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ABSTRACT

An Investigation of Series and ParallelConfigurations for Hybrid Power Amplifiers

Luccas Matiuzzi Kunzler, PhD.

Concordia University, 221

Power Hardwarén-theLoop (PHIL) is becoming increasingly popular for
compartmentalized testing of electric power equipment in several areas suatexdrio drive
systems and distributed power generation systems. The fundamental idea of PHIL is to create
flexible conditions for Devices under Test (DUT) to be properly assessed in real time and dynamic
conditions with their rated power levels. Connediedhe DUT is the Power Amplifier (PA
which is responsible for increasing the voltage and current leg®ksn from the Realime
Simulator (RTS). The DUT is a physical equipment and -eigymplexity models are used to
control the PAs to emulate necagseonditions for the DUT to be evaluated. One of the main
benefits of PHIL is that it can provide a platform for conducting a number of severe tests without
risking damaging the equipment that is being emulated, while testing the actual response of the
DUT. It can also help with the preliminary design and performance assessment of new types of
machines, drivers and controllers, thus significantly reducing the time to market of new equipment.
The flexibility of PHIL is also one of its main assets, sincectirabination of the RTS and the PA
can be used for various applications only by changing the model and/or parameters of the emulated
element.

This thesis will evaluate the main architectures, controlegfies and PHIL applications of
PAs. Linear Power Amlifiers (LPA) provide an overall great performance due to its high
bandwidth but are expensive, mostly at increased power ratings. Fd?Awghith fast dynamic
response and reduced waveform distortion, the Hybrid Power Amplifier (HPA) configuration
provides a good cogterformance compromise. HBAre built essentially with the association of
a lowcost Switch Mode Power Amplifier (SMPA) and an LPA.

The first configurationd be investigated is the seriesnnected HPA intended for high
voltage systemsT'he SMPA consists of a CascadedBkidge Multilevel (CHBM) converter for

increased modularity. A singleulse per Horidge modulation technique callétkarest Level of



Control (NLC) is used for minimizing the switching losses. However, this leads toancbdl
power consumption bthe Hbridges when the SMPArovidesrelatively low output voltages,
thus compromising the reliability and power quality of the SMPAnew modulation techque
called SplitVoltage Fistin FirstOut (SV-FIFO) that mitigates tli issue is proposed. Its
implementation requires the use of a supplemental, but simple, control loop based on the
magnitude and frequency of the reference output voltage. Experimental results are presented to
validate the design approach and demonstratditfh performance achieved with $VO.
The parallelconnected HPA is also evaluated in this thdsisa similar way to the series
connected HPA, theRA provides high bandwidth (BYWandactive power filteringvhile the bulk
of the power is provided bhe SMPA. The SMPA is realized with a thuglease Voltage Source
Converter (VSC) and three singdase LPAs. The contribution relies on proposing a new
topology and current control strategy that aims to reduce the size of the required LPA, which is
costly. This is achieved by using the reference current of the HPA for the current cooprafl
the LPA, and the actual®h current as the reference for the SMPA current loop. By making the
bandwidth of the current loop of the LPA higher than thatSMPA o, the first provides the
fast transient components and harmonic filtering while the second, the bulk of the HPA current.
Additionally, this thesis also coversetlvaluation of techniques for Amplitude, Phasgla
and Frequency (APAF) detection for silegophase systems. Amplitude, phase and frequency
detection is a key feature for the control of the series HPA, but it is also useful for other important
applications, such as the synchronization of renewable sourédtetoate Current (£) grids,
which is a largely growing practiceAPAF for sngle-phase systems are more challenging since
they require additional and more complex techniques to determine thegpiggesdJsually, both
single and threphase systems are designed for a single and khowwe quency , usual |y
frequency. However, a wider range of frequencies is necessary for other applications such as
HPAs. This thesis will examine two proposed techniques for APAF. The first is based on the
combination of the integral and derivati@etionsand the second is based on the modification of
a zeracrossing detection systemBoth systems are discussed in detail and validated

experimentally.
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1. INTRODUCTION

