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Abstract

Various active filter solutions have been proposed in recent years [1], [2], and are
still being widely investigated today. This thesis discusses the design and
implementation of the shunt APF topology. The thesis starts with a general
literature review of various APFs which includes voltage control ahd current
control topologies for single phase and three phase configurations. In particular,

the single phase shunt APF was focused on.

Secondly, the theoretical aspects of the shunt APF topology are discussed. The
methodology of the APF consists of measuring the load current and extracting the
harmonic components using the sine-multiplication theorem. Then the extracted
current is used as the reference current to be injected by the single phase full-
bridge static converter. The control method used is based on a predictive control

approach.

Thirdly, the APF theory is verified by simulation and through construction of a
laboratory prototype. A case study was conducted in which the simulation results
are compared with the laboratory prototype results. The experimental results show
that the active filter, together with feed-forward control technique can effectively
reduce harmonics. The application of the APF resulted in the source current
harmonics being reduced from 42% total harmonic distortion (THD) to a desired
allowable level of less than 5% THD in simulation. The practical results obtained
were 8.5% but could however be improved with further work in order to meet the

IEEE 519-1992 standard.
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1. Introduction

1.1 Background

There has been a significant increase in the use of power electronics in industry and in
consumer applications in recent years. This has consequently lead to increased effort
from the utilities to meet the quality of supply required. The problem is exacerbated
by the increased use of so-called non-linear loads — most of which are power
electronics devices. The following problems can result from increased use of such

loads:

= Harmonic overloads.
=  Untimely tripping of protection devices (which contribute to down-time).
= Considerable levels of high voltage and current distortion.

= Temperature rise in conductors, generators, transformers and motors.

All of these factors result in the reduction of AC mains power quality. Recent studies
have shown that the use of non-linear loads will increase significantly in the future
[3]- This will consequently increase the need for effective mitigation of harmonics.
The conventional application of tuned passive filters can create system resonances
which are dependent on specific system conditions. In addition to that, passive filters
often need to be significantly overrated to account for possible harmonic absorption

from the power system [4].

Passive filter ratings must take into account reactive power requirements of the loads
and this makes it more difficult to design the filters to avoid leading power factor
operation for some load conditions. APFs have the advantage of being able to

compensate for harmonics without fundamental frequency reactive power concerns,



which means that the rating of the active power can be less than a comparable passive
filter for the same non-linear load. Furthermore, the active filter will not introduce
system resonances that can move a harmonic problem from one frequency to another
[4]. Generally, shunt APFs works as a current source connected in parallel with the

non-linear load and generating the harmonics that the load requires.

The APF consists of power electronic components which consist of capacitors,
inductances and semiconductor switches that introduce current or voltage
components, which cancel the harmonic components caused by nonlinear loads. Many
different active power filter topologies have been introduced and already
commercially available. APFs are very effective not only for harmonic compensation
but can also have other benefits and applications — all in one unit. With an appropriate
control strategy, it is possible to correct power factor, correct unbalanced loads and
compensate for reactive power [5]. Much work has been done in the development of
theory for determining compensation currents. However, there has not been a
significant focus on their control [6-9]. Today, the wide-spread use of IGBTs and the
implementation on digital signal processors (DSPs) has paved the way for the future

success of APFs.



1.2 Problem description

To design an active filter that will attenuate harmonics to an acceptable level so as to
comply with international standards such as the IEEE 519 and CEI 1000 standards.
The subsystems of the filter must be designed, built and tested. These subsystems
include an inverter, voltage and current transducers and laboratory set-up of the

system.

1.3 Thesis Objectives

The objective of this thesis is to design, build and test a single phase shunt APF. In

order to do so, the following tasks need to be completed:

1. Study the literature on APFs, their topologies and their implementation.

2. Study literature on various control theories and strategies and compare their
various merits.

3. Design, build and test the subsystems forming the APF which can compensate
a 3kW load with a maximum of 45% THD.

4. Draw conclusions and make recommendations for future work.



1.4 Shunt Current Controlled APF topology

The schematic diagram of the APF topology is shown in figure 1-2. The filter consists
of three major parts; the compensator which computes compensation currents to be
injected, a controller which is implemented on DSP to produce PWM and the full-
bridge inverter. The validity of this topology is demonstrated by means of simulations

and experimental results as shown in chapters 4 and chapter 6 respectively.
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Figure 1-2 Schematic diagram of the single phase shunt APF topology [51]



2. Literature Review

2.1 Review of existing filter topologies

2.1.1 Introduction

The development of active filters began in the 1970s [10]. The APF has been
developing technically over the years in order to meet larger power demands with
increasing efficiencies. Initially, APFs were used to reduce irregularities in AC
utilities in small capacities [11]. Nowadays, APFs can reach powers around mega
watts, allowing them to be used in power distribution systems and in power
transmission lines. In [10], Akagi affirms that in 1995 more than 300 shunt APFs with
PWM control were in operation in Japan. These APFs used IGBTs and GTOs and had

ratings ranging from 50 KVA to 50 MVA.

Active filters are designed to meet a number of compensation objectives. These
objectives are typically unbalance, “flicker”, reactive power compensation and
harmonic compensation. The combination of all these compensation schemes in one

compensator is often called a “universal power compensator,” [11].

2.2 Harmonic mitigation approaches

Harmonic distortion in power systems can be suppressed through three basic

approaches:

= Passive filtering.
= Active filtering and,

» Hybrid active power filters.



The following sections discuss general properties of the various approaches.
Furthermore, the advantages, disadvantages and limitations of these approaches are

discussed.

2.2.1 Traditional passive filters overview

Passive filters consisting of a bank of tuned LC filters such as high pass filters are
widely used to suppress harmonics. They are the conventional solution to harmonic
distortion problems. Passive filters use reactive storage components, namely
capacitors and inductors. The more commonly used passive filters configurations are
the shunt-tuned LC filters, the shunt low pass LC filter and the single-tuned “notch”
filter which is the most common and economical type of passive filter which is used
today [13], [14], [15]. The notch filter is usually connected in parallel with the power
distribution system and is series-tuned to present a low impedance path to a particular
harmonic current component. Some of the other more commonly used passive filter

configurations are shown in figure 2-1.
2.2.1.1 Advantages and disadvantages of Passive Filters

Amongst other advantages, passive filters are simpler to implement, reliable, efficient
and less costly [16]. However, while passive filters are widely used, there are some
disadvantages associated with their use. The disadvantages are the resonances
introduced into the AC supply, low filter effectiveness and the tuning issues [17].

Most of these disadvantages can be surmounted with the use of active power filters.
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Figure 2-1 Commonly used passive filter configurations [43]

Single-tuned

2.3 Active filter overview

Due to the shortcomings of shunt passive filters [18], APFs have been studied and
developed in recent years [19], [20]. Most active power filter topologies use voltage
source inverters. This topology converts a DC voltage into an AC voltage by
appropriately gating the power semiconductor switches. A typical DC to AC
converter is shown in figure 2-2. It consists of a DC source which is represented by a

large capacitor; and six IGBT switches.
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Figure 2-2 Three phase voltage source inverter

Although a single pulse for each half cycle can be applied to synthesize an AC
voltage; for most applications requiring dynamic performance, pulse width
modulation (PWM) is most commonly employed to control the inverter [16]. There
are a large number of PWM techniques available to synthesize sinusoidal patterns, or

any arbitrary pattern [12]. A simple PWM technique which compares a triangular



wavelorm camer, (which defines the swilching frequency); with the appropriate
signal is shown in figure 2-3, The signal s compared with 2 high [requency (nangular
waveform to produce PWM pulses used to switch the semi-conductor switches of the

CoOnverier.
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Figure 2-3 Syuthesis of natpot voltare wsine triangular carrier [49]

With PWM, the AC output of the converter can be controlled as a current or voltage
source device. The resulting output voltages consist of a sinusoidal fundamental at 50
Hz and some onwanted harmonic components due to high [requeney switching, The
unwanted components can be removed by wang a low pass Alter (LPF) at the output
of the inverter. This is casily accomplished since high switching frequencics are
typically used - ringming from 3-20 kHz. The maximum switching frequency docs
however depend on the maximum switching frequencey of the semiconductors used

[16],1.e. (IGBTs, GTOs or IGCTs).

The idea of APFs or harmonic conditioners 1s relatively old. It is however believed

that the slow develupment of the APF was duc (o the Jack of effective Implementation
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techniques at a competitive cost. Nowadays, with the wide spread use of IGBTs, and
the availability of DSP technology; APFs have evolved rapidly and paved a path for
their future success [3]. Converter based solutions to power quality problems surely
seem to be the way of the future. In 1996, more than 100 converter based shunt
harmonic compensators were operating in Japan [19]. However, even with the
availability of IGBTs and DSPs, the cost of APFs is still relatively high [5], and they

are difficult to implement in large scale.

One way of improving their practical utilization is to design the filter for only a
fraction of the total load power. This can be done by designing a combined system of
shunt passive filters and series APFs. This has an effect of largely reducing cost and
results in increased overall system efficiency [22]. Combined systems of power APFs
and shunt passive filters to reduce initial costs and improve efficiency are currently
under investigation. The greatest advantage of implementing this synergy is the
decrease in the required power rating of the converter and this is what primarily

brings down initial costs [17].

Depending on the particular application or load to be compensated, APFs can be
implemented as shunt type, series type or a combination of shunt and series APF.
These filters can also be combined with passive filters to form hybrid power filters.
The above-mentioned topologies will now be discussed in detail in the following

sections.



2.3.1 Shunt Active power filters

The shunt active power filter permits to compensate for harmeonics and asymmetries
of the mams currents caused by nonlincar loads [23]. The shunt connected AP has a
topology that 15 similar to that of a stalic var compensator (STATCOM) used for
Teactive power compensalion o power transmission svstems [16]. Shunt APFs
compensite load current harmomies by injecting equal but apposite harmonic currenis
at the point of common connection (PCC) with the power distribution system, Thus,
the shunt APF acts as a current source inyeeting the hammonic components reguired by
the load but phase shifted by 180°. The result 1s that the source only has to supply the
fundamentaul current required by the load. The concept of a shuat APF is shown more

clearly in figure 2-4 below.
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Figure 2-4 APY puwer circuit [51]

From the diagram above if the FIPT of the load éis taken, it can be the deduced that;
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Thus, from Kirchhoff's current law, it can be casily deduced that the two currents add
up 4t the PCC to make up the total load cumrent. Then the shunt APF must supply the

rest of the harmonic current components required by the non-lincar load.

Currently existing shunt APFs have the ability to compensate for the entire low
frequency harmome spectrum up to the 50™ harmonic or more. They are also raied in
such g way that if the harmonic currents drawn by the load are greater than the rating
of the active filter, the filter automatically limits its output current to its maximun
rating thus avoiding an over-load situation [3]. A typical shunt active power hlter
[rom Group Schneider named ACCuSine™ 15 shown in Higure 2-5 [4] and has the

tollowing characteristics;

Figure 2-5 Group Schocider active filter product |4)

*  Active harmome fillration.
» Fillers up to the 50™ harmonic.
»  Power factor correction.

*  Dynarmiec VAR compensation.



*  Filters entire network or specific loads depending on stallation point.
*  Response to load fluctuations begins in 40 micro seconds with 8 Milliseconds
for full response to step load changes,

= [GBT based power electronie technology.

Figure 2-6 to figure 2-8 shows the results of ACCUSINE as recorded at Group
Schneider laboratory, (taken from g presentation by Group Schncider at Driving
performance in 2008 power guality conference). Figure 2-6 is the load current that is
drawn by a non-linear Joad (AC-DC converterl, without ACCUSINE compensation.
Figure 2-7 shows the current wavetorm injected by ACCUSINE, Figure 2-8 shows

the corrceted current waveform supplied by the source to the non-lingar load.
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Figure 2-6 Load current [4)

W
o T
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The perlormance ol the filter 1s depreted an table 2.0 below in terms of the

mprovement in total harmonic distortion {THD) of the source current.

Takle 2.1: Performance of ACCUSINE APF

Perfomance of Accusineg

APF QOff APF On

Harmonie Order 5 T~ 8% Trund

1 100 100

3 13038 047hH

5 31.66] 06T

7 i1.487 0.6TH

9 435 0207

11 TER 0:710

5 4 267 0821

15 0367 0.0%2

17 3438 1454

14 #0044 .a34

21 0,214 11,763

23 R 405

28 27T 1485

7 0293 0170

| 24 1,438 0,347
A §.740 0243
23 261 0,525

3R %300 02748

ar 1424 0815

33 0282 0.244

41 0.588 a.420

43 1,281 1.337

45 1.2074 347

47 10,427 [iGE

49 1.348 580

Yo THD 35280 2670

The active fikter topology presented above will be used as a benchmark against which

the performance of the APF developed in this thesis will be measured.



2.3.2 Series APFs

Serics active power [illers were miroduced lowards the end of the 19805 [16]. They
normally operate as voltage regulators and as harmonic isolators between the non-
lincar load and the utility svstem instcad of penerators of harmonics as is the case in
shunt APF. This topology is especially recommended {or compensation of voltage
unbalances, voltage sags and lor low powcer appheations [8]. The topology also
presents an economically attractive alternative to UPS sinee it can be designed to
perform UPS functionglity and harmonics isolation in a single unit [16], In tus
approach, the cvalustion of relerence vollages as opposcd o reference currents 1s
required. Theretore, the control strategy used also differs. This is often very
complicated since control has to be achicved through a precise measurement of line
currents and vollage wavelorms [5]. A series achive [iter conliguration 15 shown

figure 2-9,

-+ ] Sy,
B
- ¥, | Non Linear
! Load

Figure 2-% Series Active Filter (8]

In many cases, series active filters work as hybrd topologies with shunt passive
filters nctworks. The shunt passive filter is eonnceted i parallel with the load and
tured o chiminale odd harmomes o presenis a low impedance path for the rest of the
load current harmonics [22] The passive LC filters may also be connected as in figure

2-9 when the scrnes active filter operates as a harmonice isolator. The [lter forees the

14



load harmenics to circulate mainly through the passive filter rather than the power
distobution systern [16]. The man advantages ol this schenie are that the rated power
of the series APF is a smull fraction of the total load’s KV A rating, typeally 5%.
However, the power rating of the serics active tilter may increase significantly in the

case where the filter acts as a vollage compensator [16].



2.3.3 Serics-shunt APFs

As the name suggests. serics-shunt APFs consist of a combination of a series APF and
the shunt APF components. The shunt APF 15 usually locared at the load side and can
b used o compensate tor load harmonics. The serics APF is then located al the
source side amnd blocks harmonics from the load; compensates tor supply voltage
harmonics and voltage vabalances and damps power system oscillations. This
topology 1s ollen called the Umified Power Flow Conditioner (UPFC) [55]. A

schematic of the conditioner is shown in figure 2-10.

AC to O ' l
Cinnuarter 9 '
v \ : Pref
d Contral Y
Q ref
N
{nevartar 1

XY
L

: i
ELlniﬂe-d Power Flow COI‘ith"EI‘E

Figure 2-10 Unified Power Flaw Conditioner [49]

The UP'FC, by 1ts multifunctional capacity can with adeguate rating: dircetly force the
line current to assume an angle and magnitude with respeel to a given bus voltage to
deliver the desired active power and simullaneously minimize the reactive power flow
u the hne. In other words, the UPFC has the functional capability of dircetly and
mdependently controlling the active and reactive power llow in a power distribution

ling [44.



2.3.4 Summary of APF topologies

A summary of active filter topologies is shown in Table 2.2. Table 2.2 tabulates the

advantages and disadvantages of using each type of topology discussed above. As can

be seen from the table, it is clear that the shunt active filter does not introduce

additional problems when connected to the AC grid; such as voltage sag/swell,

voltage unbalance, voltage distortion, voltage interruption, voltage flicker and voltage

notching as is the case with the series active filter and the shunt-series active filters.

