi
| Gub a d
3 Ib Ib Eq
> = Ic Id
> Ua
N Ub Ua lq
- | Ue | Ub Theta
 NVoc measurec
v Wl reference Uc Wmeasured
Ed ¥ Vdc measured Wreference
|E|I - Vdc reference -
Ig Y Table 8: Inputs and outputs for Inputs for the controller subVI.
Theta -
W rmeasured
W reference ¥

Figure 25: Inputs for controller block.

The main function of this block is to provide the appropriate inputs for the controller. For this
purpose, it uses as inputs the currents and voltages of the system. The currents that are flowing
through the system and the DC voltage through the load are calculated with a model of the rectifier
and then used as inputs again in a loop. The three sinusoidal voltage waves have been created point
by point in a discrete way (Figure 26). To do that, the phase of each wave is increased for every loop
of the whole system and, by multiplying the sine of this angle by the amplitude, the sinusoidal wave

is obtained. The initialization for the phase of Ub is —2,0944 radians, which is —2?” , and, doing the

same for Uc, the initial value of the phase is 2,0944 radians, which is 2?”

..... =

B L4

Ua
ez
=1 @ = =
mEs
SIH|
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e J—
x
o
Lo S Th]
Uc
ifizs
DE:L

Figure 26: Generation of three sinusoidal waves of voltage.
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Inside the block different operations are made. The PLL, the “W measured” and “W reference”
calculations, and the DQ transformations are achieved as shown in Figure 27.

=
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Figure 27: Inputs for the controller block, inside view.

The Phase Locked Loop (PLL) is developed as a numeric method to calculate the electric angle of the
three phase system, which is necessary for the d-q transformation following the Park’s equations in
chapter 2. According to [7] and [16] the PLL is designed.

® =Yy€ 4.1)

0=w+y,e
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where y; and y, are the gain parameters (ki and kp respectively) of the PI controller, which uses Eq
as the error signal since a d-oriented control is used. In order to calculate gain parameters, the
equations 4.2 are used.

N
>
N

>
N

V1= E, = |E +E, (4.2)

S
N
|
bP1'1>| JS’

where p is the bandwidth of the PLL in rad/s (in this case a frequency of 20 Hz is used) and £, is the
grid voltage modulus. The PLL scheme is presented in Figure 28.

DI

o
B —T—
Ua
Alpha-Beta Ea d-q Di t
& - iscrete
Ub transformation transformation Pl controller integrator Theta
BN Eq
Uc

Figure 28: PLL theoretical implementation scheme.

Following the steps mentioned before, the model is implemented using two discrete integrators, one
for the PI controller and the other one to obtain the electric angle from the angular speed. The
integration step used in the program is 0,001s as can be checked in the Labview scheme shown in
Figure 29.
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Figure 29: PLL Implementation in Labview.
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4.1.2.
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Figure 30:controller block.
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Table 9: Inputs and outputs for the controller subVI.
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4.1.2.1. DC-link voltage controller.
The ultimate goal of the controller is to obtain a desired voltage in the DC-link. By measuring the

instantaneous voltage and comparing its square value with the square value of the reference voltage,
an error that is fed to the controller is obtained.

€= Wref -W= dec ref — Va%c (4.3)
By implementing a Pl control, a reference current for the system, id*, is calculated [3].
€
Ig" = kpe + k- (4.4)

The Pl control parameters are calculated as detailed in [2].

a,C
Kpv =52~ and Ky, = 0,01 (4.5)
where we choose a,, two decades smaller than the switching frequency a,, = 2711(’:;‘”.

If there is a considerable difference between the reference DC voltage and the measured DC voltage,
this results in an unacceptably high reference current calculated by the controller, which has to be
limited. Therefore a saturation block is used.

Figure 32: DC -link voltage controller

e Current saturation.

In order to protect the inverter, which maximum rms current allowed is 30A, there is a need to add a
limitation. The saturation control is carried out with the current Id module in such a way that the
upper and the lower limit are controlled at the same time.

Id_ref_bdzat Ib Tref d
[}

P Id ref —1*
Id_ref_bdsat B I

Fa ¥
Iqref im &
L

I limit

k

Figure 33: Implementation of the current saturation.
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e Anti-windup Integrator.

In practically all controllers, there are nonlinear effects that must be accounted to achieve a good
and realistic control. Windup is a phenomena caused by the interactions between integral action and
saturations [17]. To avoid the integrator of the control calculating a high current over the limit, the
difference between the current calculated and the limit is fed back to reduce the error going inside
the integral part of the controller. The new error is € and the current calculated by the Pl control is

referred as E. The new equations of the Pl control with anti-windup loop are given below [3].

Ia —1Ia

P _ (4.6)

The complete scheme of the DC-link voltage controller implemented in Labview is shown in Figure
34,

ANTI-WINDUP Feedback

K

Kpv
: T >

W_ref
v 1E-5 Td ref
Id ref bdsat Id ref
W E> [9 E> 715 r b
)
Iq ref current_
i saturation
I lirnit

Figure 34: DC-link voltage controller.

4.1.2.2. Current controller.

Once a DC-link voltage control is established, the reference current I; , which is used to control the
DC voltage, is calculated. In addition, due to the unit power factor operation of the system, the g-axis
reference current I; is set to zero. To obtain these reference currents in the system, a current control
is performed, resulting in a reference voltage which is calculated in the dg-axis system. The
implementation of the controller is done in two PI control loops, one for each component of the
current, I; and I,’;. The outputs of the two PI controls are V;" and Vq* respectively. The components
of this reference voltage are calculated using [3].

Vi' = Eq — kpeq — kl-gs—d + wll, being e, =1;"—1
4.7
Vy" = Eq = kpeq — k= — wLly being &, = 1," — I, 4.7
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Figure 35: Current controller block diagram.

The PI control parameters are calculated as detailed in [2].
Kpi = afiL and Kii = aiR (48)

where we choose «; a decade smaller than the switching frequency a; = %.
As in the case of the DC-link voltage controller, a saturation block is needed to keep the outputs in a
defined range.

e Voltage saturation.

As explained in the chapter 2.1., using a sinusoidal PWM, the maximum reference value that can be
used is V;./2 [18]. Therefore, the saturation block calculates the modulus of the reference voltage
and compares it with V;./2 . In case the value of the reference voltage is higher, it is limited to V;./2.
The components V,;* and Vq* after saturation are then recalculated using the original phase of the
reference voltage, as shown in Figure 36.

Vdbdsaturation
................ W_ref
; D % __ Vdl_ref -

Vb4 saturation Vdbdsaturation G Vo_ref

! im & Va ref
Vgbdsaturation a4 r

Vde }

K

Figure 36: Voltage saturation block.

e Anti-windup Integrator.
As explained for the DC-link voltage controller, there is a risk of obtaining a too high reference

voltage at the output of the controller due to the action of the integrator. To avoid this
uncontrollable increase of the voltage an integrator with anti-windup is used. The difference
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between the voltage calculated by the Pi controller and the voltage limit is fed back to the integrator

to reduce the value of the output reference voltage. The equations of the components of the

reference voltage with an anti-windup integrator are obtained using equations from [3]:

Vd* = Ed — kped — kls—d + (I)qu

N

V' = Eq — kpeq — ki — wll

being g4 =1;"—1; and g5 = ¢4 +

being g, =1," —1; and &; = g, +

Va'-Vd*
kp
* *
Vg —Vq
kp

(4.9)

The complete scheme of the current controller with an anti-windup integrator implemented in

Labview is presented in Figure 37.

ANTI-WINDUP Feedback
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H [EEEX 3
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[DBLE
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ANTI-WINDUP Feedback

Figure 37: Current controller.
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4.1.3. DQ-to-ABC transformation block.

%

from dq to abe Inputs Outputs
(SubVT).vi theta Ua
» theta Ud Ub
' Ud Ug Uc
L3 Uq
EZ ' Table 10: Inputs and outputs of From dq to abc subVI.
¥
Uc ¥

Figure 38: From dq to abc block.

The output of the decoupled controller is a reference voltage whose components are expressed in
dg-axes. Since the input of the PWM block is a reference voltage expressed in abc axes, a
transformation block is needed. The transformation is done using the equations 4.8 and 4.9.