A power amplifieris a device that provides gain a voltage or current signal, increasing
significantly its power level. It is largely used in interfaces between a signal component (i.e. a
digital controller) and an electrical load that is to be supplied with a large power signal. Early days
topologies of power amplifiers used vacuum tubes and triodes until the invention of the transistors
and all the power electronics based amplifigds [2]. These power electronics amplifiers can
work with semiconductor devices operating in the linear or dissipative region. As an example for
this application, one can min the Bipolar Junction Transistors (BJTs) and M&idel
Semiconductor FiekEffect Transistors (MOSFETSs).he system implementing theame called
Linear Power Amplifiers (LPA) and they have the best performance tracking references (high
fidelity) becaise of their very high bandwidth (B3], [4]. In addition, since the semiconductors
operate as vaiide resistors not producing any switching harmonic components, they have higher
quality on the output signals disadvantages of the LPA, it is possible to highlight their low
efficiency, which require large heatsinks and cooling leading to larger volamteweightd5].

This fact, together with the high price of high bandwidth (quality or accuracy) power components
(MOSFETs and BJTs) significantly increase the price of this solution. Also power components
when used in the linear region will be more expensive when compared to discsstéched
components for the same rated current, because they need to support dissieed power,
which is proportional to the varying voltage drop across its terminals when there is current flowing
[1].

An alternaive option is to usesemiconductors as switches BwitchedMode Power
Amplifiers (SMPA)[6]. Their principle of operation relies on the fast switch of semiconductors,
once again, the MOSFET can be used as an example, but oslyitbleed or on-stateand off
state regions are used. The losses related to the linear region are minimal, oniynigagipshort
periods during the rise and fall times of the voltage across the switches terminals. This significantly
increases the efficiency of the overall system, since the losses at the switches are now limited to
the switching and small conductive $e8s. In addition, the fast switching enables the harmonic
filters to be smaller, which leads to higher power densitieschibiee of theswitching frequency
needs to balance the size of the filter (related to the order of the switching harmonics), the

limitations of the components and the switching losses, which are proportional to the frequency.

Since todaysod switches arstate regstayce and dmallanput and ~ w i
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output capacitances, the losses with SMPAs in general aracagtlif lesser than with the LPA.
As a disadvantage, the required output filter, usually a second or third ordetecreases the
dynamic response and limits the bandwidth of the system.

In order to benefit from the advantages of both SMPA and LPA, seeies, parallel or
combinations of both connections are used to build a Hybrid Power Amplifier (HPA). In the HPA
the SMPA will provide the larger portion of power (either voltage or current) and the LPA will
contribute with the increased bandwidth, thssisting with fast, precise and high quality outputs.
Each system must be designeditake up foreach other's main limitations. This chapter will

evaluate existing topologies, switching schemes and control logics related to HPAs.

1.1. Power Hardware-in-the-Loop and Power Amplifiers

Power amplifiers are an essential equipment for Pdé¥eedwareln-theLoop (PHIL)
simulations. They are required in the emulation of rotating machines, loads and even power grids
to create all sorts of testing conditions. It @amon equipment used in the automotive, aerospace
and drive/relay industrigg], [8]. PHIL is increasingly becoming popular for compartmentalized
testing of electric power equipment in several areas such as in electric drive systems, distributed
power generation systems, d&}i [10]. Machire Emulation (ME), is one such application area of
PHIL simulations, and is becoming an essential tool for the fast development of high performance
motor drives in industry, robotics ankketric mobility[9], [11], [12]. It can provide a platform for
conducting a number of severe tests without risking damage to the machine or even to test machine
performance before it is actually byit3]i [15].

PHIL can help with the preliminary design and performance assessment of new types of
machines such as synchronous reluctd§b@p [18] and variable flux synchronous machih&g],
[20]. While ME systems are not expected to replace the conventional dynambuasstdrtests,
their programmable nature offers a high degree of flexibility for testing various types/parameters
of machine designs and drivid]i [23].

1.2. Configurations of Hybrid Power Amplifiers
A Hybrid Power Amplifier (HPA) aims to combine the best of both LPA and SNZ2A In
series and parallel configuration, the SMPA is responsible for processing the largest portion of

power, and it can do it with an elevated power density and efficiency. The LPA is responsible only



for the difference between thieference and the output of the SMPA, operating as a correction
amplifier. This operation is very similar to the operation of an active filter. The main drawback of
LPAs in any of tle configurations is the cost. fdur quadrant (4Q) LPA capable of outpugi
positive and negative voltages with an 1.2 kVA sinking power costs around $8,333/kW (AE
Techron 7548)25], while switched4Q solutions can cost as low as $350/kW (440 V/ 30 A
Semikron SemiTEACH|26].