Table 2.2;: Summary of APF topologies [25]

ActiveFilter Load Effect on AC Effect of Filter on the power-
Connection Supply distribution System
(Advantages) (Disadvantages)
Shunt: » Current Harmonic
Filtering
s Reactive Current
Compensation
= Current unbalance
» Voltage Flicker
Series: » Current Harmonic =  Voltage sag/swell
Filtering = Voltage Unbalance
= Reactive Current = Voltage Distortion
Compensation =  Voltage Interruption
» Current Unbalance » Voltage Flicker
» Voltage Flicker » Voltage Notching
=  Voltage Unbalance
Series-Shunt =  Current Harmonic =  Voltage sag/swell
Filtering = Voltage Unbalance
» Reactive Current » Voltage Distortion
Compensation = Voltage Interruption
s Current Unbalance » Voltage Flicker
= Voltage Flicker = Voltage Notching

= Voltage Unbalance
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2.4 Reference signal estimation techniques

A number of methods can be applied to extract hanmonic components to be used as
reference signals for the active filter [24). |253]. |26-29]. The reference signal
estimation is imbiated through the detection of essential vollage and or current signals
in order to gather accurate system variable information. Typicaliy. the voltage
variables to be detected are the AC source voltage and the DC-bus voltage of the APF
inverter, Typical current variables are load current, AC source current and the actual
compensation current lowing across link inductor of APF. Bascd on these system
vanable feedbacks, reference current/voltage estimation 15 executed either in time or
frequency domain. Tigure 2-11 shows some of the reference signal estimation

techniguces which are widely used in hilerature.

Frequency

S Fourier Transform

Diomain

Reference Signal

Estimatton Techniques p-q Theorem

Extension p-g¢ Theorem

Syuchronous-Detection Theotem

Syuchronous-Reference-Frame
Theorem

Swe-Multplicanon Theorem

Figure 2-11 Referenee signal estimation techmnigues [43]



2.4.1 Frequency domain approaches

Reference signal estimation in the frequency doimain is suitable lor both single and
three phase systems. This method 1s fundamentally derived from the pninciple of

Fourier analysis as tollows!

2.4.1.1 Fourier analysis technique

The frequency-domain approach implics the use of the Fourier transform and its
analysis which leads to complex mathematical caleulations thereby imaking the
contral method nom-ideal. Fourier transform. (either conventional or Fast Founer
Trunstorm (FETY), is applied to the captured voltage or current signal, Typically, the
tundamental component of the load current is eliminated - thus separating the
harmonie componenis form the fundaimental as shown m figure 2-12. Inverse Founer
transtorm is then applied to estimate the compensation referenee signal in the time

domain |24], [25]. [30], [26-29].
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Figure 2-12 Source current transformed from time to fregqueney domain

The main drawback of this tcchmgue 1s the assoeciated tiune delay in system variahle
sampling and computation al Fourier coefficients. This makes it impractical lor real-

time appheation with dynamic loads. This method is thereforc only suitable for slow

19



varying load conditions. In order to make the computational process faster, some
modifications were proposed and implemented in [64]. In this modified Fourier-series
scheme, only the fundamental component of current/voltage is calculated and this is

used to separate the total harmonic signal from the sampled waveform.
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2.5 Time domain approaches

Time-domain approaches involve the use of algebraic transformations associated with
changes of reference frames. This significantly reduces the control task. Time-domain
approaches are based on instantaneous estimation of reference signal in the form of
either voltage or current, derived from measured, distorted waveforms. These
approaches are equally applicable for both single-phase and three-phase systems
except for the synchronous detection theorem [32], [33] and synchronous reference

frame theorem [34-36], which can only be used in three-phase systems.

2.5.1 Instantaneous reactive-power theorem

One of the instantaneous reactive-power theorems known as the (p-q) theorem was
proposed by Akagi et al. [37] for three phase systems. This theory is based on the
Clarke transform which transforms three-phase voltages and currents into the o 0
stationery reference frame [38], [39], and [40]. From these transformed quantities, the
instantaneous active and reactive power of the non-linear load is calculated, which
consists of AC and DC components. The AC component is extracted using a high
pass filter (HPF) and taking the inverse transformation resuits in the attainment of the
reference signals in terms of either current or voltage. Calculations are made using
instantaneous values of the measured variable. The controller model executes the p-q

theory calculations according to equations (2.9)-(2.16):

1 —1/2 —1/2]ea
ea
_ |2 3 3 | eb 2.9)

e V3|0 5 45

2 2 | ec
. 1 -1/2 -1/2]a
1104
ol 3 3 | ib (2.10)
ip 310 PR by

2 2 |lic
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In equation (2.11) and (2.12), alpha and beta are the orthogonal coordinates; ex and io
are on the o axis and e and i on the axis. In three phases, conventional

instantaneous power is calculated as follows:
P=ea ia+e .I (2.11)

In fact, in the abc coordinate active power; (P) is given by the following equation:
P = ea.ia + eb.ib + ec.ic (2.12)

Instantaneous real and reactive power represented by p and q can respectively be

calculated as shown in equation 2.13.

ea ef|ia '
MR &1
In equation 2.13, eciw and e .I represent instantaneous power p since these
equations are products of instantaneous currents and voltages on the same axis.
However, in contrast, ex.i and e .ix are not instantaneous powers since these are
products of instantaneous currents and voltages on orthogonal axes. Therefore ¢ is not
a conventional electric unit like the Watt or Var, ¢; is instantaneous imaginary power

or “non-real” power. In order to derive the reference currents, equation 2.13 is now

re-written as 2.14:

io ea  eB|’
_ P (2.14)
ip —-eff ea q
Therefore, from equation 2.14, the instantaneous compensating currents on the ,o

coordinates can be expressed as:
22
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It should be noted that p = p+ p where pis the AC component of p and ; is the
DC component. Therefore, p can be extracted by passing p through a low pass filter

and subtracting the result from p to obtain p as expressed in equation 2.16.

p=p-P (2.16)

2.5.2 Synchronous-detection theorem

Synchronous detection theorem [32], [33] is very similar to the p-q theorem.
However, this technique is only suitable for three-phase application. The application
of this theorem relies on the assumption that the three-phase currents are balanced. It
is based on the idea that the APF forces the source current to be sinusoidal and in
phase with the AC source voltage despite any variations in the load. The average
power is calculated and divided equally between the three phases. The reference
signal is then synchronised relative to the source voltage for each phase respectively.
Even though this technique is relatively less difficult to implement; it does however
suffer from the fact that it depends to a large extent on the harmonics in the source

voltage [24].

2.5.3 Synchronous reference frame theorem

This theorem relies on the Park transformation which transforms the three phase
system voltage and current variables into a synchronous rotating reference frame [34],
[35]. The active and “non real” components of the three-phase system are represented
by the direct and quadrature components respectively. In the theorem, the

fundamental components are transformed into DC quantities which can be separated
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easily through low pass filtering. This theorem is applicable only to three phase
systems. The notable advantage associated with this method is that the system is very
stable since the controller deals mainly with DC quantities. The computation is almost

instantaneous except for time delays due to filtering DC quantities [28].

2.5.4 Sine multiplication theorem

This method is based on the process of multiplying the non-linear load current by a
sine wave of fundamental frequency and integrating the result to calculate the real
fundamental component of the nonlinear load current [41], [42] and [48]. The method
is applicable for both single and three phase systems. Taking the difference between
the fundamental component of the load current and the total instantaneous load
current results in the derivation of the reference current for the APF. Although this
technique eliminates the time delay due to low/high pass filtering experienced in
instantaneous reactive power theorems, its performance is still slow (for more than
one complete mains cycle), due to integration and sampling [28]. This technique is

similar to the Fourier technique; however, it is implemented differently.
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2.6 Review of control strategies

The purpose of APF controller is to generate appropriate gating signals for switching
the inverter based on the estimated compensation reference signals [43]. Therefore, its
inputs are the computed reference signals which are computed using one of the
methods above, and the output is the gating pulses to be fed to the inverter switching

devices.

The performance of the APF is greatly affected by the choice of control technique
utilized [45]. Thus the choice and implementation of the control technique is very
important for the achievement of a satisfactory APF performance [43]. A variety of
control techniques, such as linear control [30], [34], [41], [42], [[44], digital dead-beat
control [35], [38], and hysteresis control [17], [46], [47], have been implemented for
APF application. A number of publications [17], [26], [28], [46-47] comprehensively
report on the theories related to the APF. This section briefly discusses some of the

techniques and their basic features.

2.6.1 Linear control technique

Linear control of an APF can be accomplished by using a negative-feedback system
like the one shown in figure 2-13 [12]. In this control scheme, the compensation
current iror voltage Vr signal is compared with the computed reference signals Ifrefor
Virer. These signals are compared through the compensated error amplifier in order to
produce the control signal. The resultant control signal is then compared with a saw-
tooth through PWM in order to generate the appropriate gating signals for the
switching transistors [30], [34], [411,[42],[45]. The frequency of the repetitive saw-
tooth signal establishes the switching frequency [43]. This frequency is kept constant

in the linear control technique [43]. Figure 2-14 shows how when the control signal
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has a higher numerical value, the gating sipnal iz set high, and when it has a lower

value the gating signal is set low.,
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Figere 2-14 Gating slynal generation by lincar controller |43]

Generally, Bode plots and the Nyguist stabality critenion is used to establish the

appropuate compensation in the feedback loop for the desired transient and steady

SLHLE IOIPOIISCS.

Lincar control techmques like the onc described sbove. often result in an

unsafistactory  harmonic compensation poerformance, This 1s mainly duc 1o the



limitation of achievable bandwidth of the compensated error amplifier [26], [44]. (The

argument in the rest of this section is extracted from [48]).

When this scheme is applied to an APF, the filter inductor current Ir (or feed-back
current) is sensed and compared directly with the reference current as calculated by
the harmonic calculator. This error is amplified and used as the modulating signal in
the unipolar PWM which controls the gating of the switches. This scheme, however
when used as it is suffers from a number of disadvantages. Firstly, the current sensed
will have switching ripple in it and will have to be filtered before being fed into the
high gain error amplifier. This pertinent filter would introduce a time delay. The
system is already a second order due to the high frequency LPF. This second order
dynamic has a sharp phase angle variation near its resonant frequency due to its
under-damped nature. In addition, the phase angle delay contributed by the filter

depends largely on the operating conditions.

Therefore, if a high gain stage with a first order filter is put in the feedback path, the
system easily becomes unstable. Even if the system is stable, its transient performance
would not be satisfactory. Hence this would call for the reduction of gain in the error
amplifier which will affect the ability of the APF to track the reference current
adversely. If a high gain is mandatory, then a high switching frequency has to be used.
However, the current that is being sensed will be corrupted by the inevitable high
frequency switching noise. The control loop usually gets upset with this noisy
feedback. The limitations of the feedback control scheme as discussed above are
overcome with the use of a feed-forward control scheme. Feed-forward control is
implemented in the single phase shunt APF topology and will be discussed in detail in

the following chapter.
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2.6.2 Hysteresis Control

This type of control imposes a bang-bang type of instantaneous control that forces the
APF compensation current to follow the estimated reference signal within a certain
tolerance band [36], [37], [46-47]. The control scheme is shown in block diagram in
figure 2-15. In this control scheme, a signal deviation H is defined and imposed on
iref to form the upper and lower limit of the hysteresis band. The inverter output
current if; is then measured and compared with iref. The resultant error is subjected to
a hysteresis controller to determine the gating signals determined by the upper or
lower limits set by H/2 and —H/2. As long as the error is within the defined hysteresis
band, no switching action is takes place. Switching occurs whenever the error exceeds
the value of the upper or lower band limits. The APF is therefore switched in such a
way that the peak-to-peak compensation current is limited to a specified band

determined by H as illustrated in figure 2-16.

Hysteresis band
comparator
error +’% 5?;15 Active Pow 4 :
wef etror ctive Power
+ Filter
- -H A

Figure 2-15 Hysteresis current controller [43]

To obtain a compensation current, ir with switching ripples as small as possible, the
value of H can be reduced. However, doing so results in higher switching frequency

thus resulting in increased losses in the switching transistors.
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Figure 2-16 Gating signal generation by hysteresis controller [43]

It should however be noted that hysteresis current control is indeed suitable for APF
application if only low order harmonics like (3%, 5%, 7%...25%
) need to be compensated. However, if harmonics up to the 50™ need to be
compensated, hysteresis control will require excessively high switching frequency. In
addition to that, the variation in switching frequency - which is inherent in hysteresis
control - makes it difficult to choose the LPF components. However, for practical
application, hysteresis control remains the preferred method for implementing

effective current control of inverter in APF applications.
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3. Theoretical concepts of the Single Phase Shunt APF
topology

3.1 Operating principles of the selected APF topology

The operating principle of the single phase shunt APF topology is illustrated in figure
3-1. In the entire design the subscripts s, L and f respectively represent source, L

stands for load and f stands for shunt APF. The shunt APF generates compensation
current ir which consists of equal but opposite load harmonic components. It does so
by producing a voltage Vour in the inverter’s output terminals that will result in the
compensation current ifef flowing to the grid at the point of common coupling (PCC).

The real and imaginary current components add up at the PCC to produce i, the load
current. To explain this concept in another way, it can be said that the source current
contributes the real power consumed by the load, whereas the APF supplies the
imaginary power. The source current is is desired to be sinusoidal and in phase with

the source voltage vs, in order to yield maximum power factor.

: 7YY,
40V, s X * J;
50Hz < Shunt APF

Figure 3-1 Desired operation of the APF
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Figure 3-1 above depicts the required operation of the single phase shunt APF, (figure
3-1 is constructed using information from [43]). Thus, the basic operating principle of
the shunt APF topology is that it must compute a current that is equal but opposite in
polarity to the harmonic current components drawn by the load, inject this current at

PCC thus forcing the source current to become sinusoidal.
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3.2 System configuration

In this section the configuration of the single-phase APF topology is presented. The

overall power circuit, the APF inverter and the control system will be discussed.

3.2.1 Overall system

Figure 3-2 depicts the overall system configuration for the single phase shunt APF
topology. The APF is connected in parallel with the full bridge SO0VA converter
which represents the non-linear load. The system consists of a single phase shunt
APF which is constructed using a full-bridge voltage source inverter (VSI) and a
DC source. The APF is connected to the distribution system at the PCC through the
interfacing inductor Ly. The interfacing inductor provides isolation against transients
in the distribution line and variations in the load. Furthermore, the driving voltage
across the interfacing inductor determines the optimal dynamic response that can be
achieved by the APF. The LC filter which consists of Ly and Cy provides low pass
filtering which eliminates high frequency switching noise due to IGBT switching

action.

The VSI utilizes a DC bus capacitor as the DC supply and it switches at the
frequency of 10kHZ in order generate a compensation current that follows the
estimated current reference, ifr. Therefore, the voltage across the DC bus capacitor

Ver must be controlled in such a way that it remains at a value that is higher than the

peak of the source voltage i.e, (> V2 .Vs) in order to force the current in the

direction of the load.
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Figure 3-2 Configuration of the single phase shunt APF [43]

The desired waveform if, as shown in figure 3-1 is achieved by accurately switching
the gates (S1, S2, S3, S4) of the IGBTs of the inverter. The exact control of the output
current wave shape is limited by the switching frequency of the inverter in terms of

frequency and by the available RMS voltage across the interface inductor in terms of

amplitude.
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3.3 APF control system
Figure 3-3 depicts the details of the overall control system. It consists of the harmonic

current calculator, the DC link voltage regulator and the feed-forward controller.