Uy =Vycos8 —V,sin6

Ug = Vgsin6 + V, cos 6 (4.10)
U, =U,
1 V3
Ub = —EUa, +7UB
1 V3 (4.11)
Uy _EU“ —7U5

Ud - H
=
Al Ualpha ualpha Ua
U Result Hemmee P |
q 7

Ualpha
N d Result
theta Ubeta Ubeta
Result +f= Ubeta
Uq I3 W
theta
— Ualpha Uc
Result ,
Ubeta

Figure 39: DQ-to-ABC transformation block.
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4.1.4. Sinusoidal pulse width modulation block.

i
SL
: - Inputs Outputs
—— Ua_ref Sa
N I Ub_ref Sb
5a p Uc_ref Sc
Sh > Vdc Triangular wave
- 5¢ ' Table 11: Inputs and outputs for SPWM subVI.
ngular &Y

Figure 40:SPWM block.

PWM modulation is based on the comparison between the three sinusoidal reference voltage waves
and a triangular carrier wave. Using this comparison, three pulse signals, Sa, Sb and Sc, are created in
order to define the duty cycles of the IGBT's.

The PWM block was created in Labview as shown in Figure 41.

Ua_ref

™| False Vt

Figure 41: SPWM block, inside view.

The triangular wave is created by dividing the period of the signal according with the switching
frequency into the number of discrete points that are necessary. Using the number of discrete points
needed, the increment of the amplitude is calculated to achieve a triangular wave with unitary value.

The front panel of this VI shows the comparison between the triangular wave and the three
sinusoidal voltages in the upper part, and the three switching patterns of Sa, Sb and Sc in the lower
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part. The switching frequency is 10 kHz, and the sampling frequency used to generate the triangular
wave and compare it with the control signal is 200 kHz, that is, 20 points per switching period.
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Figure 42: PWM front panel.

4.1.5. Rectifier model block.

JLEL

Rectifier model

(SubVI).vi Inputs Outputs
N Capacitance ia
s L ib
» R ic
, R Load Vdc
r Sa Idc
3 Sh -
3 Sc -
il Ua -
b Ub -
d Uc -
' Table 12: Inputs and outputs for the rectifier model subVI.
L
¥
K
]

Figure 43: Rectifier model block.

According to [4], a rectifier model can be implemented using only three switches (Sa, Sb and Sc) by determining
the voltage applied depending on the ON/OFF state of the switches. For simulations it is accepted that, in the
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same leg of the inverter, one switch is always ON while the other one is OFF. However, in the implementation
chapter it is explained that a dead time between commutations is used to avoid short circuits in the same leg.

Ugqp = (Sa — Sh) ug,e
Uspe = (Sb — Sc) ug, (4.12)
Usca = (Sc —Sa) Ugc

where Sa, Sb and Sc represent the state of the three top switches, one for each leg of the inverter. The value of
Sa, Sb and Scis “1” if the corresponding switch is On and “0” if the switch is OFF.

Ugq = fa -Ugc
Usp = fp - Ugc (4.13)
Use = fe - Ugc

where fa, fb and fc are calculated as follows.

25, —(Sp +S0)

1
fa=S8S.—S5" = Sa_g(sa'l'sb +Sc) =
25, — (S, +5.)
fo = (4.14)

3
25, — (Sq + Sp)
f; = 3

Using the equations of a rectifier, one for each leg, the model of the rectifier is implemented for the
simulations (Figure 44).

ua i(l d ia uSa
Up| =R |ip +La ip|+ [Usp
uc iC iC uSc (415)
dudc . . , .
C dt = Sala + Sblb + SC"C — lioad

|
- /L
i O 5]

NG
1/(ResL) k
\
J

)13

CO)e

1Y(Res)

i

Figure 44: Rectifier theoretical scheme.
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Implementing this model in Labview, the rectifier model obtained is shown in Figure 45.
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Figure 45: Rectifier Labview implementation.
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4.2. Simulation procedure.

This part of the chapter includes a detailed explanation of how the simulation is developed. At the
beginning all the relays and switches are off and the connection sequence is done as shown in Figure

46.

1 idc

rush Curren

_ _limiter_ _ JG J
ic

A J’

B C § Ugc

Sa Sb Sc

in| | e Vae o
' v - v v
Voltages Currents Voltages Currents
Measurement e u
Board Board Driver Board Board
sasbsc
l’. :
Real-Time ——— —
Controller
NI cR10-9022 Analogic input module. NI 9215 Digital input/output modute. N1 9401

e @ cowswo ]

Figure 46: Start up procedure in the simulation.

1. With the relays open and the Sa, Sb and Sc switches (and the corresponding switches of the
same legs) in OFF state, the system acts like a diode rectifier raising the DC voltage until it
reaches the peak value of the line voltage. With a 400 V line-to-line supply, the DC voltage
should reach a maximum value of 560 V minus the losses on each line, which is
approximately 500V. As shown in Figure 47, the current is very low because the load is
disconnected and the current is flowing through a high resistance in parallel with the load.

PWM | PLL | Inverter DCbus

|DCVoLTAGE| DC CURRENT]

Vde Ploto ER¥Y Idc 2 Ploto NG

Figure 47: DC bus control with diode rectifier.
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In the simulation, once the DC voltage reaches 500 V, the inrush current limiter is bypassed
and the PWM signals start to be transmitted until the control raises the DC voltage up to the
reference value. During this period of rise, the d-axis component of the reference current
saturates at 30A and the AC currents are higher than in the steady state (Figure 48).

[ PWM [ PLL Inverter | DC bus
Ia ot N b Ploto [N Ie Floto [N
4286 4172 114
w u u
2 3 3
£ = =
2 a a
£ £ £
< < <
-65-] ] ;657 i 65 i
12:29:43,000 12:46:46,000 12:29:41.000 12:46:44,000 12:29:45,000 12:46:48,000
Time Time Time
30
1] P ] J.
5
¥ ___A

Figure 48: Inverter front panel with PWM controlling in saturation.

During this period, the load is still disconnected and consequently, the DC current is very low

(see Figure 49).

oae L.y |
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Figure 49: DC bus front panel with PWM controlling in saturation.
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3. When the system is under control, after the DC voltage reaches 700V, the load is connected
producing a raise of the DC current up to its steady state value, which provides the 15 kW

required (see Figure 50).
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Figure 50: DC bus front panel in steady state.

During steady state, the currents are stable and the d-axis component of the reference

current does not saturate anymore, as shown in Figure 51.
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Figure 51: Inverter front panel in steady state.
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Chapter 5.Hardware implementation.

In this chapter all the hardware used is explained as well as the CompactRIO programming.

5.1. System composition.

The system implemented follows the schematic shown in Figure 52.

f— o o) o \

ATddns oV
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control signal | = —
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Voltage level
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power circuit
Swirch

Voltage
transducers

LEM1 LEM2 LEM3

Real
Time
Controller

NI cRI0-9022 Analogicinput module. NI 9215 Digital input/output module. NI 9401

VOLTAGES CURRENTS.

Figure 52: Complete system schematic.

This system is composed by:

e ACvoltage supply.

e Three inductors of 3mH.

e The measurement box.

e The box containing the DC sources and the relays.

e The inverter with the load connected on the DC side.
o The CompactRIO device.
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Figure 53: General overview of the complete system.

5.1.1. AcCvoltage supply.

Because of the diameter of the existent wires in the measurement box, the voltage level has to be
lowered in order to be able to use the measurement box that already exists and operate within
safety limits.

To provide the new voltage level, an autotransformer is placed in the lab providing the power level
needed and also isolation between the set up and the grid.

Finally, the voltage level used is 20 V line-to-line.
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Figure 54: View of the three-phase autotransformer.

5.1.2. Inductors.

After the calculations made in the design chapter and taking into consideration the ripple for the
current and the limit needed in the voltage, the inductors were chosen with a value of 3mH.

Figure 55: View of the inductors.
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5.1.3. Measurement box.

The measurement box includes:

e DCvoltage source of 15V in order to feed the LEMs and the UMAT2.
e Three voltage transducers UMAT2 with three channels each one.
e Seven current sensors LEM LA 50-S but only four of them in use.

The measurement box is used to measure the voltage and the currents that are needed to control
the system. For this reason, 8 measures are taken, 4 for the voltages and 4 for the currents. The
following Figure 56 shows where the measures are taken.

The four LEM LA 50-S/SP1 current measuring modules are used providing galvanic isolation between
the primary and the secondary circuits as already explained in the design chapter. These modules are
used also to measure the DC current because of a high frequency power transmission that allows the
modules to measure all kinds of currents. As explained in the design chapter, the resulting current
goes through a resistor to induce a voltage drop that can be read by the analogic inputs of the
CompactRIO device.