1.2.1. Envelope Tacking HPA

One example of an HPA with envelope configuration is presentédgimre 1.1. In the
envelope configuratigrthe SMPA regulates the input/supply voltages of the LPA, to reduce the
voltage drops on the LPA, thus minimizing its power losses. In this example, twaridgks are
used as SMPA to create the positive and negative voltages for the LPA, but argoaothester
can be useds long as it is able to regulate its output voltage fast enough as required on the input
side of the LPA. Since the LPA has to process all the load power, this configuration is common in
low power applications, such as Radio Fregqye(RF) and telecommunicationgvith PAs
operating in the MHz and GHz rand8$ [27], [28].

SMPA

@ |1

|||—0

56 |1
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Vsmpa2 Vsmpai
\ G);
S
=

Figure1l.17 HPA envelope configuratiof3], [27], [28]

1.2.2. Series ©nnected HPA
The series configuration, as shownFigure 1.2, is indicated for high voltage applications
with a low voltage LPA. The SMPA, througBwea provides the bulk of theutput voltagevour)
and the LPA, viaLpa, the corrections to realize the target voltage waveform. In the example shown
in Figure 1.2, vsmpa is Of the staircase type typical output voltage waveform of multilevel

converters when used for sinusoidal outputs or applications (swebmadEach time the reference
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voltage is higher thaacertain levelanother cell is turned on or off. Considerihgtthe SMPA

Is fastenough the vipa will be mostly the mathematical difference between the reference voltage
and thevsmpa The disadvantage is that the LPA has to withstand the full output/load current. Recall
that the cost of LPAs tend to increase with the increase imatlkd current and the sinking
capability is typically lower than the sourcifigb]. The series configuration has bemmployed

for high power voltage amplifieff§], [24], [29] and for AC Power Supplies (ACPE)], [31].
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Figurel.21 HPA series connectd@], [24], [29]i [31]

In [4] a series configuration is proposed by using a singlebnialfe converter as SRA,
which is operated at 180 kHz. Operating a SMPA in high switching frequency demands the
utilization of low-pass filters to mitigate the switching harmonics, such as the LCL filter with a 30
kHz cutoff frequencyused in[4], causing Imitation of the maximum achievable bandwidth.

In order to reduce the switching lossemmove the output filter antthe limitation on the
bandwidth caused by low pass filters, several topologies implement cascaded or multilevel
converters with low freque&y modulation. One benefit across all configurations is the modularity
and flexibility, at the cost of a higher number of components and consequently a more complex
control strategy. The low frequency modulation in combination with the multilevel comstruct
will generate a staircase voltage waveform in which the steps (transitions between cells turning on
and off) will be compensated by the LFP29]i [32].

The minimum frequency of commutations, and consequently the smaller switching losses,
can be achieved by using a staircase modulation with the Nearest Level of Control
(NLC) modulation[33]. With this modulation, the output filter volume, weight, and cost are
reduced becausevieorder harmonics are eliminat¢g4]. One of tke constraints of the staircase

modulation under dynamic modulation indexes and output frequencies is the need for numerical
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algorithms, equations solvers, so real time processors are required for the implementation of it
[34]. The NLC is an opetoop control strategy used in the SMPA. For the LB#mestudies rely

on open or closed loop strategies, such asfie®dard compensatiof#] and phase lead and lag
compensatiofidl], [35].

1.2.3. Parallel @nnected HPA

In the parallel configuration, the load currenty is shared by the LPA 64 and SMPA
(ismpp. In Figurel.3, a parallel HPA is represented, connecting the LPA and the SMPA to the load
at a coupling or common point, CRlthough the load voltagev.u, is controlled, in this
configuration both systesnmust have current outputs, which means that the SMPA, when built
using voltage converters, must include a coupling inductor. To synthesize the load or output
currentiout (dashed line ifrigurel1.3), the SMPA (light grey) once again will contribute with most
of the power and in this case, current. The LPA will once again be controlled to compensate for
the error, or difference, but this tipieetween the current\s the dual of the series configuration,
in parallel HPAs, the LPA and SMPA are subject to the same output/load Viélfagbe parallel
configuration has been used to drive hegid audio amplifierf§36], ACPS[6] and lowpower RF
applicationg37].