Feed-Brwad Contreller su DSP
DChes Vclhr Contyeller

» 0
Harwaxic
Current |« 1 load
Calewlater
[ Sinfwi90) L
PLL jo——Ws

Figure 3-3 Overall APF control scheme

The harmonic current calculator accepts the load current io; it also accepts a sine and
cosine wave templates to extract the harmonics from the load current in real time. The
DC link voltage regulator senses the DC voltage across the capacitor and compares it
with a fixed reference voltage, Vic rer. The error is processed in the PI controller. The

reference currents from the harmonic calculator and from the PI controller are then
added in a summer to give ifer. The reference I, is fed to the predictive controller as

shown in figure 3-3. The feed-forward controller uses the reference current input and

the feedback current ir, to work out the reference output voltage, Vrer. The feed-
forward controller, therefore, ensures that the inverter output current i follows ifrer.

The following sections discuss the major subsystems of the control scheme i.e.; the

harmonic current calculator, the DC-bus PI controller and the predictive controller in

detail.
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3.3.1 Harmonics Calculator

The sine multiplication theorem [41] discussed briefly in the previous chapter is used
to extract the harmonics contained in the load current, é{». The harmonic calculator
accepts the load current io, and orthogonal sinusoidal templates from the PLL and
returns the harmonic content of the load current. The method of extracting the “non
real” fundamental components contained in the load current is based on extracting
orthogonal fundamental frequency components from the waveform. This is achieved
as shown in figure 3-4. The load current io, is multiplied by the unit sine wave and
unit cosine templates produced by PLL. The products are integrated every half cycle
i.e., (10mS); of the SOHz AC cycle. The values of the integrated outputs are sampled
and held at the end of the half cycle period. After sampling, the integrators are reset

briefly to start the next integration cycle [48].

Low Pass Fiker Integrator CC lactive
/ OC Ihamorsc
—xl A X =+ >
Ll f + ’(&
Unit Sine
Load Curent
Low Pass Filer Integrator O7 lreactive
' —-,I_f_ ¥ /
Unit Cosine

Figure 3-4 harmonic extraction using sine multiplication theorem [48]
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The sampled outputs are the amplitudes of the DC components of active and reactive
components of the load current respectively. These components are then re-multiplied
by the unit sine and cosine templates in order to re-create the active and reactive
fundamental components. The fundamental components are then added together and
their sum is subtracted from the total load current to yield the harmonics or “non-real”
current components. The active and reactive current components can be thought of as
the current components that contribute to active and non-real power required by the
load. Therefore if p represents the total real power consumed by the load and ¢
represents the non-real power consumed by the load. The following formulas clarify

the statements made above and are taken from Akagi’s theorem [5]:

Given that the load current is: io(¢) = Z«/ELO, nsin(not + 6n) 3.4

n=1

Where 6n is the phase angle of the nth load current component. Under normal

circumstances, the source voltage can be assumed to be sinusoidal, i.e,
Vs(t) =\ 2Vs sin(wt + ) (3.5)
where ¢ is the phase angle of the source voltage.
Therefore, the instantaneous active load power is derived as:
Po(t) =Vs(t)-io(t) (3.6)
_ Po+ Po
The instantaneous imaginary load power can be derived as:

go(t) =V s(t)-io(t) 3.7

_ q—0+ qo
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Where I;O,q_o represent the DC components and };o,(}o denote the AC components

and Vs’(t) denotes the source voltage delayed by 90°. Thus Akigi’s theorem given

above makes it easy to deduce that by extracting the DC components through LPF,
the reference current ifr is obtained by subtracting the fundamental components from

the total load current as shown in equation 3.8.

Loer =low ~Lopw ™ Loge (3.8)

Where io(t) is the total load current, iop(t) is the fundamental components of the load

current that contribute real power and ioq(t) is the fundamental components that

contribute non-real power.
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3.3.2 Control Strategy

The control problem of the APF is to regulate the DC-link voltage and to inject the
reference current ifef, obtained using the method above. The first controller regulates

the current Ic, drawn from the grid in order to charge the DC link capacitor to a set
voltage, Vdc _ref. The second controller controls the current that is injected by the

VSI at the PCC. The two control schemes are discussed below.

3.3.2.1 Design of PI controller to control DC capacitor voltage

The DC voltage across the DC bus capacitor is detected and compared with the
reference voltage Vdc_ref. The error is processed in a PI controller. The output of the
PI controller is the DC-bus capacitor charging current, Ic. The charging current is
multiplied by the unit reference sine wave sin (wt), obtained by phase-locked-loop
(PLL) to ensure that only real in-phase current is drawn from the grid to charge up the
capacitor. The charging current Ic, will continue to charge the capacitor until the
capacitor voltage has reached the set reference voltage, Vdc _ref. The PI controller
used to control the DC-bus voltage is shown in Figure 3-5. Its transfer function can be

represented as shown in equation 3.9.
H{(s) =Kp+ﬁ (3.9)
s

Where, Kp is the proportional constant that determines the dynamic response of the
DC-bus voltage control and Ki is the integration constant that determines the settling

time, T.
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Figure 3-5 PI Controller for DC link voltage control [43]

Kp and Ki constants must be chosen in such a way that the correct control
performance is met. If Kp and Ki are too large, the DC voltage regulation will be
dominant, and the steady-state DC-bus voltage error is low. If, on the other hand, Kp
and Ki are small, the DC voltage regulation will have little effect on the transient
performance of the APF. As described in [43], Kp can be calculated using the energy-
balance principle. After Kp is calculated, Ki can be determined empirically; also see
[22] for the derivation of Ki and Kp constants. Thus the total reference current that is
fed to the feed-forward current controller is obtained by adding the capacitor charging
current, Ic from the DC-bus PI controller to the reference current obtained from the

harmonics calculator as shown in equation 3.10.

i, =io(t) -io,p(t) - io,q(t) +Ic (3.10)
The reference current ifrer is now fed to the main current controller which is described
below.
3.3.3 Feed-forward current control scheme

The feed forward control scheme was introduced in chapter 2. In chapter 2 it was
discussed that predictive control has an advantage over conventional closed loop
control due to the advantage of large bandwidth available in the loop resulting in

faster response time which is highly desired in APF. This control scheme is now
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explained further and it will be shown how it can be implemented in the shunt APF

topology:

Assuming that the control is successful, the current that will flow through the

inverter’s inductor Lris known beforehand, i.e.; equal to the known reference current
ifret. Thus, if (if = ifref) is known beforehand, then the voltage that the inverter should

generate in order to realise this current flow can be calculated before-hand using

equation 3.15 [48], refer also to figure 3-6.

- Vi Lo L’:‘.,‘ Vac_lo,
Lf R
A B IsT Non-Linear
+Vdc Load
CT cr L @ []
A- B-
A.C Source

Figure 3-6 equivalent single phase circuit of APF and source voltage [48]

Vinv=Vac+Ri. . + Lf(aiﬂ) (3.15)
Jref ot :

Where: ifer is the reference current calculated by harmonic calculator and DC bus PI
controller.
R is the equivalent loss resistance (which includes winding resistance of Ly,
switch power loss etc),
Ly is the output filter inductance and,

Vac is the source voltage.

Figure 3-7 shows the practical application of the feed-forward control scheme in
block diagram form. It requires precise knowledge of the values of R and Ls. The
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value of R, however, is operating point dependant (due to switch power losses) and
cannot be known exactly [48]. Nevertheless, if these values can be approximated then
the goal of achieving current control that is “free of dynamics” can be attained.
However, there are inaccuracies in the estimation of the parameters and inaccuracies
in the measurement of the grid voltage, Vac. Furthermore, the differentiator operation
has to be band limited in practice due to the sensitivity of the differentiator circuit to
noise and high frequency signals. Thus in practice a small amount of actual current
feedback will be needed, along with other components in order to correct minor
deviations. Nevertheless, in this case the role of current feedback is merely to correct
second order effects thus enabling the feedback loop to be of low gain. Moreover,

since the gain is low no filtering is needed in the feedback loop in this case.

Figure 3-7 Feed-forward control scheme [48]

With the feedback loop added, the control voltage worked out according to equation

3.15 is modified as show in equation 3.16 [48].

di
Vinv =Vac+ Ri, + Lf(%) +K (i 5 —1If) (3.16)
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Where K is the feedback gain and is very small. This scheme is capable of a rise time
of 50mS to 250mS which yields a high bandwidth current control loop that is
desirable in APF since it is expected to track up to the 25™ harmonic and more. In
figure 3-7, K is the feedback gain, Kpwm is the gain of the inverter and Zo is the
equivalent load impedance connected at the AC source point. Note that the sum total
of the inverter output voltage, Vinv, is the total voltage drops across the output link
inductance, inductor resistance and the grid voltage, Vac. Thus the output inverter
voltage must be larger than the grid voltage after the inverter is synchronised to the
grid. This requires that the grid voltage be kept low in practice in order not to exceed
the VA rating of the inverter. However, according to equation 3.16, the output of the
inverter depends on the value of the supply voltage Vac. Practically this posses a
catch 22 situation. In order to overcome this, a potentiometer is used in the DSP
which multiplies the inverter output voltage by a factor by varying the modulation
index, ma, in PWM. Once the inverter has been configured correctly, the next
important component to consider in the design is the interface inductor Ly, and the

output LC filter to prevent switching noise passing to the grid.
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3.4 Design of link inductor and DC-Bus capacitor

The link inductor is a relatively important component since it determines the overall
frequency response of the system and the time constant needed in order to cancel out
high order harmonic components [53]. A large inductor is better for isolation from
the power system and from protection against transient disturbances. However, too
large an inductor will limit the ability of the APF to cancel higher order harmonics.

Therefore, there is a trade-off involved in sizing the interface inductor.

3.4.1 Design of link inductor

The design starts with some known parameters such as the DC-link design voltage,
the effective switching frequency fs, and the acceptable current ripple Al, in the
inverter output current. The forth factor to consider is the RMS value of the highest
frequency current component that the APF must output. The latter enables to design
for the worst case scenario, i.e., the inductor to be chosen must be able to track up to
and including the 25™ harmonic at the desired RMS value with the available DC link
voltage. Equation 3.11 [53] relates the DC link voltage and the inductor value to the

highest frequency current component, Z:

Ud
==V,
I, = 2 (3.11)
noL,

Ik is the RMS value of the harmonic current of order n. vs is the rms line voltage, Udc
is the available DC link voltage, Lk is the main inductance and is the fundamental
frequency. It should be apparent from equation 3.11 that the link inductance L#, and
the DC link voltage Udc predominantly determine the value of I». The inductor value

can therefore be obtained by manipulating equation 3.11 as 3.12:

(3.12)
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Once a satisfactory inductance value has been determined, it is necessary to determine
what the resulting current ripple will be at the desired inverter switching frequency, fs.
Equation 3.13 [53] gives the peak-to-peak ripple of the output current ir, of the
inverter given the inductor value obtained using equation 3.12.

= Y (3.13)

4-f, e Ly
If the current ripple is too large i.e., > 1Ap-p, the ripple can be cured by incorporating
an LC filter between the output of the inverter and the grid. The filter can be a
damped second order system R-L¢Ct. The equivalent filter circuit is shown in figure

3-9. The purpose of the filter is to provide good suppression of switching noise and

other unwanted harmonics of the PWM switching frequency.

é—{?\ﬁ,l—r T
Grid Rs T cf

1 ] !

Active Filter

Figure 3-9 Equivalent circuit of Grid-APF interface [53]

The overall transfer function from the grid voltage, e and the active filter voltage u, to

the line current i; flowing through the filter is given by:

2 L,
[u—e-(1+s°L,CHIA+5—)
i= R (3.14)
(Lrb
L,+L,

L,L,
L, +L,

2

s-(Ly+L,)[1+s )C,

Equation 3.14 is used in Matlab Simulink to design the filter shown in figure 3-9 to

test its response.
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3.4.2 Design of DC-Bus capacitor

A small capacitor is ideal for yielding fast response to follow the rapidly varying
compensation current. However, a larger capacitor results in slower response time
thus delaying the PI control action. Therefore, a balance has to be striked between
adequate capacitor size versus good dynamic performance. The DC bus capacitor
value can be estimated using equation 3.15, according to [16]. The value of the DC
bus capacitor is dependant on the magnitude and frequency of the source voltage, the

set DC-bus voltage and the desired minimum ripple in the DC-bus, thus:

2vs -AIL-%

> 3.15)
" | (AVCde ) - (VCderef )? |

Cde

Where: vs, is the RMS value of the source voltage.
AIL, is the peak RMS value of the harmonic load current.

T, is the period of the source voltage and,

AVidc, is the minimum and maximum DC-bus voltage respectively.
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4. Simulation of the shunt APF

4.1 Introduction

Due to the complexity of modern power electronics systems, computer simulations is
an indispensable tool to analyse circuits which are otherwise too complex to do with
hand calculations. This chapter is dedicated to the Orcad Pspice™ verification of the
single phase shunt APF topology. To begin with, Orcad Pspice™ simulations of
subsystems and then of the overall system is developed. The simulation mainly
focuses on the time-domain response analysis. The simulation models are discussed
part by part starting with the modelling of the entire circuit followed by a detailed

discussion of all the subsystems.

Simulation was used extensively in the development of the single phase shunt APF.
Firstly, the model was built on simulation using the available components from
PSpice library. However, when the project evolved to building stage, it was
discovered that while the prototype worked well in simulation, most of the parts were
not practically available. Thus the simulation was changed several times in order to
ensure that optimal performance is reached whilst ensuring that the components used
in the design are available on the market. Thus a compromise between performance,
cost and availability of components was borne in mind in order to produce the final

completed simulations described below.
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4.2 System modelling in Orcad PSpice

The complete simulation of the single-phase 2400 RMS, 50Hz, 500V A active filter of
current injection type is depicted in figure 4-1. It consists of the power distribution
aystem, non-lincar load, shunt APF and 118 oversll control system. The simulation
fixed-step size was chosen to be one micro-second. Generally, the smaller the
simulation step size, the more accurate the simulation results will be, Howeser, this

also results in longer simulation Gime,
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Figure 4-1 Complele simulation model ol APF

The main blocks which will be discussed in deta] are the power distribution system
ad the APF. The distribution system consists of the source and the non-linear load.
An inductance of 2.2mH is deliberately placed between the source and the load in
order {0 inercase the source mmpedance o order to suppress igh  Irequency
harmonics. The APF consists of the ‘Harmonie Calculator”, the controller which
implements feed-forward control and the inverter. The blocks are now discussed in

detatl below,
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4.2.1 Distribution System

The power distribution system consists of the source voltage, the reactive elements
and the non-linear load. The source considered in the simulation is a 240Vrms, 50 Hz
sinusoidal single phase AC voltage source. The distribution voltage vs, is generated by
the Orcad PSpice ‘sources’ library. The utility supply voltage is modelled as a
sinusoidal voltage source in series with an inductance which simulates the source
internal impedance. The purpose of the inductor is also to increase the source

impedance to suppress flow of high frequency harmonics.