The voltage measurements are taken by three voltage transducers UMAT2 but only two of them are
in use. The three channels of one of them are used to measure the three AC phase voltages and only
one channel of the other one is used to measure the DC voltage. In order to measure the voltages,
the voltage goes through a voltage divider previously calculated in the design chapter. After that, the
reduced signal goes to the AD210, which is an isolated amplifier.
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Figure 56: Definition of the points where the measures are taken.
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As can be checked in the measurement box connections in Figure 57, to measure the voltage and
current of each phase, the wire coming from the voltage source is connected to a pin which output is
connected to the two different measurement circuits: the voltage measurement circuit connected in
parallel and the current measurement circuit connected in series.

VOLTAGE \( CURRENTS \

ANALOGIC INPUT )J—\ANALuuk INPUTS 7

= =l

S
e
g3 14 T HEEEEEES
S “lb=—1  Voltage
transducers

( LE%)q( LEM7 ) _ J
(LEMg ) ((LEMs T |

LEM1 ) (LEM2 )E LEM3 )

Figure 57: Measurement box schematic.

Figure 58: View of the measurement box.
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The Table 13 details all the pins in use in the measurement box and which signal or wire is connected

to each of them.

PIN CONNECTED TO PIN CONNECTED TO PIN CONNECTED TO

1H Analog output Idc 14L Lower Volt. Trans. Output (L3) 28H Not in use

1L LEM 4 output 15H Analog output Va 28L Not in use

2H Not in use 15L Mid volt. Trans.outp. L1 29H Not in use

2L Not in use 16H Analog output Vb 29L Not in use

3H Not in use 16L Mid volt. Trans.outp. L2 30H Vdc-

3L Not in use 17H Analog output Vc 30L Low volt. Trans Input (N)
4H Not in use 17L Mid volt. Trans.outp. L3 31H Not in use

4L Not in use 18H Not in use 31L Not in use

5H Analog output la 18L Not in use 32H PhasevoltageUa

5L LEM 5 output 19H Not in use 32L Mld volt.TransInputLl &LEML5
6H Analog output Ib 19L Not in use 33H AC Relay input phase A

6L LEM 6 output 20H Not in use 33L LEM L5 return

7H Analog output Ic 20L Not in use 34H PhasevoltageUb

7L LEM 3 output 21H Vdc+ 34L MId volt.TransInputL2 &LEML6
8H -15V 21L Low volt. Trans Input L3 & LEM 4  35H AC Relay input phase B

8L Transducerssupply 22H Vdc- 35L LEM L6 return

9H oV 221 Lower Volt. Trans. Input (N) 36H PhasevoltageUc

9L Transducersupply (GND) 23H DC Relay Input 36L Mid volt.TransInput L3
10H +15V 23L LEM Lé4return 37H Not in use

10L Transducerssupply 24H Not in use 37L Not in use

11H Not in use 241 Not in use 38H Not in use

11L Not in use 25H Not in use 38L Not in use

12H Not in use 25L Not in use 39H Vdc+

12L Not in use 26H PhasevoltageUc 39L Upper volt. Trans Input L2
13H Not in use 26L LEM L3 40H Not in use

13L Not in use 27H AC Relay input phase C 40L Not in use

14H Analog output Vdc 27L LEM L3 return -

Table 13: Pin terminal connections inside the measurement box.
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5.1.4. The DC sources and relays box.

The DC sources and relays box includes (See Figure 59):

e A 15 Vdc voltage source that feeds the inverter and the electronic board that adjusts to an
appropriate voltage level the TTL gate signals to control the inverter.

e A 24 Vdcvoltage source that feeds the AC and DC relays.

e An ACrelay (C3-A 30) for the connection of the system to the grid.

e A DC relay to connect the load to the rectifier.

e An electronic board to drive the DC relay.

e An electronic board to drive the AC relay.

e An electronic board to adjust the TTL gate signals voltage level to 15 V, which is the required
voltage level of the gate signals in the inverter.

=

© DCRelay
control signal | 7~
~ power circuit |

(GVEa— ||
Voltage level

adjusting
r‘ power circuit T
Digital uo) Swirch

| | button

From To Semikron
CompactRIO Inverter

Figure 59: DC sources and relays box.

Figure 60: View of the DC sources and relays box.
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5.1.5. Inverter and load.

The inverter used for this system is a Semikron inverter AN-8005. The control of the inverter
switching is carried out by SPWM pulses generated by the CompactRIO device, with 10 kHz
frequency. The connection between the inverter’s control circuit and CompactRIO is done by a 25-pin
D type connector that transmits six PWM signals, as well as one more command signal to connect the
load in the DC side.

Figure 61: View of the Semikron inverter AN-8005.

The load value is 33 Ohms, as calculated in the design chapter. That way, even after changing the
voltage level, the current and the voltage are reduced in the same ratio. To obtain the required load,
a potentiometer of 47 Ohms is used. It is adjusted at 70% of the total resistance to achieve the 33
Ohms required for the system.

Figure 62: View of the potentiometer.
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5.1.6. CompactRIO.

CompactRIO is a reconfigurable control and acquisition system. The CompactRIO system’s
architecture includes 1/0 modules, a reconfigurable FPGA chassis, and an embedded controller. The
CompactRIO has been programmed with Labview graphical programming tools [8]. In this thesis the
compactRIO system used is composed by the following elements:

- Avreal-time controller NI cRIO 9022.

- 2 analog input modules NI 9215 with BNC connectors.

- Ananalog output module NI 9263 (not used).

- 2 digital input/output modules NI 9401 (only one in use).

Figure 63: View of the compactRIO system.

Using the CompactRIO system, there are 3 possibilities of programming environments that can be
used simultaneously; the FPGA, the microprocessor and the PC that is used for programming and
monitoring. Because of the possible applications of the system, in this thesis only the FPGA and the
microprocessor have been programmed in such a way that the device can be connected to control a
system without the need of using a PC.

Inside the FPGA, the time critical tasks have been programmed. Mainly, these tasks are the data
acquisition, the PLL calculation and the Sinusoidal PWM pulses generation. Inside the
microprocessor, the rest of the programming which does not require to be as fast has been
programmed, that is, the Voltage Oriented Control and the monitoring of the different signals.
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5.1.6.1. FPGA Programming.

Inside the FPGA, the data acquisition, the PWM pulse generation, the PLL and the triangular wave
generation have been developed, as shown in the following figures (Figure 64,Figure 66,Figure
65,Figure 68).

Firstly, the data acquisition is made (Figure 64). The sample rate is 200 microseconds for voltages and
currents. The data is sent to two different locations. Firstly, it is sent to a FIFO (First In First Out) block
using a “for loop”. This FIFO block is very useful to send data for monitoring in the microprocessor at
high speed. The data is also stored in memory by using indicators and creating local variables to be

sent to another loop inside the FPGA .

[sNsNaNslsNaN=NegsNelel=NNsNsNsN=NahsNsNelsNsNaNaNeNsNslelsNeNaNsNsN=NalsNsNelel=NalaNeNsNeelNeNalsNsN=lalsls s}

.4 FIFO Voltages 4ik °
Write
> Element
> Timeout
Timed Out? ¥

=12

O00000000000000000000000000000000000000000000000000000000L:

Stop data adg

o

Figure 64: Data acquisition and the use of FIFO to represent the waveforms.

Secondly, the triangular wave which will be used as carrier wave for the Pulse Width Modulation is
created. The triangular wave is created by adding an increment of 0.04 each loop period until the
triangular wave reaches a value of 1. Then, 0.04 is subtracted from the triangular wave value until -1
is reached and so on. Since the loop time is 1 microsecond, adding this increment, a 10 kHz wave is
created (Figure 65) to compare afterwards with the reference voltages in order to do the SPWM.

- Vdc/2
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Triangular wave
= : TN =
b 0,04000031552734375 > J
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D I

| &
Loop period Triangular Stop triangular
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Figure 65: Triangular wave generation.
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In order to develop the SPWM (Figure 66), a comparison between the reference voltage divided by
half the DC voltage and the triangular wave created is made. If the reference voltage is higher than
the triangular wave, the digital output will be “1” (true) and the gate signal will be sent. Otherwise it
will be “0” (false) and the gate signal sent to the inverter will be zero.

1 W True =}
#Dead time PWM (uS)» - C—
T 1| True 't
#ydc >
2
| I ER— P 53 ®

Stop PWMc

Figure 66: SPWM generation.