Figure1l.317 HPA parallel configuratio6], [36], [37].

Several topologies can be used on the SMPA side, including single or interleaved half
bridges|[6], single or interleaved full or #ridges[38], [39] and even multilevel converte|§].
Interleaved and multilevel topologies decrease the ripple of the SMPA current and they are
modular and flexite, which enables the increase of output power, bandwidth and reliability at the
cost of a higher number of components and complex control strategy.



The ontrol strategies foparallelconnectedHPAs rely on the closed loop control of both
systems. While the SMPA is controlled to provide the lmadentthe LPA is controlled to ensure
the load voltage. One of the most common control strategies for the SMPA, due their robustness
and simplicity @ the hysteresi88], [39] and the deattand hysteresis current cont{d6]. The
challenges with the hysteresis are well known, such as variable frequency output and thg difficult
to design filters for it. Another constraifior hysteresigype controllers ishe impossibility to work
with inteleaved converters, since the share of toerent will not be symmetrical or the
requirement of sophisticated and complex controlRutseWidth Modulation on the other hand,
offers a fixed switching frequency, which alleviates the challenge of theddsgn and enables

phaseeshifted carriers to be used for modular topologfégs

1.3. Series ConnectedHybrid Power Amplifier
As mentioned before, series connected HPAs can be used for several applications, such as

high power voltage amplifie§], [24], [29], [32] asACPS[30], [31] and for highend and power

audio systemg4]. This study will focus on the two first applicationgn addition toPHIL
applications for machine emulation in motor and/or generator mode. More specificalijydie

focus on applications in which the SMPA portion of the system is built with CascaBedd¢
Multilevel (CHBM) converters, given their modularity and fleikty [40], [41], as shown in

Figure 1.4. In addition to that, a mulével SMPA controlled with lower switching frequencies
provides the benefit of lower switching losses, higher bandwidths withesroaleven no output

filters and higher power density.

1.3.1. Conventional Modulation &chniques foMultilevel Inverters

There are several modulation techniques for multilevel converters, employing either half
bridge or HBridge cells. They can be classified @arrierBased PWM (CBPWM), Selective
Harmonic Elimination (SHE) and Nearest Level Modulation (NLM) methddg [43].

CBPWM usually employs as many carriers aridiges, with high ratios between the
frequency of the carrierfd and of the modulating signafnj, to avoid sukharmonics[44].
CBPWM can be classified into Lev8hifted PWM (LSPWM) and Phas&hfted PWM (PS
PWM) [43]. In LSPWM, the carriers present different Direct Current (DC) offset levels while in
PSPWM, they are symmetrically phashifted. Power amplifiers with LBWM and hghf. have
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been reported in the literature, but they are not suitable for high output power and high frequency
applications[45]. LS-PWM is not ideal for CHBM converters since it creates unequal power

distribution among the #ridges[45].
SMPA

sl |

|
/
n

'VDC_LPA Jf—
Figurel.417 HPA composed of a SMPA (CHBM converter) aml.®A

The SHE methodemploys optimization algorithms to eliminate certaiw-order harmonics
and improve the harmonic spectrum of the output voltage while operating with low switching
frequencies. SHE can be used with one pulse pbridgje and minimlaswitching frequency,
which leads to a staircatike waveform. NLM or Nearéd evel Control (NLC) is a nowarrier
method that also produces a staircase waveform. The modulating signal is compared to DC levels,
one per Hbridge, to generate the transition angles, from one step to thpl&pxt was shown in
[46] that the implementation of NLC is much simpler than SHE with one voltage perdé- p

bridge, for a similar performance in terms of harmonic spectrum.

1.3.2. Nearest Level ContrdModulation Technique foMultilevel Inverters
The NLC technique is a popular technique for CHBM and Modular Multilevel Converters
(MMC) [47]i [49]. The NLC technique can be described as follp4@3, [48], [50]. Initially, it is
assumed that the reference output voltage is sinusoidal and the CHBM is a symmetrical multilevel
inverter (DC bus voltages of thdt-cell CHBM converter are identical and constanVig). In

such a case, one can obtaintadhsition angles of the staircase wavefdrom those in the first

90°,known as the primary angles, duetoaquarterve sy mmetry. Thlaretr ansi
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obtained by comparing the reference output voltagg With a number of DC voltage lelves ) ( y

given by
TR g 6 (1.1)
where yn are the comparison voltage levels

n= 1Nté

When the referencexé) signal becomes higher than one of the comparison voltage levels,

the next cel | in order i s turned on. The NLC

because it will force the output value of the SMPA to be in the closest possible mullfple of

when compared to the instantaneous value of the reference signal. For example, if in a certain
moment in time thereris betweerl.51and2.49 times th&/pc level, the control strategy will turn

on two cells and output 2¢.