The values that were selected to simulate the series inductance that is present between

the source and the load was chosen to be:
Ls=2.2mH

Rs=02Q 4.1)

4.2.2 Non-linear load rectifier

Figure 4-2 shows the detail of the non-linear load block which is represented by a
single phase full bridge converter. The converter was constructed using MR860 high
power diodes from Motorola obtained from PSpice Orcad ‘semiconductors’ library,
(see data sheet in appendix A). The AC-DC rectifier is driving an 118W resistive
load, Rr. A DC smoothing capacitor, Cs is installed to reduce the ripple on the DC
side of the rectifier. The passive component values selected for the simulation model

are given by:

Ca = 470uF

RL = 250 Q (4.2)
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Figure 4-2 Details of non-linear load hlock

The resistance of 250 Ohms was chosen to ensure that the converter draws a minimal
current of 8A to ensurc that the APF 1s not burdened to supply a large compensation

current, ‘This also ensures that the inverter output voltage does not have to be too

large.
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4.3 Shunt Active Filter (API)

The APF consists of the ‘Harmmonic Caleulator’, The ‘DC bus regulator” and the
‘inverter control voltage block™ which implements feed-forward congrol. Each of these
hlocks has been discussed n detail in the previous chapter. However, the componenis

that make up the blocks will be discussed below,

4.3.1 Details of llarmonic Calculator Block

The harmoenic calculator block implements the sine multiplication theorem discussed
previously, The details of the “Harmonic Caleulator™ block arc shown in figure 4-3. It
consisis of two low pass filters (LPF) which arc tuned at 50Hz. The oulputs of the
LPFs are then fed 1o the miegrators made up using the "LE411" op-amps. The LF411
op-amp was chosen because of its ideal high speed performance and large bandwidth,
{scc datasheet in appendix A). The LF41 1has a large gain bandwidth of 3 MH» which

produces a fast slew rate of 10V s

e LI & 2
} X i & )
23 | ot T
I . |

Fipured-3 Detail of harmuonic calculator
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The cheaper LM741 op-amp was tried in the place of the LF411 in an attempt to
alleviate cost. However, its performance yielded a highly distorted output. The output
of the integrator is fed into an analogue multiplier and then multiplied with the unit
sine-wave in order to reconstruct the fundamental active and “non real” components
of the input current. The result of the integrators is then subtracted from to the original

input current which leaves only the harmonic components of the load current.
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4.3.2 Details of DC bus regulator block

The inverter's DC bus controller shown in ligure 4-4 s an analogue proportional
integral (P1) controller. Tts purpose 15 to maintain a steady capacitor DC voltage, The
DC value is set to +/2 * Fue which is approximately 360 VDC. The actual voltage
across the capacitor 15 measured and reduced to a suitably Tow voltage ond fed to the

P1 controller. The Pl controller proportional and intepral pain values were chosen 1o

he;
p-27
I =10 (4.3)
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Figure 4-4 Analogue DC-Bus PI controller

The output of the PI controller is the capacitor charge current Ie. The output is
multiplied by an m-phase unit reference sine wave, sin (wt), obtained by PLL. The
sine wave 15 10 phase with the source voltage to ensure that real power 18 drawn from
the grid in order to charge the capacitor. This block ensures that the capacitor remains

charged at approximately 260V DC - shightly higher than the source veltage, This is

— >

Dt

=in

to gnsure that compensation current tlows from the inverter to the source.



4.3.3 Details of Yoltage Source Inverter

In the simulation of figure 4-1, the VSI s mindelled as a voltage controlled voltage
source with saturabon behaviour, The inpul side 1e. the DO capacitor side is
moglelled by mmplementing power balance using the PSpice ABM block, (see
glossary), The ABM block senses the inverter output current, multiplies it hy the
inverter’s output voltage and divides the product by the DC side capacitor voltage.
Using the power halance principle, it 1s evident that the result of this caleulation will
be the DC link capacitor current. The ABM block outputs this current and feeds it to

the capacitor node as shown in figure 4-3.

W,
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Figure 4-5 Deiail of VAT model

The design ot the DC-bus capacitor was covered in the previous chapter. Here, a DC
capacitor valuc was calculated bascd on cquation 3.14. The actual value of the DC-

bus capacitor, Cde was calculated to be 10000F,
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4.3.4 Output low pass filter inductive and capacitive components

The selection ol the AC link inductance and the capucilor \Ifalucs direetly atfeets the
perlommance of the active power filter performance. The method of selecting the
components of the output filter components 1.e., L-C 15 obtained by utilising the
theory outlined in section 3,51 above, The lincar clectrical circuil of the L-C
components is modelled 15 stimulated 1 Mailab i order to analyse its steady-state
operation and to analyse the actual frequency response of the output filter in relation
to the grid and the inverter. The inverter is modelled by a controlled current source

producing a noise at 1t} kHz which represents the inverter switching frequency.

Analysis of steady-state operation of a linear electrical circuit

e Bl || L [ 1] R |
Cument ': e
= 1.6mH Measiremert 2R
whitage
L | + <I>
= 2=
1>5I3Hz T 5 ——=a ~:’.]' —a
] : Waottage
oroo Measurement
[<3e]
Signal
Grenerator

Continuous I = I

Couble cick hers for d2tails

Figure 4-6 Analysis of LC filter netwvork

Litilizing equation 3,1 1-3.13, the inductor value is 1.6mH, amd 2kHz is sclected as the
natural frequency o, of the filter. This allows the active filter to compensate currents
up to the 25" harmonic, while providing good attenuation of the PWM frequency at
I0kHz. Thus, the following values were obtained:

Li=|.6mH

Cr=qul’ 4.8)
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Figure 4-7 illustrates the effect of the output filter. The curve represents the current

through the main inductance La. at the switching Irequency of [0kHz. Thus as shown

n figure 4-7, the switching frequency harmonics are well suppressed without visibly

affecting the desired bandwidth,
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4.3.5 Inverter control voltage black {(feed-forward contral)

The mverter control voltage block implements feed-forward control which was
discussed in the previous chapter, It accepts the ontpul of the harmonic calculator, Tper
and outputs the inverter reterence voltage. Frer The output voltage is calculated by
implementing equation 3,12, (without the feedback gain). This voltage 1s sent to the
PWM module to produce the switching pulses for switching the inverter IGB'1s. The
switching pulscs make it possible for the mverter to reproduce the desired reference
voltage Frer, at the inverter output tenminals which results in the Hlow of the reference

currend. ffeer through the link inductor,
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Firure 4-8 Inverter control voltage block

The cireut n figure 4-8 implements equation 3,12 using anslogue compenents, As
can be seegn in figure 4-4, the physical differentiator simulates the voltage drop across
the inductor. The differentiator is implemented vsing the LF411 IC. The difterentiator
has a gain equal lo the value of the hink inductor Lr. The gain of 0.2 represents the
violtage drop across the inductor resistance: R. Vac is added to the output representing

the voltage drop across the source voltage, ve. The crrewrt i tigure 4-8 15 however
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implemented in the TMS320LF2407 digital signal processor in the laboratory set-up

which is discussed in the next chapter.
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5. Hardware Description

5.1 Introduction

In this chapter the hardware implementation of the 500 VA experimental prototype of
the single phase shunt APF is presented. The system parameters used in hardware are
kept very much the same as the parameters used in simulation. Firstly, the general
laboratory set-up of the prototype will be discussed. This will be followed by the
description of each building block of the prototype. Finally, the control system, which
involves the use of a TMS320LF2407 digital signal processor (DSP) from Texas

Instruments, will be discussed.
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5.2 General description of experimental set-up

An overall diagram of the experimental set-up is shown in figure 5-1. Figure 5-2
shows the actual photo of the experiment in UCT’s machines laboratory. The
experimental prototype is supplied from a 240Vrms, 50 Hz distribution source
coupled through an isolation transformer with ratio of 1:1. The full bridge diode
rectifier is constructed using MURS860 diodes from MOTOROLLA and a DC

smoothing capacitor.

Distribution Source . . Nonlinear Load
Isolation
A(?-— Transformer PCC l
Mains . 2yl — ] — Full-Bridge !
240V, 2. b v 1 1, Diode B
(M ‘s (] £ M 8
Rectifier L] 1
Variable <&
Shunt APF
} vvvad Voltage - y
=1, Gl | 3 DpC
tur 1, Source I 71 | source

: lnverﬁ -

Overall Control
System 5

Gate
p Driver
V'
“ I ==k |
ranaduces Tret

-
PCI
+ PC

L=

Figure 5-1 Block diagram of practical APF

The non-linear load is supplied by the source in order to generate non-linear current to
be compensated by the APF. The diode rectifier load used is a purely resistive bank

made from heater elements.

The APF is constructed using a full-bridge voltage source inverter (VSI), and a DC
bus capacitor. The APF is connected in parallel with the non-linear load being
compensated. One of the major components to be constructed in the practical APF is
the inverter output low pass filter which is formed by the link inductor and the

capacitor as shown in figure 5-1. The purpose of the filter is to remove the high
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switching frequency of up to 10 kHz generated by inverter switching action. The
values of the inductor and capacitor (LC) of the low pass filter were chosen in such a
way that the cut-off frequency is 2.5 kHz. This will ensure that the switching noise is
filtered out without filtering out vital harmonic components to be injected by the APF.
This means that the APF can compensate for load harmonics up to the 25™ harmonic.
(Note that all the other components used in the construction of the prototype are the
same as those used in the simulation and the reason for choosing their values were

discussed in the previous chapter).

To prove the effectiveness of the APF, the experimental results were taken without
the capacitor’s DC bus voltage PI controller; instead an AC supply ranging from 0 to
360 VAC is supplied via a variable transformer. The AC supply is connected through

the AC-DC rectifier and supplied to the inverter.

The heart of the overall control system is the TMS320LF2407a DSP board which
implements feed-forward control and PWM. The DSP is programmed to realize the
switching signals of the VSI. It implements feed-forward control by accepting the
reference current rich in harmonics which is calculated by the external analogue
circuit. It also accepts the AC voltage measurement from the voltage transducer and
computes the inverter’s reference voltage. The voltage will ensure that the reference
current is flowing through the link inductor, Lf. Finally, the DSP implements PWM in
order to produce gating signals for inverter switching. The DSP is programmed in
C++ code which can be found in appendix B. The DSP is linked to a laptop through
an RS232 interface. Programming in C++ code is done using the dedicated MLT
Drives DSP interface program version 2.07 compiler and linker. The executable

object files and libraries are generated and loaded into the DSP’s on-board memory
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for real fime execution. The signals ted into the DSP are sampled by the on-hoard

analoguc-lo-digital converter (ADC), and passed onto the DST for further processine.

5.3 Experimental Prototype construction

This section cxplains the construction of the experimental prolotype in steps
describing cach circuit used, Fipure 53-2 shows the actual cxperimental set-up of the
protolype. The prototype consists of the VS1 wilh DC bus made up from an AC to DC
reclifier supplied through an isolalion iransformer and variace to vary the DC bus
voltage between 0 to 360V DT, The 1XC-hus capacitor, rectifier load, TMS320LF240)7
DSP, current and voltage transducers and the passive LPF. The power distribution
systam 1 represented by a full-bridee rectifier supplying o hank of resistors connected
i parallel adding up to 250 ohms and supplied from a normal wall plug. The
prototype paramelers are tebulated in Table 5.1 helow, The values and parameters of

Lthe experimental prototype are similar to those designed amd simulated 1n Chapter 4.

Anaiogue Fli-Bndae —
hanonic AC.DC Herufier =1 -

Figure 5.2 pirtorial view af averall APF system

Voltege & TIIZ520LF Smgle

Cirent 0TOEF phuse Full

Transduress hoard brdge
iniierier

Figure 5-2 Pictarial view of overall APF system
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Table 5.1 caperimenial prob

€ parameiery

Parameters Symbol Value
Source Voltage Wy 240 Wems (50 Hz}
R‘E:l:tlfil;'.r Load Hominal S e
Complex Power
Eectifier DC smoothing ]
l:ape.citor 470ufF, 400VDC
T.oad Resistor Ra. ZEN ohm
Interfacing nductor le 1.EnH
2 Bus Capacitor ., Ce "~ 1000uF
DC Bus voltage VDo 230 VDC
LPF Capacitor CLPF 4uF, 4Q00VAC
LPF mnductance Lirr 1.6 uH

5.3.1 MNon-lincar load

The non-linear load 1s used in the experimental prototype is a single-phase full bndge
diode rectifier. The type of diode used in the construction ot the rectilier 15 the
MLURRA0 diode from Motorola, which is capable of handling 60A ar 800 Vims (see
datashect in appendix A). The DC smoothing capacitor 1s a high performance,
electrolylic long lile capacitor. The capacitor has low equivalent resistance (ESR) and
low cquivalent series inductance (ESL). The reetifier is built on veri-board as shown

wt figure 3-3. No heat-sinks were used as only a small amount ol heat (2kW) 1s

dissipated.

Figure 5-3 Single phase converter cirenit

2




5.3.2 Shunt active power filter
The shunt APF consists of the analogue harmonic caleulator, the voltage source
inverter (VSI), an interfacing LPF and control system. This subsection briefly

describes the construction of sub-sysiems ol the shunt APF,

5.3.2.1 Harmeniec Calculator

The analogue harmonic calculator was bult on a printed circuit board {(PCB) and on
perforated veri-board. The PCB was designed on TraxMaker™ which is a track
design package in a simulation package called Clircuit Muker. The track design is
shawn in appendix C. The actual completed cirewnts were housed in a non-conductive
box as depicted in figurc 5-4. All the compaonents used are the same as the ones uscd
in the simulation and the circuit diagrams can be found in appendis €. The only
additional circuits that had to be constructed were the multipliers which were
inplemented using the AD633 integrated cireuits (see datasheet in appendix A). The
FLL 1o produce the sme and cosine templates were constructed from the sine template
obtamned tfrom the source voltage measurement transducer, The sine template was then
differentiated with an analogue integrator in order to produce the cosine template.

Sunmumers were also constructed using normal 741 operational ampliliers.

Figure 5-4 Harmunic caleolator on PCBs and veri-board
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5.3.2.2 Voltage Source Inverter (VSI)

Recall that the voltage source inverter is a power electronics device that converts DC
voltage mlo AC voltage, 'The picture of the actual inverter used in the lab is shown in
[igure 5-3. Its output frequency and vollage can be varied by varying the gating pulses
of the IGBTs. The PWM technique is used to produce the firing pulses lor the 1GB |
switches. This technique was explained in detail in chapter 2. The peak value of the
output voltage at the lundamental frequency of 50Hz frony ibe inverier is given by the

following fommula [12].

Finv = ma Ve G210
sl 42
wherc: Ve < Finv< - Vd (5.2}
T

Ma 15 the modulation index which can be varied between 0 to 1 using a potentiomeler.
The potentiometer is connected via an ADC into the DSP in order to vary the
amplitude of the output inverter voltage as shown in equation 3.1, An inverter

comprises of two mam parts, which are:

*  Jhe switching devices (Intemal Gate Bipolar '[ransistors) and.
' the dnver modules,

Inwrerter

Ditimrer

Fizure 5-5 Scemikeon inverter and driver modnales
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IGBTs are good for DC voltages greater than 100V DC but suffer from low efficiency
due to high volt drop (e.g.2-3 V), for voltages greater than 100V DC. The IGBTs used
in the inverter depicted above are the SKMS50GB063D from Semikron. The
SKM50GB063D IGBT package contains two IGBTs forming one leg of the inverter.
The driver modules are also from Semikron drivers. They are a special type of driver
package called SKHI22B to run the dual IGBT package. These drivers have numerous
protection schemes to protect both the IGBTs and the preceding control circuit. Data

sheets for Semikron IGBT packages and drivers can be found in appendix A.
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5.3.2.3 Link inductor

The Tink inductor which also forms pant of the wverter output LPF 15 an imporiant
component in the APF constructiom. The value of the inductor used is 1.6mtl. This
device provides 1selation between the output of the voltage source ioverter and the
power system where the APF is connected. The inductance allows the output of the

active filter to look like a current source to the power system.