During the commutation between ON/OFF states, there is a risk of producing a short circuit between
two IGBT’s of the same leg. This affects the output waveform of the inverter and can produce
undesirable harmonics and safety issues. These effects are more significant with high switching
frequency and to avoid a short circuit it is necessary to add a dead time at the switching instant.
During this dead time, both IGBT’s in the same leg will be switched off [19] (Figure67).

In order to implement this dead time effect, a flank detector is placed inside the loop in such a way
that when a switch is detected, the FPGA will send a 0 value to both IGBT’s of the same leg and will
wait the selected dead time (in that case 5 microseconds) until the loop runs again. With this flank
detector, the ON state of the 2 IGBTs in the same leg at the same time is avoided.

——
Dead Time

Sa+

Sa-

Figure67: Dead time effect.
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Another key part in the FPGA program, shown in Figure 68, is the PLL block, which is an already
developed VI in Labview. This PLL block gives as a result the angle of the three phase voltages for the
d-q transformations that are going to be done inside the microprocessor of the CompactRIO device.
In addition, in this loop al the local variables corresponding to the acquired data are bundled and

sent to the microprocessor with the cluster variable "acquired data".

dtpLL

Jinithets
‘ —— ]
|| L | g den
i b )
|
=

B ! L d PLL
L ‘ o
= ——

Figure 68: PLL and data sending to the processor.

Finally, the last loop in the FPGA program (Figure 69) uses the angle of the three phase voltage
system calculated by the PLL block to transform the reference voltage calculated in the control loop

inside the microprocessor from dg axis into abc axis.

Ua ref
Ualpha ref
Ub ref
1=
Ubeta ref

11,73204999975860118865966796875 |-

' @
Loop period dg to abe
> Stop dq to abc
—
T -

Figure 69: Reference voltage transformation from dq to abc axis.
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5.1.6.2. Microprocessor programming

Inside the microprocessor, the part of the system that has been implemented includes the
monitoring, the DC relay activation and the control already explained in the previous chapter. The
complete programming is shown in Figure 70.

The first thing that the program in the microprocessor does is opening the FPGA program. After that,
a reset is made in order to delete previous values stored in the FPGA. Once the FPGA is reset, the
program runs the two loops that interchange information with the FPGA: the monitoring loop and
the control loop. When the execution of both loops is stopped, the program stops all the loops in the
FPGA and then closes it.

=)
[P |
el X v
i 5 iV|
. -
e E.,
o> B
; Ve |
T  ——
0 j T
sy ] | ST
Lupper b ) =
s — -
1
=
o] Lﬂ L

Figure 70: Complete view of the microprocessor program.

The monitoring loop (Figure 71) takes the data from the FIFO that was developed in the acquisition
loop inside the FPGA, as mentioned before (Figure 64).
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i -+ B
"~ FIFO Voltages Read
F Mumber of Flements
Timeout (ms)
Data P

U=
i —
Elements Remaining o]

10,860992431640625

DC Voltage

Three phase currents

i
NN
1L

DC Current

o1

Figure 71: Monitoring loop.

The control loop (Figure 72) takes the acquired data from the FPGA by using a Read/Write block to
read the cluster variable “acquired data” and then unbundles this cluster to obtain every singular
variable. After that, the dqg transformation is made for both the voltages and the currents using the
angle obtained from the output of the PLL block. Once the dg values are obtained, the program
executes the control already detailed in the previous chapter. The output of the control, which is the
reference voltage in dg axis, is sent using again a Read/Write block to the FPGA, where it is
transformed into abc axis three phase voltages.
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d Charger FPGA file.... He
Reference voltage
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=

=

dc reference
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Vdc reference
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=
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=

Kpi
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Kii

I Ii |
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HOBL]

Ki

Tupper limit

L
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Va_ref K
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stop 2
stop

STOF.

Figure 72: Control loop.
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5.2. Results

After the implementation and testing of the hardware, some results are obtained through the front
panel of the program running in the microprocessor.

The main duties of the control are to control the DC bus voltage and to set a power factor correction
in order to have a unitary power factor.

The system was fed with a 20 V line-to-line voltage supply regulated by the auto transformer and the
reference DC voltage was set to 50 V. The response of the control was also checked by changing the
reference DC voltage to 60 V while the system was operating.

As shown in Figure 73, the data acquisition of the voltages and the dg transformation are made in
the first tab of the front panel. The dg transformation using the output angle from the PLL block is
well done since the voltage in q axis is zero.

AC voltages

Three phase voltages

Amplitude

Figure 73: AC voltages and dq results transformation of voltages.

In the following tab of the front panel (Figure 74), the AC currents measured can be checked. As
shown in the /, panel, the power factor correction control is working because this component of the
current is zero, achieving a unitary power factor with no reactive power flowing through the system.
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AC currents

System parameters I Pl parameters

AC voltages

\l:dc reference

i
50
v Thres phase currents

L

X 0,003

\I upper limit

A
5 B

Amplitude

| Triang wave synchranization
.

A1

Figure 74: AC currents and dq transformation of the currents.

Finally, in the last tab of the front panel, the DC bus voltage and current are shown (Figure 75). In
addition, there is a led indicating if the DC relay is activated or not, that is, if the load is connected or
not.

DC bus

System parameters I Pl parameters AC currents

AC voltages

Vde reference

-
rIso

L

A
40,003

DC Current

Tupper limit

;'—
= K

Triang wave synchronization

JI_
o 1

DC relay

Figure 75: DC bus results.
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Chapter 6. Conclusions & Future work.

6.1. Conclusions.

Voltage oriented control of a boost rectifier using a CompactRIO control system was designed,
simulated and implemented in this thesis.

Firstly, a Matlab/Simulink model was used in order to carry out the design of the system. After the
design, a model for the system was developed in Labview for the initial power requirement, which
was 15 kW. The implemented model includes models for the PWM signal generator, inverter,
controller and dq transformations. The simulation results showed an accurate response to DC voltage
requirements.

After the simulations, a lab setup was implemented using a CompactRIO control system. Before the
CompactRIO programming, the system was adjusted to a lower power requirement. The
programming of the CompactRIO device was done by implementing some parts of the program in the
FPGA and some other parts in the microprocessor, developing as well the required communication
between them.

The results show that the system is effectively working as a boost rectifier and meets the desired DC
voltage output specified as reference for the control. Furthermore, when a step in the reference DC
voltage is applied, the system has a good response and meets the new reference value. There are
some small oscillations in the output of the DC bus, which can be probably caused by the high
switching frequency, together with the injection of a dead time between commutations. The power
level that had to be used in the practical implementation also affected the results obtained, as the
control needs to be more precise with low voltage levels due to a higher influence of every
component of the system.

Regarding power quality, the system satisfies the requirements and accomplishes a power factor
correction. The unity power factor is achieved by setting to zero the value of the reactive component
of the current and synchronizing the currents in the system with the voltages.

6.2. Future work.

The current hardware is limited due to wires that only allow maximum currents of about 6 A. A
possible future work could be the implementation of new hardware to achieve the initial power
requirement of this thesis, which is 15 KW. For a different power level, the control with the
CompactRIO device is practically identical with adjustments of some parameters.

In this thesis, the PWM modulation method was used, although the modulation method could be
improved using Space Vector Modulation. SVM is a simple and effective modulation method which
gives a considerable reduction in harmonics, which meets modern grid power quality requirements.
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As mentioned before, a dead time of 5 microseconds was used. In order to improve the performance
of the system, analysis can be done in order to minimize the dead time added during the
commutations of the IGBTSs.

Since the inverter used for the setup has 4 legs and one is not in use, a current control can be done
through the use of this last leg working as a DC-DC converter.

In order to improve the measurement of voltages and currents a low pass filter can be added using
the calculations already done in the design chapter.
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CompactRIO controller.