Considering the systenrgsented inFigure 1.4, Figure 1.5 shows the theoretical outpu
voltage waveforms of the SMPAsrs, LPA (vipa) and the resulting output voltage of the HPA,
VouT assuming that the output follows the same pattern as the eotterence. For this example,
anNt of three was used and two different conditions were evaluated, showing the beh#wor of
NLC for both. All voltage comparison limit§]n, are shown in the solid lines of the top graph.

The first condition ihdex 1) represents the SMPA (in bluevra), LPA (in goldvipa) and
HPA (in bluevoun) output voltages for a reference voltage with a peak value U63.& can be
seen thatas soon as the output voltage requires a value highethaime first cell isturned on,
creating the first positive transition from O t¥pk. This exact moment happens when the output
voltage reaches Ovpc. Until this moment, only the LPA was contributing to the output voltage.
On the exact moment of the transition, the LPA autwltage changes from 0/5c to -0.5Vpc to
preserve the required output value of\®& This is one of the constraints of this topology, in
which the LPA must be able to output at leastVBbin positive and negative quadrants.
Considering a three calHBM, a reference signal of 3/bcis the maximum value for a linear
operation, meaning that any value higher than that would oblige higher LPA output voltages,
higher losses and compromise of the signal bandwidth since saturation is prone to hagsen. To t
advantage of the maximum range of voltage outputs and ensure optimal optimization of all

components of the system, this |imit can al
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considering the first condition, is it possible to see that evesdogoin the voltage limits{y,
creates transitions on the SMPA and LPA output voltages, creating the staircase pattern for the

first and the compensation waveform for the second.

N Voun(®) LIMIT OF LINEAR REGION

- N\
W

sfapaRolala

\ Vour(t) //
\ /
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<
<€

LIMIT OF LINEAR REGION
\ Vsmpa(t)

Figurel.57 Theoretical reference/output voltage waveforms of the SMPA (in blue), LPA (in
gold) and HPA (in blue/redtop) for two different conditions.

The second examplenflex2) represents the SMPA (in rgeip), LPA (in goldvipa) and
HPA (in redvouTz) output voltages for a reference voltage with a peak value ¥Hd..8ince the
output peak voltage is smaller, it takes more time for the output voltage value to reach the first
voltage limit, 1. The LPAIs, in this casgregonsible to take over the load for a longer time,
although withlower voltage. One important aspect for this condition is that the output voltage is
never higher thaflz (2.5Voc), which means that the third cell is never on. This can be seen when
the two S3MPA waveforms are compared, considerihgt, the first one has three positive levels

and the second only two (not considering the zero level).



Assuming that the peak value \&d: (Vi) is smaller or equal td\{+%2)Vpc, the limit of the
linear operation of the CHBM convertasshown inFigure 1.5, the primary angle(=1é Nt
are given by

¢ Bo
(OBl - OB —S— (1.2)
where on are the primary transition angles

If Vier IS higher than the cited limit, the LPA will have to contribute not only with the
harmonic compensation, but alsgth some portion of thdundamental frequency component.
This is only possible if thePA still has noteached its maximum output voltaggherwise it will
lead the system tsaturation or clipping of the output voltagempromising the overall quality
of the output The number of primary angles, and consequently the number of voltage levels in a
half-cycle of the staircase waveform (onlynsadering norzero levels), will be lower thaNt

(maximum) if

@ (1.3)

N |O

Figure 1.6 shows some waveforms to illustrate the generation of the staircase voltage
waveforms using the NLC techniquence again for d@hreecell CHBM converter but with
additional focus on the power consumption for each cell. Two sinusoidal outputs, as presented
Figurel.5, with peak values of 3.2 and V& will be again used as reference.