Figure 5-7 LémH link inductlor

The value ol 1 .6mH was chosen in order to:
= Ensure that 2 maximum di‘dt can be achicved by the filter and,
" o ensure adequate isolation from the power system and protection from
transient disturbances.
(Please also refer o the previous chapter, section 4,3 4 to see how the value of

inductance and filter capacitor was choscn).
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5.4 Hall-Fffect transducers

For power voltage and corrent measurements. a simple voltage divider could be used
in arder o abtain a scaled down version of say, a 240 VAC high voltage supply tor
micro-processing. Although this method is simple, there are two potential drawhacks.
I'he measurement of high voltage causes the wire-wound resistors to heat-up causing
it to deviate from its nowminal value. The secend important drawback is that there is no
clectrical solation hetween the high voltage ground and the electromes circultry.
Thus, oceurrence of transients on the high voltage side; such as spikes, notse etc., will
be dircetly transmitted to the sensitive low-power cireuits. The practical solution was
to imptement Huall-Effect TLEM woltage and current transducers. The practical
construction ef the transducer circuits 18 shown in figure 5-8. For 1LEM data-sheets

please refer to appendix A

Figure 5-8 LEM transducers built on veri-board



5.5 TMS3I20LF2407 DSP hoard

The DSP bourd is used in this work to implement control action and 1o produce the
pulses required to control the VSI using PWM. All control actions and canlculations
are performed in it in real Ume The DSP used 15 part of the TMSI20LEF2407 family
from Texas Instruments and 1s shown pictorially in figure 5-9 below, The board can
be programmed in both assembly language or in C++. For this project it was
programmed in CH+ ln comparison te hardwired component circuits, using o DSP

has the following advantages:

® Fasi response, resulting in higher performance.

* Increased reliability,

* Flexibality of control i.e., to upgrade or modify control algorithins.

* (Costs |ess to implement.

See appendix B tor the DSP data sheet and the interface card.

Figure 5-9 TME3Z01.F2407 DST board with interface hoard
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5.5.1 Features of TMS320LF2407 DSP

® 16-bit fixed point DSP running at 20MHZ.

= 32-bit registers to store real time data.

= Two hardware shifters to scale numbers independently of the CPU.

= QOperates at only 3.3V, therefore low power consumption.

= Able to perform 20 million instructions per second (50 ns per instruction).

= Equipped with a 10-bit ADC and an 8-bit DAC.
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5.6 Software development of the TMS320LF2407 DSP

This section describes the programme that implements the control algorithm executed
by the DSP. The full code can be found in appendix B. The DSP is equipped with an
analogue to digital converter (ADC). The ADC is used to instantaneously measure
three input signals — two voltage signals and one current signal from the voltage and
current transducers respectively. The DSP uses these measurements to calculate four
PWM pulses after implementing feed-forward control. The second analogue voltage
signal is a 0 to 2.8V DC signal which is adjusted by a potentiometer in order to vary
the modulation index. This is used to vary the amplitude of the AC sine wave of the
inverter output to ensure that the inverter output is kept slightly higher than the grid

voltage.

5.6.1 Programme structure

The programme structure is based on the sampling cycle of the general purpose timer
(GPT1) of the DSP. The timer provides the time base required for PWM generation,
ADC sampling and coordinates all other control loops. In this programme, the
frequency of Timer 1 is set to 10 kHz which gives a period of 100 micro-seconds. The
timer operates in continuous up/down counting mode. Interrupt mask registers IMR
and EVIMRA are configured to allow Timer 1 to generate an interrupt on underflow,

i.e., when Timer 1 value is zero.

5.6.1.1 Main program chart

The flow chart of the main program is shown in figure 5-6. The task of the program is
to initialize all variables, to enable desirable registers and interrupts and to mask
unused interrupts. When this has been done, timer 1 is then enabled. This program is a

background routine that ensures that the main program has defined bounds.
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5.6.1.2 Interrupts

Two interrupts named INT2 and INT6 which occur on different interrupt levels have
been defined. When the CPU is interrupted, the background operation of the main
program is stopped and the interrupt level is determined. A context save of important

registers is carried out before branching to the respective interrupt service routines.

| Initialise vaciables |
)

Enable Registers

v

| Start Timer 1 and Timer 2 |

D

Figure 5-10 Initialisation routine flow-chart

5.6.1.3 INT2 Interrupt service routine

INT2 is the program that reads all the ADCs and carries out all control loops. The
source of this interrupt is Timer 1 underflow. This program is listed in appendix B.
The code begins by the ADC reading the current values from the analogue harmonics
calculator and the source voltage. The source voltage is also sampled and read by the
ADC. It then calculates the real values of these signals. The sampled signals are then
reverse calculated to produce their real values (i.e., before passing through the
voltage/current transducers and the DSP’s interface board). The algorithm for
implementing feed-forward control is then executed which results in the reference
voltage, Vref. The flow chart of this routine is illustrated in figure 5-11 below. The

reference voltage is then passed onto PWM registers to produce switching pulses for
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the inverter. The pulses produced by the DSP have peak amplitude of 5V. However,
the IGBT drivers can only accept voltage between 15V and 30V. Therefore, a level
shifter is installed between the DSP and the driver which shifts the DSP output

voltage from 5V to 15V.

Start T1
Undertlow ISR

[ rewa ai1 apc tnpucs |a—
)

Start ADC Conversion
For samples

Yes

Calculate Nev PWN
Reference

¥

Calculate Inverter
reference Voltage Vref

Y

Debugg with DAC

y

Disable interrupt

- nab >
& restore contexts l E le Interrupc

Figure 5-11 Flow diagram of INT2 service

It should be noted that some of the results that will be shown in the next chapter were
obtained from the 8-bit DAC which is also used for debugging the code. The actual

program is detailed in appendix B.
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6. Simulation and Hardware Results and Analysis

6.1 Introduction

In chapter 4, the Orcad Pspice simulation of the APF was discussed. This was
followed by the description of the hardware for the prototype construction. In this
chapter, the experimental results will be presented and analysed with reference to the
simulation, in other words; the results of the laboratory prototype will be assessed
using the simulation results as the benchmark. The practical experiment
measurements were taken using the oscilloscope from Agilent Technologies. It also
became necessary to make use of the QualiStar power quality analyser from Chauvin

Amoux to perform power quality analysis.

To begin with, the results of the system will be shown before compensation. This will
be followed by the depiction of results after the active filter is connected to the
distribution system via an isolation breaker. The overall effect on the power
distribution system, (also referred to as the grid), under the compensation of the shunt
APF will be shown. Special emphasis is placed on the discrepancies between the
simulation results and the experimental results. Finally, analysis of the total harmonic

distortion (THD) before and after compensation will be carried out.
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6.2 Results before compensation

Figure 6-1 shows the resultant waveforms when a single-phase S00VA full-bridge
dicnde rectificr with a 230 ohm resistive load is apphed to the distribution systeny. The
waveforms come from the simulation cireuit in figure 4-1 without compensation. As

shown, the resulting source current 1s distorted resulting in poor power [actor. The

total harmome distortion of the source current 1s 42%,
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Figure 6-1 Simulation - souree voltage and sonrce current waveforms withouot compensation

The practical experiment source voltage and source current waveforms with similar
operating conditions arc shown in hgure 6-2, It can be scen that the cxperimental
results are in close agreement with the simulation results shown in figure 6-1, These

wavetorms were obtained using the power quality analyser.
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Figure -1 Practical - sparee voltage and source current waveforms witheot compensation

6.2.1 Synchronising APF to power distribution system

After the APF circuit was set up, the next step is to conncet the inverler to the grid,
Before the inverter can be connected to the power distibution system it has to be
synchronised. ie., the phase, frequency and amplitude of the inverter output voltage
must match with that of the gnd voltage, This is accomplished by using an isolation
breaker between the inverter output and the grid. The two voltages on either side of
the breaker are measured and displaved on the oscilloscope as shown in figure 6-3.
The gnd voltage is adjusted by means of g variac up to about 90V RMS, Then the DC
bus voltage is adjusted until the inverter output voltage is ol same amplitude as the
erid voltage. The Inverter isolation breaker is then closed enghling the inverter to be
connected to the grid. It should be noted that the load angle between the inverier
output voltage and the grid i.e..5 was kept constant to prevent real power flow, This
could be done since the losses incwrred in the inverter arc compensated by the DC

SOred,
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Therefore there 1s no possibility ol the DC bus capacitor vollage decreasing suddenly.
(Note that a PI regulater is not emploved in order to vary the load angle between the
inverter outpul volltage and goid vollage to send or receive power for the purpose ol
keeping the voltage scross the capacitor constant. In this case. constant DO source 15

applied scross the DC capacitor),

Agilent Technologies SAT JAM 1B 174225 2010

Freqil ), 45,6z Whekail), 247V~ FRMSQE se£v  JIAMISE) > 6. :
+= Source Select: Measure Clear Meas Thresholds |
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Figure 6-3 Practical - syoehronisation of inverter to grid

Figure 6-4 demels the source woliage and nverler output  voltage  aller
synchromsation, The latter 15 read from the DSP s 8-bit DAC. As shown in figure 6-4;
the inverter output voltage carries the compensation current £y which is rich in
harmonics. Thus the inverter veltage wavelorm is distorted compared to the source

virllage.
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Figure 6-4 Practical - inverter and grid voltage after synchronisation



6.3 Sine-Cosine generation (PLL) for control circuit

Figure 6-5 shows the simulated source voltage and phasze-lock loop (PLL) pencrated
reference sine waves, {(sin (wt) and sin {wt-90%)). Recall that PLL 15 used to generate
the relerence compensation current #mr. The wavelorms produced must be one umty
sing-wave svnchronised to the source voltage and a 90" phase shifted sine-wave, (sin
{(wt - 90°)). The cosine is obtained by delaying sin (wt) by 90" using an analogue

inteorator.

hEpy

Bource Voltage[V]

Pafarancsa sinewatrs
E
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L Bms Thns 168ns

195ns 150ms

Fignre #-5 Simulation - PLL generated reference sine waves and source veltage

The PLL reference waves, {sin {(wt) and sin (wt-90°)) gencrated by the practical PLL
is depicted in figure 6-6. The practical PLL was generated by shifting a sample ol the

source voltage to create the cosine waveform,
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6.4 Compensation current reference estimation

In this scction, the results for the estimation of compensation reference current arc
shown. The reference compensation current is generated by the cireuit of figure 4-3 n
the simulation and figure 5-4 1a the practical. Figure 6-7 shows the simulated results
of the API's harmonic caleulalor using the sine multiphication theorem. ‘The
compensation curenl reference can be decomposed into active current, reactive

currenl and harmonic current or non-active currenl as shown in figure 6-7.

L
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Figure 6-7 Simulation - active, reactive and harmonic lead componcnts

&0



As can be seen in figire 6-7, the active load current &7 1s 10 phase with the source
viltage ve, while the “non real” load current component ify lags ée by 90°. Recall that
the harmonic load current is obtained by simply subtracting the tundamental active
and reactive current components from the total load current as was shown i cquation
3.8, The experimental results ol the relerence compensation current fer and the load
current f, are shown in Apure 6-8. As can be scen, the cxperimental resulls match
very well with the simulation results. The practical resulls 1n this case are measured

from the output of the 8-bit DAC ol the TMSLF240A DST,

.+ Agilem Technologies SURE AN 1T 15-42:55 2010
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Figure 6-8 Praciical - conmpensation current (Lop) and source enrrent {bottom)
Recall that the theory of feed-lorward control assumes that the generated reference
current produced in the previous sampling period was successfully tracked by the
comtroller, Therefere, the compensation current to be produced m the next eycle is
known prior. Therefore, a correspending reference voltage is produced which will

resull m the reference current fser flowing in the output of the inverler as Ir. The
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reference voltage is produced using equation 3.15. Figure 6-9 depicts the reference
voltage that 1s worked out from the reference current which 1s then added to the
sample of the source voltage, » to produce the inverter’s reterence voltage which will
result in the compensation current, £ owing at the PCC. The wavetorm of figure 6-9

15 tead from the outpur of the 8-bit DAC of the TMSLF2404 DSP.
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Figure 6-9 practical - cefevence voltage waveform hefore adding to VAC (see eq. 3.15)

The output current. if of the inverter was measured together with the inverter output
vollage, Vi demcied in figure 6-10. This is alter the APF 15 connected to the grid
through the link inductor, As can be seen from figure 6-10, the output current of the
inverter, §r resembles the reterence current i The compensation current wavetorm

wias measured froim the current LEM transducer.
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6.5 Results — control scheme

[n the previous section. the curreni conponents of the compensation current reference
itre, were obtained. This section illusrates the cllechivencess of the feed-forward
controller to track the reference current. The control objeciive 1s 1o ensure that the

compensation current g lollows the eatimgted current reference i,

Figure 4-11 Simuiation - reference and APF compensation current

As shown in figure 6-11. the comroller reaches steady state at 2mS. Alter 2mS the

nverter output current, fr {shown in purple in figure 6-11) is following £ very well,

Figure 6-12 Simulation - disiorted celerence and APF compensation current
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To further demonstrate the effectiveness of the controller, the waveform shown in
figure 6-12 was put as a reference into the controller (reference is shown in yellow in
figure 6-12). The inverter output current, ir (shown in purple in figure 6-12), still
followed ifrer very well which proves the effectiveness of the control scheme. Note
that the controller reaches steady-state after about 2mS mainly due to the large DC

link capacitor initially having to charge up to capacity.
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6.6 Results of APF shunt compensator

Figure 6-13 shows the source voltage vs, and source current is, waveforms before and
after compensation. The shunt APF is introduced at the PCC via the isolation circuit
breaker. The injected compensation current ir forces the source current is’tO become
sinusoidal. Figure 6-13 shows the case where the shunt APF is switched on at PCC
after 300 milliseconds (to ensure that the APF is operating at steady state). When the
current is injected; the source voltage vs, remains invariant. However, the source
current waveform becomes sinusoidal. This shows that the source is no longer
supplying current harmonics to the load but that nearly 100% of the harmonics are

supplied by the APF.
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Figure 6-13 Simulation - APF switched on at 300mS

Figure 6-14 further validates the effectiveness of the APF by demonstrating that the
load current also remains invariant proving that the load still operates normally while
the compensation current is injected, (compare these results with the ACCUSINE

APF from Schneider in section 2.3.1). The source current is sinusoidal due to the fact
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that there is virtually zero harmonics required from the source. The waveforms in

figure 6-14 were recorded from 100mS to 300mS.
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Figure 6-14 Simulation - basic shunt APF compensation showing main waveforms
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lhe experimental result of the basic shunt APF compensation scheme 1s shown n
figure 6-15. The APE isolatien breaker was closed afier a fow scconds to allow the
DC-bus capacitor te charge up fully and stabilize. Figure 6-15 indicates that the
resulting source current 15 sinusoidal and i phase wath the source voltage, The THD
of the source voligge changed from 5% to 6.6%. This 1s due to the leakage of
harmenic cwrents through the source impedance. owever, an the other hand; the
THD of the source current has improved from 42% 1o 8.5% as can be scen i the
results obtaimed using the power guality analyser in figure 6-16.
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Figure 6-15 Praciical - sonrce current aid source vollage after compensation

As can be seen  figure 6-16 the voltage (green) and current (red) wavetonms arc in
phase. This implies that the power factor has improved to ncarly unity and the
harmonics have heen virtually chiminated. As 1t was explained above, due 1o the
absence of the P1 regulator in the DC link, the DC-bus voltage has to be increased
manually m order to incresse the amplitude of the compensation current - thus
improving the performance of the APF. However, for praclical reasons the DO-bus

voltage was kept mimmal at | 80V DC.
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Source Current

6.7 [larmonic Distortion Analysis

The total harmonic distartion {THD) is the most expedient indicator of the quality of
AC waveforms. In this section, the Fast Founer Transform (FET) 1s used to analyse
the harmonie spectrum of the source curvent under different compensation conditions.
Thereatter, the THL of both the simulation results and experimental results is carried

aut,

The spectrumn of the source current without compensation is shown in fipure 6-17,
From the spectral plot, 1t can be seen that the source current contains large amounts of
harmonic current components of trequencies up to TkHz. However, the current

component with the highest amplitude is the 3rd harmonic (150 11z).
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Figure 6-17 Simulation - frequency speetrum ol sourec current without compens:ation
Figure 6-18 shows the expenmental results of the source current and voltage before
compensation. The voltage wavetorm has a moderate THD of 5.2% whereas the
currgnt wavetonn has a high THD of 42%. Figure 6-19 shows the FFT of the source
current frequency spectrum. I can be noted that the odd harmonies (ie. 15300 He, 250

Hz, 350 Hz... 1kHx) of the expenmental source current spectrum has larger

amplitude compared to those of the simulation. This can be attributed to the deviation

S0



of component parameters between the simulation model and the experimental

prototype. However, as can be noted. the trend 1s consistent,
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Figure 6-18 Practical - sonvee voltage and current before compensalion

Figurc 6-20 shows the frequency spectrum of the source current under ideal

compensation conditions.
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Figure =19 Practical - frequency spectrum of source current after compensalion
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firnre G-21 Simulation of source current frequency spectrum under APF compensation
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Figure 6-22 Practival - source cnrrent freguency spectrum under APF compensation

The T1D caleulated up to the 25" harmenie for the source current shown in figure 6-
17 to 6-22 are tabulated in table 6.1. When comparing the two columns of the results,

it can be secn from the tahle that the THD obtained from the experimental results is in

close correlation with the simulation results.