NI cRIO-9022

Real-Time Controller with 256 MB DRAM, 2 GB Storage

+  Embedded controller runs LabVIEW Real-Time for deterministic control, data

logging, and analysis
+ 533 MHz processor, 2 GB nonvolatile storage, 256 MB DDR2 memaory
+  Dwal Ethemet ports with embedded Web and file servers for remote user

interface

+  Hi-Speed USB host port for connection to USB flash and memory devices
+  RS3232 serial port for connection to peripherals; dual 9 to 35 VDC supply

inputs

+  -20to0 55 °C operating temperature range

Product Type
Form Factor

Part Humber

Orperating System/Target

LabVIEW RT Support
CE Compliance
Controller

Controller Type
Processor Core Type
CPU Clock Frequency
System Memory
Legacy Product
Ethernet {# of ports)
Serial Ports [R5232)

USE Parts

Controller (Computing Device)
CompactRI0

T80T 181

Real-Time

Yes

Yes

High Performance
533 MHz PowerPC
533 MHz

255 MB

Mo

2

1

Yes
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Chassis

Number of Slots 1]
Integrated Confroller No

Input Voltage Range 2V, 35V
Recommended Power Supply: Power fi]
Recommended Power Supply: Voltage 24
Power Consumption a5
Physical Specifications

Length T7.3 mm
Width 0.2 mm
Height £51 mm
Weight &0 gram
Minimum Operating Temperature =M "C
Maximum Operating Temperature 55 °C
Maximum Altitude 2000
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CompactRIO analog input module NI 9215.

4 Ch, 100 kS/s, 16-Bit, £10 V Simultaneous Sampling C Series Analog Input Module

NI 9215

= 4 simultaneously sampled analog inputs, 100 kSis
= 40 to 70 °C operating range

= NiST-traceable calibration
= Hot-swappable operation

Overview
The NI 8215 module for use with NI C: DAQ and CompactRIO chassis includes four si fy led analog input ch is and app ion register
(SAR) 16-bit analog-to-digital converters (ADCs). The NI 8215 NIST- ble calbration, a ch to-earth ground doubl 1 barrier for safety and noise
i ity, and high ode voitage range.
Specifications Summanry
General
Product Hame Ml 9215
Product Family Industrial 'O
Form Factor CompactDAQ , CompactRIO
Part Humber 779011-01

Operating Systemi/Target
Measurement Type
Isolation Type

RoHS Compliant
Analog Input

Channels

Single-Ended Channels

Differential Channels

Resolution

Sample Rate

Max Voltage

Maximum Voltage Range
Maximum Voltage Range Accuracy

Simultaneous Sampling

Real-Time , Windows
Vaoltage
Ch-Earth Ground Isolation

Yes

16 bits
100 kSis
10V
10V, 10V
0.003Y

Yes
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Analog Qutput
Channels 0
Digital 'O
Bidirectional Channels ]
Input-Only Channels 0
Output-Only Channels 0
Number of Channels ]

CounteriTimers
Counters 0

Physical Specifications

Length 9cm

Width 23cm

IO Connector Screw terminals | BMC connectors
Minimum Operating Temperature -40 °C

Maximum Operating Temperature 70-C

Minimum Storage Temperature -40 *C

Maximum Storage Temperature 85 °C

Timina/Triggering/ Synchronization

Triggers cDAQ Chassis Mo
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CompactRIO digital input/output module NI 9401.

NI 9401 Measurement System

8 Ch, 5 VITTL Bidirectional DIO for USB, Ethernet, and Wi-Fi
Bundle includes measurement module and 1-slot NI CompactDAQ chassis
USB, Ethernet, and 802.11 Wi-Fi connectivity

B-channel, 100 ns ultrahigh-spead digital IO (DIC)
Ability to access four general-purpose 32-hit counterfimers —a

Indusiry-standard 25-pin D-5UB connecior Bt m "
Bidirecticnal, configurable by nibble (4 bits) i ' @

Specifications Summary

General

Product Name NI 8401 Measurement Bundle
Product Family Industrial FO

Form Factor USE , Wireless , CompactDAC , Ethenet
Part Numbser 00M000-00

Oyperating System/Target Real-Time , Windows
Measurement Type Digital

RioHS Compliant fes

Analog Input

Channels 0

Single-Ended Channels 1]

Differential Channels 1]

Analog Output

Channels 0

Digital VO

Bidirecticnal Channels -]

Input-COmnly Channels 1]
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Cutput-Cnly Channels
Numibrer of Channels
Timing

Max Clock Rate

Logic Levels

Supports Handshaking 107
Supports Pattern V02
Maximum Input Range
Maximum Output Range
Counter/Timers
Counters

Physical Specifications
Length

Width

D Connector

Minimum Operating Temperature
Maximum Operating Temperature
Minimum S$torage Temperature
Maximum Storage Temperature
Timing/Triggering/Synchronization
Triggering

Triggers ¢DAQ Chassis

Hardware
10 MHz
T

Yes

Yes

0w, 525V

0V, 525V

23em
25-pin D-Sub
40 5C

T0°C

-40°C

85°C

Digital
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ANALOG
DEVICES

Isolation amplifier for the voltage transducers.

Precision, Wide Bandwidth
3-Port Isolation Amplifier

AD210*

FEATURES

High CMV Isolation: 2500 V rms Continuous
23500 V Peak Centinuous

Small Size: 1,00" x 2,10 x 0.350"

Three-Port Isolation: Input, Output, and Power

_ Low Nonlinearity: =0.012% max
" Wide Bandwidth: 20 kHz Full-Power (-3 dB)

Low Gain Drift: =25 ppm/°C max

High CMR: 120 dB (G = 100 V/V)

Isolated Power: 215V @ =5mA

Uncommitted Input Amplifier

APPLICATIONS

Multichannel Data Acquisition

High Voltage Instrumentation Amplifier
Current Shunt Measurements

Process Signal lsolstion

GENERAL DESCRIPTION

The AD210 is the latest member of 8 new geaeration of low
cost, high pesformance isolation amplifiers. This three-porr,
wide bandwidth isolation amplifier is manufactured with sur-
face-mounted components in aa sutomated assembly process.
The AD210 combines design expertise with state-of-the-art
manufacruring technology 1o produce an exuemely compact
and economical isolator whose performance and sbundsnt user
features far exceed those offered in more expensive devices.

The AD210 provides a complete isolstion function with both
signal and power Bolation supplied via transformer coupling in-
ternal to the module, The AD210’ functionally complete de-
sign, powered by a single +15 V supply, climinates the need for
an external D converter, unlike optically coupled isolation
devices. The true three-port design structure permits the
AD210 to be applied a3 an lnput or output isolator, in single or
multichanne! applications. The AD210 will maintain its high
performance under sustained common-mocde siress.

Providing high accuracy and complete galvanic isolation, the
AD210 interrupty ground loops and leakage paths, and rejects
common-mode voltage and noise that may other vise degrade
measurement accuracy. In addition, the AD210 provides pro-
tection from fault conditions that may cause damage to other
sections of 3 measurement system.

PRODUCT HIGHLIGHTS
The AD210 is a full-fearured wolator providing numerous user
benefits including:

High Common~Mode Performance: The AD210 provides
2500 V rms {Contnuous) and £ 3500 V pesk (Conrinuous) common-

*Cavered by U, S, Patent No, 4,703,285,

REV. A

lnlmnn fumllhod Ly An‘log Davices is beievod 10 be accursts and
d by Analog Devices for its
use, nor for eny inl s ol potm of other rights of third parties
wiich may rasuit from s use, No license is granted by impication or
atharwise undar any patent of patent rights of Analog Devices.
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FUNCTIONAL BLOCK DIAGRAM

[ [oscitaron
L 6—6
AR

PWR Com

made voltage isolation between any two ports. Low input
capacitance of 5 pF results in a 120 dB CMR a1 a gain of 100,
and a low leakage current (2 pA rms max @ 240 V rms, 60 Hz).

High Accuracy: With maximum nonlinearity of £0.012% (B
Grade), gain drift of +25 ppm/*C max and input offsct drift of
(£10 £30/G) pV/C, the AD210 assures signal integrity while
providing high level isolation.

Wide Bandwidth: The AD210" full-power bandwidth of

20 kHz makes it useful for wideband signals. [t is also effective
in applications like control loops, whers limited bandwidth
could result in instability,

Small Size: The AD210 provides u complerte isofarion function
in a small DIP package just 1.00" x 2.10" x 0.350". The low
profile DIP package allows application in 0.5 card racks and
assemblies, The pinout is optimized to facilitute board layout
Three-Port Design: The AD210's chree-port design structure
sllows each port (Input, Output, and Power) 1o remain inde-
pendent. This three-port design permits the AD210 to b2 used
3% un input or output isplator, It also provides sdditional system
protection should a fault occur in the power source.

Isolated Power: £15 V @ 5 mA is available at the input und
output sections of the isalator. Thas feature permits the AD210
1o excite Soating signal conditioners, front-end amplificrs and
remote wransducers at the input as well &s other circuitry at the
output.