Each one of the possible outputs will demand from the SMPA to outitage waveforms
as shown irFigure 1.6 (on the top screen) with peak values ¥Hg in blue at the left, and\c,
in red at the right. The first intgects three comparison voltage levels (1.1), producing a staircase
of three noreeropositivelevels, while the second only intersects two voltage levels.

The transition angles obtained with the NLC technique can be used in different ways to
produce a staircase voltage waveform, depending on the type of multilevel converter. For CHBM
converters, there are two main modulation techniques. The first one is callebh Eiest-Out
(FILO), where the first cell, or Hbridge, to be turnednis thelast one to be turneaff [50]. On
the top ofFigurel.6, one can see waveforms for a CHBM converter with thrbeidlges operating

with FILO and voltage references that require from the®P8N8Vpc (left) and 2Vpc (right). They
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show the positive senraycle of vsmpaand the output voltage of eachltddge, which present
different pulse widths. Besides, it shows the power supplied by edwidége @1, P> andP3)
considering a resistive loall.is evident that those values are quite different, showing the power
unbalance among the threehiddges. The issue is more critical when the reference voltage
requires only ¥pc from the SMPA, top right, whei; = 0. One can mitigate this issue sometvha
by swapping the transition angles (pulses) sent to ea&lriddge every fundamental cycle.

However, this creates a shlarmonic power ripplgs1], [52].

] !_:ILO | Vouri(t)

Power

1
Vic Vel T Vic Veelz L,
T o e Vel . ] Ve T LAl N o | Vbe >
AR % 12 AT SR 12 2 -y

Figurel.6 1 Outputvoltages of the SMPA, #ridge cells and their poweontributions
considering a high (3Vbcwith Voun) and mediumX.8vocwith Vour) reference voltages with
FILO (top) FIFO (bottom)

The second conventional technique is called firdtirstOut (FIFO), where the first H
bridge to be turnednis also the first to be turneaaff [53], [54]. The benefits of FIFO can be
observed by comparing the waveforms of the second rdvigafe 1.6 (FIFO) with the first row
(FILO). For the 3.¥pc peakoutput voltage, on the left, the pulse widths of the output voltages of
the three Hboridges are similar leading to a better power balameng Hbridges. However, as
shown in the bottomnight of Figure 1.6, FIFO cannot avoid having onelstidge always off iz =
0), when the peak reference voltage isvdd@ It should be noted that for both FILO and FIFO,
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only one Hbridge would be activated for peak reference voltages betwe¥sclabd 1.%/pc.
This issue has been reported in the literaf®®i[56], and is of concern in series HPA
applications, where operation with lower modulation sigrfalslower output voltages is more
likely to occur.

It is well known that load demand variation plays a key role in the voltage regulation efforts
of DC power supplies. A poor regulation of the DC power supplies will cause the SMPA voltage
steps to be smaller than the desired multiplievmf. This corresponds to a change and reduction
on the linear region limitsT his will cause th&PA to provide higher vtage levels to compensate
it. This does not translate automatically to higher losses, but it may limit drastically the HPA
bandwidth if the LPA starts to saturate or clip the signal. There should always be a safety margin
between the rated and maximum LR@éltage, but if a large margin is used, it corresponds to a
larger and more costly LPA.

Therefore, if one wishes to employ a lower cost rautiput DC source, as [B7], with a
single controlled output, the (active) power demanded by theaddes should be well balanced.
However, available techniques such as FILO and FIFO do not promote or focus on this matter.
What is more, unbalanced power implies different voltage and current stresses on the switches,
which can reduce the reliability of someldddges and of the overall system over time. As
mentioned before, some techniques achieve better power balance by swapping the control signals
for each input reference cycle but generate low order harmonics on the Fystefb2]. This
technique is not considered under this studycalise it focuses on strategies that can provide
improvement on the balance within a reference cycle. With a better balance between the cells, the
filters at the input side of the-Bridges can be smaller and more uniform, since the variation and

ripple onthe power will be similar for all cells, independent of the input reference conditions.