Table 6.1 Computed THIY Jor the source current

Type of Compensation Simulation resuolts Experimental results
THI [%a] THID [%6]
Without compensation 42.5 41.3
Id{:_al compensation _ ! 2.5 N/A
Shunt APF compensation 35 _ 8.5

The source current THD is reduced from 42.5% to less than 5% in the simulation and
from 41.53% to 8.3% in the practical. The THD of 3.5% 1s an acceptable distortion
level by all known energy regulatory standards in the world such as the IEEE

Standard 319 |50]. The compliance of the cxperimental results in relation to the
93



recommended harmonics limit imposed by IEEE Standard 519 [50] is not scrutinised
further in this work but will however be discussed in the conclusions and

recommendations presented in the next chapter.
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7. Conclusions and Recommendations

7.1 Conclusions

This thesis has presented the development of an APF topology and its subsystems.
This work began with the review of the previous research work and related literature
in order to understand the background of the research area. Secondly, the theoretical
analysis and design of the single phase shunt APF is outlined to give a theoretical
background of the specific topology chosen. The theory governing the shunt APF
topology is discussed with special emphasis given to the design of the sine-
multiplication theorem for calculating compensation current and feed-forward control

for the control of compensation current.

Computer aided simulations were carried out using both PSpice and Matlab/Simulink
simulation packages. A SO0VA laboratory prototype was then constructed and tested
to prove the validity of the theory and the accuracy of the simulations. Lastly, in the
previous chapter, the results obtained from the simulation and experimental prototype
were compared and analysed with reference to the theory. The harmonic filtering
performance of the APF topology is authenticated by a detailed THD analysis using

the FFT.
Therefore from the results obtained above the following can be concluded:

= The practical did not perform in such a way as to cancel the harmonics to the
satisfaction of the IEEE 519 standard. This is contrary to the simulation results
which yielded an above-average THD of 3.5%. If the practical is compared to
the simulation, the part that is missing in the practical is the PI controller in the

DC-link. This shows that the greatest short-coming of the practical APF is
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related to the absence of this component which was omitted due to time
constraints. The consequential effect of the absence of the DC-link controller
is that the DC-link voltage had to be controlled manually which yielded sub-
standard performance. The inverter output voltage has to be kept at least V2
times higher than the source voltage for effective compensation. At the same
time; to obtain a descent RMS value of compensation current, a high DC-link

voltage is required.

When tested at low power, the APF performed reasonably well with the
overall THD of 8.5%. This demonstrates that this topology has the potential to

perform well with further turning and revision of components.

Feed-forward control is a relatively easy control strategy to implement on an
APF. However, the major draw back is in implementing it successfully in
practice. Furthermore, the requirement to estimate parameters in the control
loop and the necessity to output a high voltage at the inverter output terminals-

to obtain descent performance — are major drawbacks of this scheme.

Overall, it can be said that this topology has the capability to compensate up to
the 25™ harmonic or 1.2 kHz due to the constraints of the LPF at the output.
However, more improvement is required if performance comparable to the
Group Schneider ACCUSINE APF is desired i.e., achieving compensation up

to the 50™ harmonic and achieve THD of less than 3%.
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7.2 Recommendations

Therefore, from the conclusions presented above the following is recommended:

1. Implement entire APF in DSP.

For practical implementation of the APF, the harmonic calculator
implemented using the sine-multiplication theorem must be implemented
in the DSP together with the controller. This will ensure that the APF is
compact and easily assembled and installed. It will also remove the need
for multiple analogue-to-digital conversions which results in loss of

information.

2. Replacement of current controller.

Although feed-forward control is a practical and simple approach for
injecting current via an inverter, it has proven to be the major cause for
sub-standard performance especially in the practical. Therefore, it may be
fine for compensating low order harmonics i.e., up to 1 kHz. However, for
commercial implementation where in some cases it can be necessary to
compensate up to the 50th harmonic, or more; it is recommended to
incorporate a more suitable control strategy such as hysteresis band current

regulators or PI control.

3. Implementation of DC Bus voltage controller.

Lastly, due to time constraint, the DC bus voltage controller was not
implemented in this work. The capacitor voltage in the DC bus was
supplied by a DC source instead of the DC bus capacitor. However, this

approach will not be valid if the amplitude of the source voltage is
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increased. Therefore, the DC bus voltage controller is needed to avoid

additional use of DC source, as it was shown in the simulation.

Future research will focus on the improvement of the current controller,
possibly leading to an implementation using hysteresis band current

regulators such as the one described in [52].
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National
Semiconductor

LF411

August 2000

Low Offset, Low Drift JFET Input Operational Amplifier

General Description

These devices are low cost, high speed, JFET input opera-
tional amplifiers with very low input offset voltage and guar-
anteed input offset voltage drift. They require low supply
current yet maintain a large gain bandwidth product and fast
slew rate. In addition, well matched high voltage JFET input
devices provide very low input bias and offset currents. The
LF411 is pin compatible with the standard LM741 allowing
designers to immediately upgrade the overall performance of
existing designs.

These amplifiers may be used in applications such as high
speed integrators, fast D/A converters, sample and hold
circuits and many other circuits requiring low input offset
voltage and drift, low input bias current, high input imped-
ance, high slew rate and wide bandwidth.

Features

m Intemally trimmed offset voltage: 0.5 mV(max)
m Input offset voltage drift: 10 pV/°C(max)
m Low input bias current: 50 pA
m Low input noise current: 0.01 pANHz
u Wide gain bandwidth: 3 MHz(min)
| High slew rate: 10V/us(min)
8 Low supply current: 1.8 mA
m High input impedance: 10'20
m Low total harmonic distortion: <0.02%
m Low 1/f noise comer: 50 Hz
B Fast settling time to 0.01%: 2 ps

Typical Connection

R¢
MY

00565501

Ordering Information
LF411XYZ

X indicates electrical grade

Y indicates temperature range
“M” for military
“C" for commercial

Z indicates package type
“H" or “N”

BI-FET II™ is a trademark of National Semiconductor Comporation.

Connection Diagrams
Metal Can Package

V-

00565505
Note: Pin 4 connected to case.

Top View
Order Number LF411ACH
or LF411MH/883 (Note 11)
See NS Package Number HO8A

Dual-In-Line Package
o/

1 3
BALANCE — —NC

2 L
INPUT et PV

INPUT —1: E L 5 aurpur
[

V™ —

5
= BALANCE

00565507
Top View
Order Number LF411ACN, LF411CN
See NS Package Number NOSE

© 2004 National Semiconductor Comporation DS005655

www.national.com
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LF411

Absolute Maximum Ratings (Note 1)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/
Distributors for availability and specifications.

LF411A LF411

Supply Voltage +22V +18V
Differential Input Voltage +38V 30V
Input Voltage Range

(Note 2) 19V +15V
Output Short Circuit

Duration Continuous Continuous

H Package N Package
Power Dissipation

(Notes 3, 10) 670 mW 670 mW

DC Electrical Characteristics (Not 5)

Tmax
6,A

8C

Operating Temp.

Range

Storage Temp.

Range

Lead Temp.
(Soldering,
10 sec.)

ESD Tolerance

H Package
150°C
162°C/W (Still Air)
65°C/W (400
LF/min
Air Flow)
20°C/wW

(Note 4)

N Package
115°C
120°C/W

(Note 4)

—-65°C<TA<150°C -65°C<T,<150°C

260°C

260°C

Rating to be determined.

Symbol Parameter Conditions LF411A LF411 Units
Min | Typ |Max | Min| Typ Max
Vos Input Offset Voltage Rg=10 kQ, To=25C 0.3 0.5 0.8 20 mV
AVog/AT | Average TC of Input Rs=10 k2 (Note 6) 7 10 7 20 uvre
Offset Voltage (Note 6)
los Input Offset Current Vg=%15V T=25°C 25 100 25 100 pA
(Notes 5, 7) T=70'C 2 2 nA
T=125"C 25 25 nA
Is Input Bias Current Vg=£15V T=25'C 50 200 50 200 pA
(Notes 5, 7) T=70°C 4 4 nA
T=125°C 50 50 nA
Rin Input Resistance T=25°C 1012 1012 Q
AvoL Large Signal Voltage Vg=215V, V=10V, 50 200 25 200 VimV
Gain R =2k, To=25°C
Over Temperature 25 200 15 200 VimV
Vo Output Voltage Swing Vg=+15V, R =10k +12 | £13.5 +12 | £13.5 \'
Vem Input Common-Mode +16 | +19.5 11 ] +14.5 \
Voltage Range -16.5 -115 \
CMRR |Common-Mode Rg<10k 80 100 70 100 dB
Rejection Ratio
PSRR Supply Voltage (Note 8) 80 100 70 100 dB
Rejection Ratio
lg Supply Current 1.8 2.8 1.8 34 mA
AC Electrical Characteristic (Note 5)
Symbol Parameter Conditions LF411A LF411 Units
Min | Typ | Max | Min | Typ | Max
SR Slew Rate Vg=t15V, Tp=25'C 10 15 8 15 V/us
GBW Gain-Bandwidth Product Vg=%15V, Tp=25°C 3 4 27 4 MHz
e, Equivalent Input Noise Voltage ;I'_Tiil"c, Rg=100Q, 5 o5 v/
= z
in Equivalent Input Noise Current Ta=25°C, f=1 kHz 0.01 0.01 oA/

www.national.com




AC Electrical Characteristic (Note 5) (Continued)

Symbol Parameter Conditions LFA11A LF411 Units
Min | Typ | Max | Min | Typ | Max
THD Total Harmonic Distortion Ay=+10, R =10k, <0.02 <0.02 %
V=20 Vp-p,
BW=20 Hz-20 kHz

Note 1: “Absolute Maximum Ratings” indicate limits beyond which damage to the device may occur. Operating Ratings indicate conditions for which the device is
functional, but do not guarantee specific performance limits.

Note 2: Unless otherwise specified the absolute maximum negative input voltage is equal to the negative power supply voltage.
Note 3: For operating at elevated temperature, these devices must be derated based on a thermal resistance of 6A.

Note 4: These devices are available in both the commercial temperature range 0°C<T,<70'C and the military temperature range -55°C<Tx<125°C. The
temperature range is designated by the position just before the package type in the device number. A “C” indicates the commercial temperature range and an “M”
indicates the military temperature range. The military temperature range is available in “H” package only.

Note 5: Unless otherwise specified, the specifications apply over the full temperature range and for Vg=+20V for the LF411A and for Vg=x15V for the LF411. Vg,
I, and lgg are measured at Vou=0.

Note 6: The LF411Ais 100% tested to this specification. The LF411 is sample tested to insure at least 90% of the units meet this specification.

Note 7: The input bias currents are junction leakage currents which approximately double for every 10°C increase in the junction temperature, T;. Due to fimited
production test time, the input bias currents measured are correlated to junction temperature. In normal operation the junction temperature rises above the ambient
temperature as a result of internal power dissipation, Pp. T=Ta+8j4 Pp where 6j4 is the thermal resistance from junction to ambient. Use of a heat sink is
recommended if input bias current is to be kept to a minimum.

Note 8: Supply voltage rejection ratio is measured for both supply magnitudes increasing or decreasing simultaneously in accordance with common practice, from
=15V to £5V for the LF411 and from +20V to =5V for the LF411A.

Note 9: RETS 411X for LF411MH and LF411MJ military specifications.

Note 10: Max. Power Dissipation is defined by the package characteristics. Operating the part near the Max. Power Dissipation may cause the part to operate
outside guaranteed limits.

Typical Performance Characteristics

Input Bias Current Input Bias Current

100 10k
Vs =115V Vem =0V

Ta=25°C Vs = +15¢
1 /

100

40

INPUT BIAS CURRENT (pA)
INPUT BIAS CURRENT (pA)
N

20 10 =

0 1
-10 -5 0 5 10 -50-25 0 25 50 75 100 125
COMMON-MODE VOLTAGE (V) TEMPERATURE (°C)

60565511 00565512

3 www.national.com
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Current Transducer LA 25-NP l,, = 5-6-8-12-25 A

For the electronic measurement of currents : DC, AC, pulsed,
mixed, with a galvanic isolation between the primary circuit
(high power) and the secondary circuit (electronic circuit).

| Electrical data |

by Primary nominal r.m.s. current 25 At  Features
R Primary current, measuring range 0.1+36 At
R,  Measuring resistance Rymin  Rumax e Closed loop (compensated) multi-

with £ 15 V @125At, 100 320 0 range current transducer using the

@+36At 100 190 ¢  Halleffect ,
max ¢ Insulated plastic case recognized
b Secondary nominal r.m.s. current 25 mA according to UL 94-V0.
K, Conversion ratio 1-2-3-4-5: 1000
vV, Supply voltage (x 5 %) +15 \ Advantages
I, Current consumption 10 +1 mA
Vv, R.m.s. voltage for AC isolation test, 50 Hz, 1 mn 25 kV Excellent accuracy
\'A R.m.s. rated voltage ", safe separation 600 Vo, Very good linearity
basic isolation 1700 \'%

¢ Low temperature drift
* Optimized response time

| Accuracy - Dynamic performance data « Wide frequency bandwidth
X Typical accuracy @ 1, , T, = 25°C +05 %  * Noinsertion losses
€, Linearity <02 9% ® High immunity to external
Typ | Max interference -
|, Offsetcumrent? @1,=0,T, = 25°C £0.05(+015 ma ° Cumentoverload capability.
fom Residual current @ |, = 0, after an overload of 3 x1,, | £ 0.05[+0.15 mA A
I Thermal drift of | 0°C..+25°C | £006|t025 ma APPlications
+25°C..+70°C [£0.10j£0.35 mA e AC variable speed drives and servo
t Response time* @ 90 % of <1 Hs motor drives
di/dt di/dtaccurately followed >50 Aus e Static converters for DC motor drives
f Frequency bandwidth (- 1 dB) DC .. 150 kHz e Battery supplied applications
o Uninterruptible Power Supplies

| General data | (wps)
T, Ambient operating temperature 0..+70 °C * Switched Mode Power Supplies
T, Ambient storage temperature -25..+85 °C (SMPS) . .
R, Primary resistance perturn @ T, = 25°C <1.25 mQ ¢ Powgr s.upplles for welding
R, Secondary coil resistance @ T, =70°C 110 Q applications.
R, Isolation resistance @ 500 V, T, = 25°C > 1500 MQ
m Mass 22 g

Standards % EN 50178(97.10.01)

Notes : " Pollution class 2
2 Measurement carried out after 15 mn functioning
3 The result of the coercive field of the magnetic circuit
4 With a di/dt of 100 A/ps
% A list of corresponding tests is available. 030709/10

LEM Components www.lem.com
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Dimensions LA 25-NP (in mm. 1 mm = 0.0394 inch)
=& x
. 10t =
Q.34 AxHD.7XDANR
T
: iy O
1 5 2 ® wwhe
'Y it “, i" made
) E 10 [} 5]
IxaTm 3 [——J}—f—e Model + SPN"
] | L . [——3}———= Date code
[ e hd \ F } M + -
- |- oz
ol 1524 | = 1645 |
Bottom view Right view Top view
q i Connection
« y
P L " s r— A+
il 1111 | I o 1" LEM (o & o
g OUT O—w——06-0  ————— P S —" Y,
Back view
Number | Primary current [ Nominal Turns Primary | Primary insertion Recommended
of primary | nominal | maximum | outputcurrent ratio resistance| inductance connections
turns L [Al| L [A]] L, [mA] K, R, [mQ]]| L, [pH]
54321 IN
o0—0—0—0—0
1 25 36 25 1/1000 0.3 0.023 o
OuT 67 8 910
54321 IN
0—0—0
2 12 18 24 2/1000 1.1 0.09 oo Y
OUT 6 7 8 910
54321 IN
3 8 12 24 3/1000 25 0.21 o_o\ \H
OUT 67 8 910
54321 IN
4 6 9 24 4/1000 44 0.37 °\‘ \‘\f
OuT 67 8 910
54321 IN
5 5 7 25 5/1000 6.3 0.58 AN\
OUT 67 8 910

Mechanical characteristics Remarks

¢ General tolerance +0.2mm * |, is positive when |, flows from terminais 1, 2, 3, 4, 5 to
o Fastening & connection of primary 10 pins 0.7 x0.6 mm terminals 10,9, 8,7, 6

e Fastening & connection of secondary 3 pins & 1 mm e This is a standard model. For different versions (supply
¢ Recommended PCB hole 1.2mm voltages, turns ratios, unidirectional measurements...),

please contact us.