Flexible Input: An uncommitted operational smplifier is pro-
vided at the input. This amplifier provides buffering and gaia as
required and facilitates many alternative input functions as
required by the user,

Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Fox: 617/326-5703

One T
Tol: ll'll!?-fl“
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AD210—-SPECIFICATIONS tyic & 125 s v« 15 s v st

ek TR P~ prem—— OUTLINE DIMENSIONS
QNN Dimessions thown @ inches and (mm).

Range 1VIV - 100 VIV ‘ .

Eerer 2% max 2 1% max M vt e

v, Temperanuee(0*C w0 +70°C) +25 ppe™C tman . i

MR (-25°C ta +49°C) :;nm- . . = et vew -}»

w oltage 20 . .

Nowlintaciny 20.029% max 00%max [+ e ‘}"’ TISTOY 0T T saaen
INPUT VOLTAGE RATINGS ] e 3908 13 ) B0 i

Linear Differzansd Raage L0V . . T T

Maximus Sefe Differential Input | 215V . y e

hax. CMV Ingut-w-Ourpur ) T } T

ac, 60 Hz, Crntmuous 2400 V ms X 1500 V rms -
C:‘ Cnu:::i 23%00 Y peak ¢ 2000 V paak b e -
o Rejecton od
60 Hz, G = 100 ViV . H
BS540 0 lnpwdenrs aialencs | 11048 . . 2055 3s Fooo _l
ngnv:-.,sol-u 24 e max . . | pecamenm - f-omase ™
2UT IMPEDANCE

Differential w4a . .

e aiis - : p AC1059 MATING SOCKET
INFUT BIAS CURRENT awman (

lnickd, @ +25°C 30 pA yp (400 pA max)| ¢ . - ;: e s

. Temperatuse (0°C 22 +70°C) 10 nA max . .

(35°C w0 +85°C} | 30 0A max . . ; > .‘.
INFUT DIFFERENCE CURRENT - Smencete
Gital, @ 9°C S pA 1P (200 pA max)] ¢ . : o 1maces O
wi. Tempetaues(0°C w = 70°C) 204 ma . . _O'— —
(-25"C to +85°C) | 10 aA max . . l..
INPUT NOISE "e
Voltage (1 k¥ix) 18 sVNTE . .  Eoam e o L el clbelfindd .
(10 He 0 10 k%) 45V rms . . e anan H.

Cuarveon (1 kita} 2.01 pANTE . . -t uom i -~
mmmcrm:’mm

Euadwioth (-3 ¥

v .
) {:o‘::v _— e . . AD210 PIN DESIGNATIONS

Senling Time (210 mV, 20 V Suep) | *

Getvy s 150 . . . Pin | Designation Function
G = 100 VIV 500 * .

Sew Rate (G =1 VIV) | Vi . iy 1 Vo Qutput
OFSET ovogcm (T S S 2 Ocom y Qutput Common

MA@ 4 ARTRANS) MY s el 3 +V, +Isclated Power @ Output

 Tempeeature 4700 [ E10eRGre | ¢ . oss

" (‘;c-é'..dm 1L LG VT | ¢ . 4 ~Voss ~isolated Power @ Output
RATED OUTIUT 3 14| +Vigs +Isolated Power @ Input

oltage, 2 422 Load N‘:Wni- ol B . 15 | =Viss ~Isolated Power @ Input

apedance 19 max & >

Ripple (Bendwidth = 100 16z) | 10 sV pop mas . . :3 fl.;l iapuz‘Feedhack
um:ew - =15V . . 18 leom Input Common

:;?A Y . 19 +IN +Input
Coroes : < S 20 | PwrCom Power Common
*guavon, No Loed w # T v

pple il s’:r:: . . 30 | Pwr Power Input
POWER SUPPLY

Veltage, Rated Performance “15Vdct % . .

~I5Vdek 10% . -

Cumat Pl Lo - P St _| : : WARNING!
TEMPERATURE RANGE g —|

Rared Peformance 25°C 3 BT . . T---—ﬂ’fﬂ?” ’“

Opeesting “A0°C 10 ~83°C e b : £50 SENSITI\ :

Swespe A0C oo +85°C . .

r?mm DIMENSIONS CAUTION
100x2.10x0.3% | * .

Nitieees BMexsiixny | - . m‘ﬁ“ﬁ’““‘fﬁ;ﬁ'jm": ;_T;fce- o
?&“ satie 38 AD2IOAN. late on the buman body and tess equipment and can
"Nm i apeified 95 4 % 4 Gum o bewt aranght line discharge without detection. Although the AD210
ff“ - “‘*‘f:.l" :‘b TR features proprietary ESD protection circuitry, pes-
loaded, Sue 1o npply veltage redocton, = h —_— md‘”"f“"’m‘f"f“““.‘ﬁmﬁd“
“Sex vont foe dersiled informison 2 high energy ¢ v ,
Spraficatons wbject 1 change without notice, prope: ESD p jons are ded to avoid

performance degradation or Joss of functionality.
== REV. A
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INSIDE THE AD:210

The AD210 basic block diagram is illusteated in Figure 1.
A 415 V supply is connected to the power port, and

115 V isolated power is supplied to both the input and
ourpur pores via 2 50 kHz carrier frequeacy. The uncom-
mitted input amplifier can be used to supply gain or bufl-
ering of input signals to the AD210. The fullwave
modulator translates the signal to the carrier frequency for
application to transformer T1. The synchronous demodu-
lator ia the output port reconstructs the input signal. A
20 kHz, three-pole filter it employed to minimize output
noise and ripple. Finally, an output buffer provides a low
impedance outpur capable of driving a 2 kQ load.

Figure 1. AD210 Biock Diagram

USING THE AD210

The AD210 is very simple to apply in a wide range of ap-
plications. Powered by 2 single +15 V power supply, the
AD210 will provide outstanding performance when used
a5 a0 input or output isolstor, in single and multichannel
configurations,

Input Configurations: The basic unity gain configura-
tion for signals up 10 £10 V is shown in Figure 2. Addi-
tional input amplifier variations 2re shown in the following
figures. For smaller signal levels Figure 3 shows how 10
obtain gain while mainraining a very high input impedance.

Vour
" Vour
w0 [2hev)
v

1) @@

' / i
Figure 2. Basic Unity Galn Configuration

The high input impedance of the circuits in Figures 2 and

3 can be maintained in an inverting application. Since the

AD210 is a three-port isolator, either the input ieads or

the ourpur leads may be interchanged to create the signal
inversion,

REV. A

+iav
Figure 3. Input Configuration for G> 1
Figure 4 shows how to accommodate current inputs or sum cur-
rents or voltages. This circuit configuration can also be used for

signals greater than £10 V. For example, a £ 100 V input span
c2n be handled with Ry = 20 k€2 and Rg; = 200 ki),

oV

UM-*(%"; + E slye)

Figure 4. Summing or Current Input Configuration

Adjustments
When gain and offset adjustments are required, the actual cir-
cuit adjustment components will depend on the choice of input
configuration and whether the adjustments are to be made at
the isolator’s input or output. Adjustments on the output side
might be used when potentiometers on the inpur side would
represent a hazard due to the presence of high common-mode
voltage during adjustment. Offset adjustments are best done at
the input side, as it is better to null the offser abead of the gain.
Figure 5 shows the input adjustment crcuit for use when the in-
put ampiifier is configured in the noninverting mode. This offset
adjustment circuit injects a small voltage in series with the

>4

e GAm

'} -
Rl

/ Figure 5. Adjustments for Noninverting Input

—_—

-3
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AD210

low side of the signal source. This will not work if the source has
another current path to input common or if current flows in the
signal source LO lead. To minimize CMR degradation, keep the
resistor in series with the input LO below a few hundred ohms.

Figure 5 also shows the preferred gain adjustment circuit. The
circuit shows Re of 50 kf2, and will work for gains of ten or
greater, The sdjustment becomes less effective at Jower gains
(its effect is halved at G = 2) so that the pot will have to be a
lsrger fraction of the total Rg at low gain. At G = 1 {follower)
the gain cannot be adjusted downward without compromising
input impedance; it is better to adjust gain at the signal source
or after the output.