LEM reserves the right to carry out modifications on its transducers, in order to improve them, without previous notice. .



Voltage Transducer LV 20-P

For the electronic measurement of voltages : DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high voltage)

and the secondary circuit (electronic circuit).

| Electrical data

oy Primary nominal r.m.s. current 10 mA
L Primary current, measuring range 0.+14 mA
R,  Measuring resistance Ry in M max

with+ 12V @z10mA 30 190 Q

@+14mA__ 30 100 Q

with+ 15V @+10mA__ 100 350 Q

@+14mA__ 100 190 Q

Iy Secondary nominal r.m.s. current 25 mA
K, Conversion ratio 2500 : 1000

V. Supply voltage (+ 5 %) +12 .15 \

I Current consumption 10(@z15V)+l; mA

Vv, R.m.s. voltage for AC isolation test™, 50 Hz, 1 mn 25 kV

| Accuracy - Dynamic performance data |

X, Overall Accuracy @I, , T, =25°C @ +12..15V  £141 %

@+15V(x5%) 1.0 %

€ Linearity <0.2 %
Typ | Max

[ Offset current @1, =0, T, =25°C +0.20 mA

Thermal drift of | 0°C.. +25°C

+25°C ..+70°C

£0.10(£0.30 mA
+0.14(£0.40 mA

t, Response time? @ 90 % of V, 40 s
L General data |
T, Ambient operating temperature 0..+70 °C
T, Ambient storage temperature -25..+85 °C
R, Primary coil resistance @ T, = 70°C 250 Q
R, Secondary coil resistance @ T, = 70°C 110 Q
m Mass 22 g
Standards ¥ EN 50178

Notes : " Between primary and secondary

2 R, = 25kQ (L/R constant, produced by the resistance and inductance

of the primary circuit)
3 A list of corresponding tests is available

10 mA
10..500 V

P

- N
£, g
Za o
>

PN

PN

d)

I

L

>

Features

¢ Closed loop (compensated) voltage
transducer using the Hall effect

¢ Insulated plastic case recognized
according to UL 94-V0

e Optimized.

Principle of use

e For voltage measurements, a current
proportional to the measured voltage
must be passed through an external
resistor R, which is selected by the
user and installed in series with the
primary circuit of the transducer.

Advantages

Excellent accuracy

Very good linearity

Low thermal drift

Low response time

High bandwidth

High immunity to external
interference

o Low disturbance in common mode.

Applications

o AC variable speed drives and servo
motor drives

¢ Static converters for DC motor drives

¢ Battery supplied applications

¢ Uninterruptible Power Supplies
(UPS)

¢ Power supplies for welding
applications.

010802/0
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Dimensions LV 20-P (in mm. 1 mm =0.0394 inch)

Bottom view Right view Top view
26
4+/-03 N
15.24 2 00.635mm * N
] + +f ~: )
| +HT -HT ] i LEM ® awiss
o~ — — T
Ny m
O [=]
N| N o~ c €
| 3xaimm LV 20-p
+ + ] < o—olkhoo
T -  + N " 3 _
] i M iy M +
- 2xX762 | - / \ \
™ 1640 T 452003 Standard 00 Year Week
or N° SP..
Secondary terminals
Terminal + : supply voltage + 12..15V
Terminal M : measure
Terminal - : supply voltage - 12..15V
Connection
& L
a
N
Back view
Mechanical characteristics Remarks
¢ General tolerance +0.2mm e |, is positive when V, is applied on terminal +HT.
¢ Fastening & connection of primary 2 pins ¢ This is a standard model. For different versions (supply
0.635 x 0.635 mm voltages, turns ratios, unidirectional measurements...),
¢ Fastening & connection of secondary 3 pins & 1 mm please contact us.
¢ Recommended PCB hole 1.2mm

Instructions for use of the voltage transducer model LV 20-P

Primary resistor R : the transducer's optimum accuracy is obtained at the nominal primary current. As much as possible, R should be
calculated so that the nominal voltage to be measured corresponds to a primary current of 10 mA.

a)R =25kQ/2.5 W,|,=10mA Accuracy =21 % of V(@ T, =+25°C)

Example: Voltage to be measured V, =250 V
b)R,=50kQ/1.25W, | = 5mA Accuracy =2 % of V(@ T, =+25°C)

Operating range (recommended) : taking into account the resistance of the primary windings (which must remain low compared to R in order
to keep thermal deviation as low as possible) and the isolation, this transducer is suitable for measuring nominal voltages from 10 to 500 V.

LEM reserves the right to carry out modifications on its transducers, in order to improve them, without previous notice.



Voltage Transducer LV 25-P

For the electronic measurement of voltages : DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high voltage)

and the secondary circuit (electronic circuit).

| Electrical data

]

I, Primary nominal r.m.s. current 10 mA
I, Primary current, measuring range 0..+14 mA
R,, Measuring resistance Ry .n  Rume
with £ 12V @=10mA __ 30 190 Q
@14mA __ 30 100 Q
with £ 15V @+10mA _ 100 350 Q
@+14mA __ 100 190 Q
Iy Secondary nominal r.m.s. current 25 mA
K, Conversion ratio 2500 : 1000
V. Supply voltage (x 5 %) +12 ..15 \%
I Current consumption 10(@+15V)+l; mA
Vv, R.m.s. voltage for AC isolation test ", 50 Hz, 1 mn 2.5 kV
L Accuracy - Dynamic performance data
X, Overall Accuracy @1, T,=25°C @==12.15V 09 %
@+x15V(x5%) 08 %
€ Linearity <02 %
Typ | Max
Iy Offset current@1.=0, T, =25°C +015 mA

lor Thermal drift of |, 0°C..+25°C |£0.06(+0.25 mA
+25°C..+70°C |£0.10|{x0.35 mA
t, Response time? @ 90 % of V. 40 us
L General data
T, Ambient operating temperature 0..+70 °C
T, Ambient storage temperature -25..+85 °C
R, Primary coil resistance @ T, = 70°C 250 Q
R, Secondary coil resistance @ T, = 70°C 110 Q
m Mass 22 g
Standards ¥ EN 50178

Notes : " Between primary and secondary

9 R, = 25 kQ (L/R constant, produced by the resistance and inductance

of the primary circuit)
3 A list of corresponding tests is available

10 mA
10 .. 500 V

Features

¢ Closed loop (compensated) voltage
transducer using the Hall effect

e Insulated plastic case recognized
according to UL 94-VO0.

Principle of use

e For voltage measurements, a current
proportional to the measured voltage
must be passed through an external
resistor R, which is selected by the
user and installed in series with the
primary circuit of the transducer.

Advantages

e Excellent accuracy

e Very good linearity

o Low thermal drift

e Low response time

e High bandwidth

e High immunity to external
interference

e Low disturbance in common mode.

Applications

o AC variable speed drives and servo
motor drives

o Static converters for DC motor drives

e Battery supplied applications

o Uninterruptible Power Supplies
(UPS)

e Power supplies for welding
applications.

981125/14
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Dimensions LV 25-P (in mm. 1 mm = 0.0394 inch)
Bottom view Right view Top view
26
15.24 2% 7 0.635mm 4 +/-03 E
|| $ #_/ i ._* : L_
+HT -HT i LEM® sw-:s
~ m e—— made
I N !
2 N S Cce
3x@lmm LV 25-P
00-00 00
& ¥ _—
. -+ M E[ M/ AN
' B / A\
= ZX7i'62 = 16.45 4.5+/-03 Standard 00 Year Week
or N° SP..
Secondary terminals
Terminal + : supply voltage + 12..15V
- Terminal M : measure
& i Terminal - : supply voltage - 12..15V
R .
“ ; N Connection
- HT
R1
Back view HT

Mechanical characteristics Remarks

¢ |, is positive when V_ is applied on terminal +HT.

e This is a standard model. For different versions (supply
voltages, turns ratios, unidirectional measurements...),
please contact us.

* General tolerance + 0.2 mm
s Fastening & connection of primary 2 pins
0.635 x 0.635 mm
o Fastening & connection of secondary 3 pins @ 1 mm
¢ Recommended PCB hole 1.2 mm

Instructions for use of the voltage transducer model LV 25-P

Primary resistor R, : the transducer's optimum accuracy is obtained at the nominal primary current. As far as possible, R, should be
calculated so that the nominal voltage to be measured corresponds to a primary current of 10 mA.

a)R, =25kQ/25 W,I,=10mA Accuracy = + 0.8 % of V,, (@ T, = +25°C)
b)R,=50kQ/1.25W,1,= 5mA Accuracy =+ 1.6 % of V,, (@ T, = +25°C)

Operating range (recommended) : taking into account the resistance of the primary windings (which must remain low compared to R in order
to keep thermal deviation as low as possible) and the isolation, this transducer is suitable for measuring nominal voltages from 10 to 500 V.

Example: Voltage to be measured V,,, =250 V

LEM reserves the right to carry out modifications on its transducers, in order to improve them, without previous notice. -



SKM 200GB123D

Trench IGBT Modules

SKM 200GB123D
SKM 200GAL123D
SKM 200GAR123D

Features

MOS input (voltage controlled)

N channel, homogeneous Si

Low inductance case

Very low tail current with low

temperature dependence

» High short circuit capability, self
limiting to 6 x |

« Latch-up free

« Fast & soft inverse CAL diodes

« Isolated copper baseplate using
DCB Direct Copper Bonding
Technology

» Large clearance (13 mm) and

creepage distances (20 mm)

cnom

Typical Applications

« AC inverter drives
« UPS

SEMITRANS® 3

2y,

Symbol |Conditions Values | Units
zZ, .

riGol iy 59 miJW
R, i=2 23 mk/W
R, i=3 6.8 mk/W
R; i=4 1,2 mk/W
tau, i=1 0,03 s
tau, i=2 0,0087 s
tau, i=3 0,002 s
tau, i=4 0,0002 s
z .

S L T 170 mi/W
R, i=2 66 mk/W
R; i=3 12 mk/W
R, i=4 2 mk/W
tau, i=1 0,0348 s
tau, i=2 0,0072 ]
tau, i=3 0,077 ]
tau, i=4 0,0002 ]
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UL Recognized Dimensions in mm
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' T-03-/9,
MOTOROLA MR860 MR861

m SEMICONDUCTOR mumesssssss| MR862 MR864 |

TECHNICAL DATA MR866
Designers gData) .
- i
FAST RECOVERY i
STUD MOUNTED POWER RECTIFIERS
FAST RECOVERY POWER RECTIFIERS 50-600 VOLTS
. . . deslgned for special applications such as dc power supplies, inverters, 40 AMPERES
converters, ultrasonic systems, choppers, low RF interference, sonar power
supplles and free wheeling diodes. A complete line of fast recavery rectifiers
having typical recovery time of 150 nanoseconds providing high efficiency
at frequencies to 260 kHz.
Designer‘s Dats for “Worst Case” Conditions
The Designars Data sheats permit the design of most circuits entirely from the
information prasented. Limit curves — repr g b jarfes on device ch
istics — are given 10 tacilitate *‘worst case’’ design.
MAXIMUM RATINGS
Rating Symbol | MAGG60 | MRBEI| MRBE2 | MABGA | MRB66 | Unit
Peak Repatitive Reverse Voltage VRRM Voits
Working Peak Reverss Voltage VAWM 80 100 200 400 600 \
DC Blocking Voitage va N
Non-Repetitrve Peak Reverse Voltsge VRSM 5 150 250 450 650 Volts
AMS Reverse Vohtage . VRiAms) | 38 70 140 280 420 | vois B STE T
Average Rectified Farward Current o g Amps R-—i TERM.1, CATHODE
{Singfe phase, resistive load, 40 TERRL D 2. ANODE (CASE!
T¢ = 100°C) 4
. Non-Repetstive Peak Surge Current 1FSM Amps L T
] {surge applied at rated load 3s0
wndirnorlu) T K
Operating Junction Temperature Ty |—————— 6510 4160 ——————am| ©C 8 i 3
Range B
Storsge Temperature Range Ty |e#————= 6510 417 ~~o—-————w| ©°C
! =1 P
_; THERMAL CHARACTERISTICS 1428 UNF2A
b { Characterintic 1~ Symbol | Max 1 [ | Tenaz
H l Thermal Resistance, Junction to Case l ResC l 085 I ocw %
1. DIM“P* IS DIA.
ELECTRICAL CHARACTERISTICS o OR BOTH DS OF
Characteinic Symbol _| Win Tve Max Unit 2 ANGULAR ORIENTATION AND CONTOUR OF
Instentaneous Forward Voltage VF - 13 16 - Voits TERMINAL ONE IS OPTIONAL.
fiF = 125 Amp, T = 150°C} R 4. THREADS ARE PLATED. !
" 6. DIMENSIONING AND TOLERANCING PER ANSI Y145,
Faerward Valtage VE - 1.0 14 Voits 1973 .
{ig = 40 Amp, T = 28°C} U B
I | MILUMETERS |
Hn;v:-c;:lngt {rated dc voltege} L] _ 2 50 A o Ml WAX VAX
T = 100°C ) ~ 1.0 20 mA 1684 | 14§ 067 ]
— ] 1684
REVERSE RECOVERY CHARACTERISTICS = ‘;f, %
Charsctaristic Symbol Min Tye Max Unit 52 | 508 ] 0200 |
Aeverse Recovery Time r ns - 203 0080
W1 = 1.0 Amp 10 Vg = 30 Vi, Figure 16) - 150 200 1072|1151 048
figma = - 121 - 200 400 — 540 1000
Raverse Ascovery Curmant IRM{REC) - 20 30 Amp _388 1 — =
{1p = 1.0 Amp to Vg = 30 Vda, Figure 16} 55&:_ Lﬁ _%_
— | 3016 | 0304 |
MECHANICAL CHARACTERISTICS = .26 0089 | i
CASE: Welded, hermetically sealed POLAR|TY: Cathode to Case CASE 257-01
FINISH: Al externsl surfaces corrosion WEIGHT: 17 Grams {Approximately) M'ETAAI.\.B
istent and readily soldersb! STUD TORQUE: 25 in. fbs.