Figure 6 shows the input adjustment circuit for use when the
inout amplifier is configured in the inverting mode. The offset

astment nulls the voltage at the summing node. This is pref-
eruble to current injection because it is less affected by subse-
quent gain adjustment. Gain adjustment is made in the feedback
and will work for gains from 1 V/V to 100 VIV,

L5V T
Figure 6. Adjustments for Inverting input

Figure 7 shows how offset adjustments can be made at the out-
put, by offsetting the floating output post. In this ciecuit, 15V
would be supplied by a sepurate source. The AD210's output

plifier is fixed at unity, therefore, ourput gain must be made
«. & subsequent stage,

R g
Figure 7. Qutput-Side Offset Adjustment
PCB Layout for Multichannel Applicatons: The unigue
pinour positioning minimizes board space constraings for multi-
chunnel applications. Figure 8 shows the recommended printed
circuit board layout for a noninvesting input configuration with
gain.

e e 5 e ey St = L | ma e e o e e e e a4 (8 e w500
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Figure 8. PC8 Layout for Multichannel Applications with
Gain

Synchronization: The AD210 is insensitive to the clock of an
adjacent unit, eliminating the need to synchroaize the clocks.
However, in rare instances channel to channel pick-up may
occur if input signal wires are bundled together. If this happens,
shiclded input cables are recommended.

PERFORMANCE CHARACTERISTICS

Common-Mode Rejection: Figure 9 shows the common-
mode rejection of the AD210 versus frequency, gain and input
source resistance. For maximum common-mode rejection of
unwanted signals, keep the input source resistance low and care-
fully lay out the inpur, avoiding excessive stray capecitance at
the input terminals, |

1

1w I
e <= @ 2 100
1 '~~&.d ~Gwt
140 n
——
=~ Age S~
2 128 =g ?'N _——
[l \ﬁﬁs\ \\
s 100 3 — ~
R T~
" "% %-
el
40
“” 0 060 Y08 300 S0 " I S Ik

PREQUENCY - Hz
Figure 9. Commaan-Mode Rejection vs. Frequancy
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LEM Current transducer

'.-I

'
H |
an,

Current Transducer LA 50-S/SP1 l,, = S0A
For the electronic measurement of currents - DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).
| Electrical data !
I,  Primary nominal rms. curent 50 A Features
I Primary cument, measunng range 0.2100 A
R,  Maasunng resistance R R ® Closed loop (compensated) current
with £ 15 V/ @: 50A_ 0 330 n  ‘ensducer using the Hall effect
@2 100A 0 N0 ‘n *iheiind ﬁmmm
I,  Secondary nominal r.m.s. current 25 mA '
V. Supply voltage (£ 5 %) +15 v
L Cusment consumption 10+1, mA *l, =0_+100A
v, R.m.s. voitage for AC isolation test. 50 Hz. 1 min 3 kv e K, =1:2000
| Accuracy - Dynamic performance data | Advantages
X,  Overa accuracy @1, T,=25°C £05 % = Sesiotsowy
€ Unearty <01 % * Verygoodiineanty
: SN * Low temperature drift
w . t
L Offsetcument @1, =0, T,=25°C 01 mA .mm:m mln:j’hlunm"ldlh
lyy  Themaldrift of I, -10°C.+70°C | 202[204 mA o N insartion losses
t Response time "@ 0 % of |, <1 s * High immunity to extemal
difdt  di/ct accurately followed >50 Alys interference
f Frequency bandwidth (- 1 dB) DC . 150 kHz  * Cument overioad capabiiity.
| General data j Applications
* AC vanable speed drives and senvo
T, Amblent operating temperature «10..+70 °c mokor-ditves
T, Ambient storage temperature -25_+85 ‘c * Static converters for DC motor drives
R,  Secondary cod resistance @ T, = 70°C 130 Qs Battery suppied applications
m Mass 45 8 e Uninterruptible P Supplies
Standards ¥ EN 50178 (U':;, L
® Switched Mode Power Supplies
(SMPS)
® Power supples for welding
applications.

Notes : " With a dvdt of 50 Ajus
7 A list of corresponding tests is available.

201014/5
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AV
LI

Dimensions LA 50-S/SP1 (inmm 1 mm =0.0394 inch)

Front view Left view
- 127,

16.6

MOLEX S045-04/AG

36
635

194

T = Ore M

53 16 130
26
Secondary terminals
- <t = /2"12 Terminal + - supply voltage + 15V
p ‘ Terminal - : supply voltage - 15V
) J Terminal M : measure
Terminal 0 :NC
@ Q-_ S i
I | Connection
t——————o 4+
—_————C -
o [ R
LA 50-5/5P1 M ) " ov
_—Or—o NC
Top view

Mechanical characteristics Remarks
® General tolerance 02 mm ® L, is positive when |, flows in the direction of the amow.
* Fastening 2 holes @ 3.2 mm * Temperature of the primary conductor should not exceed
® Primary through-hole 127 x6.35 mm 100°C.
* Connection of secondary Molex 5045-04/AG * Dynamic performances (di/dt and response time) are best

with a single bar completely filling the primary hole.
* In order to achieve the best magnetic coupling. the primary
windings have to be wound over the top edge of the device.
* To measure nominal currents of less than 50 A, the optimum
accuracy is obtained by having several primary tums (nomi-
nal current x number of turns < 50 At).

LEM raserves the right to carry out modifications on its transducers, in order to improve them. without previous notice.
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Semistack Semikron inverter

SEMISTACK - IGBT

Circuit herras () Voo ! Vicmax Types
BaC 30 440/ 750 SEMITEACH - IGET
Symbol | Conditions Values | Units
no owerload 30 A
ToET - 4x SRM S0 68 1230
1200 v
I.= 5DA, Vige= 15V, chip level; T= 25(125)°C 2.7 {35 v
+20 "
[ Teme= 25 (B0)°C 50 (40) A
SEMITRANS Stack? Teme= 25 (BU)°C; ty= 1ms 100 {B0) A
Tiectier - 1x SRO 51714
} ez | without filter 3% 480 v
Three-phase rectifier + with filter - 3% 380 v
- - T Capacior bank - Elecholyic Tx oy,
inverter with brake Coqm fotal equivalent capacitance 11007800 |pF/v
chopper Vpomm | max. DC voltage applied fo the capacitor bank 750 v
Diriver - 4x GRHI 22
SEMITEACH - IGBT Power 0r1s v
supply
SKM 50 GB 123D
Current
SKD 51 consump | max; per driver 16 mA
PA/250F fan
! | Nommally Open type (NO) 71 C
Features

+ Multi-function IGBT convertar

» Transparent enclosure to allow
visualization of every part

» |P2x protection to minimize
safety hazards

» External banana/BNC type
connaciors for all davices

+ Integrated drive unit offering
short-circuit detection/cut-ofi,
power supply failure detection,
intariock of IGETs + galvanic
izolation of the user

+» Forced-air cooled heatsink

Typical Applications

+ Education: One stack can
simulate almast all existing
industrial applications:

- 3-phase inverter+brake choppar

- Buck or boost convertar

- Single phase invertar

- Single or 3-phasa rectifier

'l Phiota: non-contractual
£l aEara
%:; ¥ odtE o 41"3—
= Thiie technical information specifies semiconductor devices but promises no

charactenstics. No warranty or guarantee expressad or implied ie made regarding
delivery, performance or suitability.

2  Power Electronic Systems — SEMISTACK 08-06-2005 @ by SEMIKRON
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PLL discrete block.

PLL4 DISCRETE (PLL2_DIS+wref)
ATTENTION: not perfect for unbalanced utilities (0.025deg error)

—»
Scopel
To Workspace
To Goto
uabc-to-pll
ABC 0 Alphaeta Ly
mmalz Goto2

To Workspace4

AlphaBeta to DQ f———p»|

calculation
w_pll

Scope3 To Workspace2

= —F

To Workspace5

thetal Scope2

wfeedfoward(ref), TST

Theta_pll
thetal thetal »
>

Discrete_integrator

Discrete PI_pll

Line voltage estimator.

- R_hat can be neglected
- Filter can be adjusted
- Usalpha/betais the controller output

Vref_alpha IScope
To Workspace
Gain2 *
IScopel -

x@) y(@ +

Gain Discrete derivator
—>H > ’
iabc - uabc_estimated
Discrete FIRz  Saluration
x@) y(@ N (limit transient voltage)
>
Gainl Discrete derivatorl +
ABC to AlphaBeta .E AlphaBeta to ABC
Gain3
ref_beta

Terminator

Discrete

RMS value
To Workspace4
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Decoupled controller.
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Appendix B. Simulink simulations

Rectifier model.

age sn

aqel

@D

TTWoI

n
oTwoI

puwoig

Zwoig

Twoig

woiy

oo x |

Znpoid

Zud4 Jajsuel |

TureS

TTOI09

npold

Au

peol

>l e
o e
]

o e

TUdH Jajsuel |

PeO/T

OPA

SNONUNUOD 9PA

OINOIINTLLY ~ OTUleS

A

S

010109

19npoid

uo4 Jajsuel |
481

<
<

T

80109

10109

90109

G0109

0109

€0109

aqes

agen

Page 81



Appendix B. Simulink simulations

PWM discrete block.