3-205
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*/

/* written by: Michael Mkhize */
/* Date: Aug 2009 */
*/

/* Title: Feedforward/predictive control of single phase APF */
/* */

*/
/* Comments: */ */
/* This code implements feed-forward control */
/* for a single-phase inverter. */ */
/* the function of the controller is to produce */
/* the switching pulses to control a full-bridge */
* single phase inverter in order to implement */
/* shunt Active filter. */

[ 3 e e sk sk ok sk sk sk s s sk e sk e ek sk sk ke sk ok skoskeok sk stk sk skoskeok stk sk sk skeok sk kool kol sk ok ok skokok dkokoskok ok

*/
/*Initialising pointers*/

volatile unsigned int *COMCONA = (volatile unsigned int *) 0x7411;
volatile unsigned int *GPTCONA = (volatile unsigned int *) 0x7400;
volatile unsigned int *ACTRA = (volatile unsigned int *) 0x7413;
volatile unsigned int *DBTCONA = (volatile unsigned int *) 0x7415;

volatile unsigned int *CMPR1 = (volatile unsigned int *) 0x7417;
volatile unsigned int *CMPR2 = (volatile unsigned int *) 0x7418;
volatile unsigned int *CMPR3 = (volatile unsigned int *) 0x7419;

volatile unsigned int *T1CON = (volatile unsigned int *) 0x7404;
volatile unsigned int *T2CON = (volatile unsigned int *) 0x7408;
volatile unsigned int *T1PR = (volatile unsigned int *) 0x7403;
volatile unsigned int *T1CNT = (volatile unsigned int *) 0x7401;
volatile unsigned int *T2PR = (volatile unsigned int *) 0x7407;
volatile unsigned int *T2CNT = (volatile unsigned int *) 0x7405;

volatile unsigned int *MCRA = (volatile unsigned int *) 0x7090;
volatile unsigned int *MCRB = (volatile unsigned int *) 0x7092;
volatile unsigned int *MCRC = (volatile unsigned int *) 0x7094;
volatile unsigned int *PADATDIR = (volatile unsigned int *) 0x7098;
volatile unsigned int *PBDATDIR = (volatile unsigned int *) 0x709A;
volatile unsigned int *PCDATDIR = (volatile unsigned int *) 0x709C;
volatile unsigned int *PFDATDIR = (volatile unsigned int *) 0x7096;

volatile unsigned int *YEVAIMRA = (volatile unsigned int *) 0x742C;



volatile unsigned int *IMR = (volatile unsigned int *) 0x0004;
volatile unsigned int *IFR = (volatile unsigned int *) 0x0006;
volatile unsigned int *EVAIFRA = (volatile unsigned int *) 0x742F;

volatile unsigned int *SPICCR = (volatile unsigned int *) 0x7040;
volatile unsigned int *SPICTL = (volatile unsigned int *) 0x7041;
volatile unsigned int *SPISTS = (volatile unsigned int *) 0x7042;
volatile unsigned int *SPIBRR = (volatile unsigned int *) 0x7044;
volatile unsigned int *SPIRXEMU = (volatile unsigned int *) 0x7046;
volatile unsigned int *SPIRXBUF = (volatile unsigned int *) 0x7047;
volatile unsigned int *SPITXBUF = (volatile unsigned int *) 0x7048;
volatile unsigned int *SPIDAT = (volatile unsigned int *) 0x7049;
volatile unsigned int *SPIPRI = (volatile unsigned int *) 0x704F;

volatile unsigned int *SCSR1 = (volatile unsigned int *) 0x7018;

volatile unsigned int *ADCTRL1 = (volatile unsigned int *) 0x70A0;
volatile unsigned int *ADCTRL2 = (volatile unsigned int *) 0x70A1;
volatile unsigned int *MAXCONYV = (volatile unsigned int *) 0x70A2;
volatile unsigned int *CHSELSEQ1 = (volatile unsigned int *) 0x70A3;
volatile unsigned int *CHSELSEQ?2 = (volatile unsigned int *) 0x70A4;
volatile unsigned int *CHSELSEQ3 = (volatile unsigned int *) 0x70AS5;
volatile unsigned int *CHSELSEQ4 = (volatile unsigned int *) 0x70A6;
volatile unsigned int *AUTO_SEQ_SR = (volatile unsigned int *) 0x70A7;
volatile unsigned int *RESULTO = (volatile unsigned int *) 0x70AS;
volatile unsigned int *RESULT]1 = (volatile unsigned int *) 0x70A9;
volatile unsigned int *RESULT2 = (volatile unsigned int *) 0x70AA;
volatile unsigned int *RESULT3 = (volatile unsigned int *) 0x70AB;
volatile unsigned int *RESULT4 = (volatile unsigned int *) 0x70AC;
volatile unsigned int *RESULTS5 = (volatile unsigned int *) 0x70AD;
volatile unsigned int *RESULT6 = (volatile unsigned int *) 0x70AE;
volatile unsigned int *RESULT?7 = (volatile unsigned int *¥) 0x70AF;
volatile unsigned int *RESULTS = (volatile unsigned int *) 0x70BO0;
volatile unsigned int *RESULT9 = (volatile unsigned int *) 0x70B1;
volatile unsigned int *RESULT 10 = (volatile unsigned int *) 0x70B2;
volatile unsigned int *RESULT11 = (volatile unsigned int *) 0x70B3;
volatile unsigned int *RESULT12 = (volatile unsigned int *) 0x70B4;
volatile unsigned int *RESULT13 = (volatile unsigned int *) 0x70BS5;
volatile unsigned int *RESULT14 = (volatile unsigned int *) 0x70B6;
volatile unsigned int *RESULT15 = (volatile unsigned int *) 0x70B7;
volatile unsigned int *CALIBRATION = (volatile unsigned int *) 0x70B8$;

/*initializing variables*/



Initialization of integers for DAC

int i,j,angle, DAC1,DAC2,DAC3,DAC4,DACS5,DAC6,DAC7,DACS;

/*

Initialization of integers for input values

int Vac,Iref,VacShift,output_shift,potl,Irefshift;
int VsArr[100],index,VsReal,VsImag,VsPhase,pot2,power_angle;
long int InputSample, VacReal, VacScaled,IrefReal,valuel,value;

/*

Initialization of float values for implementing derivative function and control
equation

float stDeriv,dIref dt,dIref dt scaled,Iref r.diref dtReal;

float Prevlref;

float PrevPrevIref=0;

float SampleRate=10000; /*Sampling at 10kHz */

float L=52/32768,; /* Representing a 1.6mH inductor */

float =65540/32768; /* representing equivalent inductor resistance */

/* Calling up external functions */

extern int sine();
- extern int atan();

/*




starting point for the interrupters

______ */

interrupt void Test1(void)
{

}

J*

main interrupter "GPT1_underflow"

interrupt void GPT1_underflow(void)

{
*PFDATDIR &= 0xFFFB;

*CHSELSEQI = 0x0B20;
/¥ *CHSELSEQ2 = 0x1010; */
*ADCTRL2 [= 0x2000;
while(ADCTRL2 && 0x0200 == 0x0000) {};
*ADCTRL2 |= 0x0200;

reading Analogue values through 10-bit ADC

Vac = *RESULTO;
Vac = Vac>>6;
Vac &= 0x03FF;

Iref=*RESULTI;
Iref = Iref>>6;
Iref &= 0x03FF;

potl = *RESULT];
potl = pot1>>6;
potl &= 0x03FF;



output_shift=potl; /*Adjusting inverter output amplitude*/

scaling down to zero reference to remove 1.6V offset & working out real values

VacShift=Vac-512;
VacReal=((long int)VacShift*3620)/1024; /* Analogue input value of 1.5VAC
peak-to-peak is conveted to Real digital value of 640V peak-to-peak */
VacScaled=((long int)VacReal*1024)/595;

Irefshifi=Iref-512;
IrefReal=(Irefshift*266)/51200; /* Converting load current to real value */

Power angle control subroutine: Adjusting power angle

/* VsReal=Vs;
VsImag=VsArr[index];
VsPhase=arctan(VsReal/2,VsImag/2);
anglea=VsPhase+power_angle;
if(anglea > 200) anglea = 200;
if(anglea < -200) anglea = -200; */
/*VacReal=sine(anglea)/2;

/*




Working out derivative of input harmonic current in order to calculate
approximate inductor voltage drop at the output

stDeriv=(Irefshift-PrevPreviref)/(2*(1/SampleRate));  /* Output of 1stDeriv is equal
to frequncy*2*pi*(original amplitude) */ '
PrevPreviref=Prevlref;
PrevIref=Irefshift;
dlref dt=stDeriv;
dIref dtReal=((float)diref dt*4)/20480; /* Scaling down derivative output to a
suitable amplitude */

/*
Implementing feed-forward control
______ */
Iref r=IrefReal*r; /* Calculating approx voltage drop on inductor
equivalent resistance */
valuel=dIref dtReal+Iref r; /*Summing up voltage drop across the
inductor */
value=valuel+VacScaled; /* Value is the total voltage drop

required across the loop */

/¥
generating switch signal

______ */
*CMPR 1=value*pot1+1024;
*CMPR2=-value*pot1+1024;

/*

Sending data to 8-bit DAC for debugging purposes



/* VsArr[index]=Vs; /* Updating phase shifting array */

DAC1 = (dIref_dt/1000+128);
DAC1 =DACI<<4;

DACI &= 0xO0FFF;

DACI |= 0x0000;
*SPITXBUF = DACI;

for (i=0; i<4; i++) {}
*PCDATDIR &= 0xOFFDF;
*PCDATDIR |= 0x0020;

DAC2 = VacReal/8+128;
DAC2 =DAC2<<4;

DAC2 &=0x0FFF;
DAC2=0x2000;
*SPITXBUF = DAC2;

for (i=0; i<4; i++) {}
*PCDATDIR &= 0xOFFDF;
*PCDATDIR |= 0x0020;

DAC3 = valuel+128;
DAC3 =DAC3<<4;

DAC3 &= 0x0OFFF;

DAC3 |= 0x4000;
*SPITXBUF = DAC3;

for (i=0; i<4; i++) {}
*PCDATDIR &= 0x0FFDF;
*PCDATDIR |= 0x0020;

DAC4 = Irefshift+128;
DAC4 = DAC4<<4;

DAC4 &= 0x0OFFF;

DAC4 |= 0x6000;
*SPITXBUF = DAC4;

for (i=0; i<4; i++) {}
*PCDATDIR &= 0x0FFDF;
*PCDATDIR |= 0x0020;

DACS = dlref dtReal+128;
DACS = DAC5<<4;

DACS5 &= 0xOFFF;

DACS |= 0x8000;



/*

}

*SPITXBUF = DACS;

for (i=0; i<4; i++) {}
*PCDATDIR &= 0x0FFDF;
*PCDATDIR |= 0x0020;

DACG6 = (value/8)+128;
DAC6 =DAC6<<4;

DACG6 &= 0x0FFF;

DACS6 [= 0xA000;
*SPITXBUF = DAC6;

for (i=0; i<4; i++) {}
*PCDATDIR &= 0xOFFDF;
*PCDATDIR |= 0x0020;

DACT7 = (complin)/4;
DACT7 =DAC7<<4;

DAC7 &= 0x0OFFF;

DACT |= 0xC000;
*SPITXBUF = DACT;

for (i=0; i<4; i++) {}
*PCDATDIR &= 0x0FFDF;
*PCDATDIR |= 0x0020;

DACS8 = (comp2in)/4;
DACS8 = DAC8<<4;

DAC8 &= 0x0FFF;

DACS |= 0xE000;
*SPITXBUF = DACS;

for (i=0; i<4; i++) {}
*PCDATDIR &= 0xOFFDF;
*PCDATDIR |= 0x0020;

*EVAIFRA |= 0x0200;

*PFDATDIR |= 0x0004;

interrupt void Test3(void)

{
}

interrupt void Test4(void)

{
}

*/



interrupt void Test5(void)

{
}

interrupt void XINT2(void) /* ADCInterrupt, external interrupt pin in high-priority
mode */

{

)

starting of main program

______ */
void main(void)
{
*SCSR1 = 0x00AC;
/¥
Interrupt set-up
______ */
*IMR = 0x0022;
*IFR = OxFFFF;
*EVAIMRA = 0x0200;
asm(" clrc INTM");
/¥

SPI port set-up for DAC coms

*SPICCR &= 0xOFF7F;
*MCRB |= 0x001C;



*SPICCR [= 0x000B;
*SPICTL = 0x0006;

*SPIBRR |= 0x0003;
*SPICCR |= 0x0080;

*PCDATDIR |= 0x2020;

/*
Registers for IOPF2 code-timer
...... */
*MCRC &= 0xFDFF;
*PFDATDIR |= 0x0404;
/*

Registers for ADC

*ADCTRLI1 = 0x0840;
*ADCTRL2 = 0x0000;
*MAXCONYV = 0x0002;

/* *CHSELSEQ1 = 0x0001; */

Registers for PWM generation

*MCRA |= 0x0FC0;
*ACTRA = 0x0999;

/* *DBTCON = 0x0AEQ; */
*DBTCONA = 0;

*CMPRI1 = 0;



*CMPR2 = 0;

*COMCONA = 0x0307;
*COMCONA = 0x8307;

*T1PR =2048;

: freq approx 10kHz */
*T1CNT = 0x0;
*T1CON = 0xA802;

*T2PR = 6138,;
20msec or S0Hz */

*T2CNT = 0x0;

*T2CON = 0x9702;
prescaler to 128 */

*T1CON = 0xA842;
*T2CON = 0x9742;

/[*Initialising variables */

index = 1;
power_angle=0;
=1
/*PrevPreviref=0; */

for (;;)
{
}

/* Period = 2048*25nsec*2 = 100usec

/* up/down continuous mode */

/* Period = 6138*25nsec*128 approx =

/* set in cont up, and set clock

/* start the clock */
/* start the clock */
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TLC5628C, TLC5628I
OCTAL 8-BIT DIGITAL-TO-ANALOG CONVERTERS

SLAS089E — NOVEMBER 1994 — REVISED APRIL 1997

Vg — DAC Output Voltage - V

'O(s ource) ™ Output Source Current - mA
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OCTAL 8-BIT DIGITAL-TO-ANALOG CONVERTERS

SLAS089E ~ NOVEMBER 1994 — REVISED APRIL 1997
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TLC5628C, TLC5628|

OCTAL 8-BIT DIGITAL-TO-ANALOG CONVERTERS

SLAS089E — NOVEMBER 1994 — REVISED APRIL 1997
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4040000/B 03/95

MECHANICAL DATA
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NOTES: A.

Cow

Falls within JEDEC MS-013

All linear dimensions are in inches (millimeters).
This drawing is subject to change without notice.
Body dimensions do not include mold flash or protrusion not to exceed 0.006 (0,15).
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Appendix C

(TraxMaker™ PCB Designs and

Circuits)
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PCB Design of AC-DC Converter
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Appendix D

(Matlab Simulations)
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AC.DC Converter using a three-phase three-level
PWM Voltage-sourced Converter
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Power Active Filter using a three-phase three-level
PWM Voltage-sourced Inverter
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