[m— Y

ED

’—>
1_if_diff_positive
»
O 3 -
X l"—,
Switch
>
X ) B > >
Uabc_ref 3 = ;
- — X l"—, Sabc
Divide Switchl
»
b g =3 >
Vvde ) Switch2
Gain
0_if_diff_negative

Triangular wave

Carrier_wave

Scope6 EI
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Matlab code.

KK R AR AR AR A A A A AR A A A A A A A A AR A AR A AR A AR A AR A A AR A KRR A A AR A AR A AR A AR A AR A A AR AR A AR A AR A Ak kK

INITIALISATION FILE - Controller+PLL+Uest (Discrete Model)

o° oo oe

%**************************************************************************

close all; clear all; clc

R R I I I I I I I I S I I I I I I b I e b b b I b b e b I I I I I I b b I I I I I b I I I b b I S b b I S I b IR b b I Sh I I b b i a4

CARRIER BASED PWM PARAMETERS

KK R AR AR AR A A A A AR A A A A A A A A AR A AR A AR A AR A AR A A AR A KRR A A AR A AR A AR A AR A AR A A AR AR A AR A AR A Ak kK

o\

o° oo

Carrier amp = 1; % Triangular wave Amplitude

Carrier f = 10e3; % Triangular wave frequency

Tc = 1/Carrier f; % Triangular wave period
%*k*k*k*k*k*k*k*k*k***********k*k*k*k**********k*k*k*k**********k*k*k'k*************************
% CONVERTER PARAMETERS
%**************************************************************************
R=0.1; % Line Resistance (Kazmierkowski abc model)

L = 3e-3; % Line inductance (Kazmierkowski abc model)

C = 1100e-6; % DC bus capacitor

w = 2*pi*50; % Line frequency

Em = 230*sgrt(2); % Peak Phase voltage of the source (Kazmierkowski abc
model, need to be estimated)

Fsw = Carrier f; % Converter switching frequency = Triangular wave frequ.
Rload = 33; % Output load, Pout about 800W

vVdc_ref = 700; % Output voltage reference (5.8 3.6 ratio w Em)

[

initial condition integrator = Vdc ref; % IC model integrator

KA A AR R A A A A A A A A A A A A A A A AR A AR A AR AR A A A A A AR AR A AR AR A A AR AR A A AR A A A A Ak Ak kA Ak Ak xk kK k%

PLL PARAMETERS
O ok ok kK Kk kK ok kK Kk kK ok kK Kk kK ok kK Kk kK ok kK Kk ok ok kK ok ok kK kR ok kK kR ok kR Kk kR ok ok Rk Kk ok ok ok &

o° o

%Gain gammalé&2 : calculated in simulink (we assume Ed hat and Eg hat can
change)

Fbandwidth pll = 20; $bandwidth in Hz

rho pll = 2*pi*Fbandwidth pll; S$bandwidth in rad/s

KK A AR A AR A A A A AR A AR A AR A AR A AR A A A A A A A A A A A A A A A A A AR A A AN A A A A I A AR A AR A AR A AR A AR AR A KK

CONTROLLER PARAMETERS
hkkkkhkhkhkkhhkkhkhkkhhkkhkhhkhkhhkkhkkkhhkkhkhkkhkkhkkkhkhkkhkkhkkkhkhkkhkhkkkhkkkhkkkkkkk k& x Kk **

o e oe

H

s = 0.5*Tc; % Sample time, half of triangular wave period, Fs = 2*Fc

SESTIMATED PARAMETERS

R _hat = R;
L hat = L;
C hat = C; % probably, C hat = C OK

Em hat = Em ; % ATTENTION : will be a problem for Kpv (need to put fixed
value of do calculation in Simulink according to estimator value)

$CURRENT PI Regulator (thesis, state-variable W=Vdc”"2)
alphal = Fsw/10*2*pi; % Bandwidth in rad/s (2000Hz)
Kpi = alphaI*L hat
Kii = alphaI*R _hat

SVOLTAGE PI Regulator (thesis, state-variable W=Vdc”"2)
alphaV = Fsw/100*2*pi; % Bandwidth in rad/s (200Hz)
Kpv = alphaV*C hat/ (3*Em hat)
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Kiv = 0.01
$SATURATION (TO MODIFY, depends on rectifier limit)
Isaturation upper limit = 50; %saturation on Iref, V PI controller

Isaturation lower limit -50;

%**************************************************************************

% LINE VOLTAGE ESTIMATOR
%************************k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k************************
IC delayestimator a = 0.1;

IC delayestimator b 0;

Est Vsaturation upper limit = 1.2*Em hat; SATTENTION : Need to put a fixed
value for implementation (or calcul in simulink)

Est Vsaturation lower limit = -1.2*Em hat;

KK R AR R AR A A A A A A A A A A A A AR A AR A AR A AR A AR A A AR AR A A A AR A A AR AR A AR A AR A AR A AR A AR A AR A Ak kK

)

% TESTS
%**************************************************************************
$INPUT STEP

input step time = 0.2;

input step value = 50;

o\

KK AR A AR A A A A A A A AR A AR A AR A AR A A A A A A A I AA A A A I A A I A AR A A I AR I AR A AR A AR A AR A A A AR A AR A KK

SIMULATION AND DISPLAY

KK A AR R AR A A A A A A A A A A A A AR A AR A AR A A AR A AR A AR AR A A A AR A AR A AR A A AR AR A A AR A AR ARk Ak kA Ak k%

o° oo

oe

sim('Discrete Model')

figure (1)

subplot(2,2,1); plot(t _dis, id refbiédsat, 'r'); axis ([0 0.4 -5 100]);
xlabel ('Time (s)'); ylabel('Current (A)'); title('Id reference before
saturation', 'fontsize',16)

subplot(2,2,2); plot(t dis,id,'r',t dis,iq,'b'); axis ([0 0.4 -5 60]);
xlabel ('Time (s)'); ylabel('Current (A)'"); title('Id(red) Ig(blue)',
'fontsize',16)

subplot(2,2,3); plot(t dis, id ref,'r');axis([0 0.4 -5 60]); xlabel('Time
(s)'"); ylabel ('Current (A)'); title('Id reference', 'fontsize',16)
subplot(2,2,4); plot(t,ia,'r',t,ib,'b',t,ic,'k"); axis ([0 0.4 -60 601);
xlabel ('Time (s)'); ylabel('Current (A)'"); title('Ia Ib Ic', 'fontsize',16)

figure (2)

subplot(3,1,1); plot(t dis,Vd ref bédsat,'r',t dis,Vqg ref bédsat,'b');

axis ([0 0.4 =300 500]); xlabel('Time (s)'); ylabel ('Voltage (V)"');
title('Vd(red) Vg(blue) (reference before saturation)', 'fontsize',16)
subplot(3,1,2); plot(t dis,Vd ref,'r',t dis,Vg ref,'b'); axis ([0 0.4 -400
400]); xlabel('Time (s)'); ylabel ('Voltage (V) '"'); title('Vd(red) Vg(blue)
(reference) ', 'fontsize',16)

subplot (3,1, 3);

plot(t dis,ua ref,'r',t dis,ub ref,'b',t dis,uc _ref,'k'");axis ([0 0.4 -400
400]); xlabel('Time (s)'); ylabel ('Voltage (V)'"'); title('Ua Ub Uc
(reference)', 'fontsize',16)

figure (3)

subplot(2,1,1); plot(t dis,id,'r',t dis, id ref,'b');axis ([0 0.4 -5 60]);
xlabel ('Time (s)'); ylabel('Current (A)'); title('Id reference (blue) and
Id (red)', 'fontsize',16)

subplot(2,1,2);

plot (t dis,sgrt(abs(W ref)),'r',t dis,sqgrt(abs(W)),'b');axis ([0 0.4 O
800]); xlabel('Time (s)'); ylabel('Voltage (V)'"); title('Vdc (black) and
Vdc reference (red)', 'fontsize',16)
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