1.3.3. Conventional Series Connected HPApblogies
A symmetrical CHBM converter as a SMPA with a high state LPA to provide high
power density and bandwidth, as shownFigure 1.7, is presented if5] and referred to as
Multicell Cascaded Power Amplifier (MCCPA)The topology is completely bidirectional, able
to source or sink poweiThe same topologip] is also evaluated if32] for symmetrical and
asymmetrical multilevel SMPAs, however it acts as a controlled output current,sehileg5]

operates as an isolated voltage sourcés]lthe design, modeling and simulation of the proposed
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HPA is presented, while ifB1], [58] the experimental validation of the system is demonstrated.
The NLC technique is used to find the primary commutation angles anadhibledanced power
consumption, caused by the FILO strategy, by the CHBM isatigaluated5].

Bidirectional Multk SMPA Cell1

Output Isolated DMC
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Figurel.71 Series connected HPA]

The MCCPA topology is designed to be A&8PS and achieves a high output voltage and
control bandwidth of 20 kHz (meaning the MCCPA can output voltages or voltage harmonic
components until that frequencyt),1 kW output power and sinusoidal output voltage of 80 to 240
Vac. The SMPA is controllediith an analog implementation of the NLC technique, as shown in
Figurel.8.

The effects of the staircase and NLC modulation, using FILO as the method to generate the
individual pulses are visible iRigure 1.9. For a 16cell CHBM, under rated conditions it is
possible to see the differ enceetinesiwhénrcansiderandg | 6 s
the higher and the lower. Although the output range of the converter is from 80 to 240 Vac, the
study does not evaluate different modulation indexes than the rated (highest), where clearly a few
or even close to half of the cellould be off.
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Figure1.8 1 Nearest Level of Gntrol modulation technique
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Figure1.91 Unbalanced ansumption of multilevel cellg].

Based on the MCCPA, two alternative systems are prop@dd[58]. In the first, an
Amplitude-Modulated and PWM Multicell Amplifier (ABMCA) is proposegdwith a replacement
of the LPA by another HBridge controlled in higher switching frequencies (500 kHz PWM
signak generated and controlled b¥ield-Programmable Gate Array, FPEA he unbalance on
the SMPA cells, which are controlled again with the NLC method is not solved or investigated for
rated orbelow rated condition. Similar study is presented4®]. The second alternative is to
control all the HBridges with a 50 kHz/cell interleaved method, as in the PWM MCGMN{A),
reaching at té end once again the effective switching frequency of 500 kHz. Although a valid
approach, the second alternative increases the system (switching) losses and neither -of the AP
MCA or P-MCA discuss the power unbalance of theBHdge cells for any conditiongven
though ARMCA and RMCA are not hybrid topologies, meaning they appiynly SMPAs in
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series, they are worth mentioning, since they both use the same CHBM &RAA studyor
the bulk processing of power. On toptio&t, AP-MCA models and controle last HBridge cell
to behave as an LPA.

Also in [31], the experimental validation ] is presented. Some constraints are changed,
such as the output voltage and eohbandwidth, which is reduced to 5 kHz and the output voltage
range, which is increased to 0 to 270 Vac. Altho[&ft], [58] present an wdepth study on the
control strategies, it does not evaluate the dynamic conditions and the impact of the modulation
techniques on the power consumption of thBrdige cells.

Another study considers the use of a multilevel inverter as SMPA in series connection with
an LPA, such ashe Hybrid AC Power Source (ACPS)[35], [57]. The SMPA patrt is built in a
similar configuration as ifb], [31] but instead of FBridges, haklbridges are used in series, as it

can be seem Figurel1.10.
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Figurel1l.101 Series connected HPA withhdf-bridge cells and one inverter-Bridge

All the n cells are only able to output signals with one polarity, sanr¥@s andVpc n, SO
an additional high voltage{Bridge is required to output positive and negative values, one of the

most common requirements for an ACPS or generic HPA. TAERS has a smaller component
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count, which is even more evident considering a higher numloetisf but the unbalanced power
consumption by the cells (now hdlfidges)is still present.

The experimental results [#5], are presented figurel.11, showing theutput waveform
of the SMPA considering HPA outputs of 50rms 115 Wmsand 220 \Yms The topology is
evaluated for symmetrical and asymmetrical DC sources. The latest has the advatiage of
SMPA being able to synthetize more voltage levels with the same number of cells but the
complexity is highersince seveldDC sources have to be used or designed. In addition, the design
of a single fronend DGDC converter with multiple outputs of different voltages is more
challenging. In[35], lower modulations indexes are used on the evaluation of the experimental
results, but there is no detailing of the power consumption of edidbramny of the configuration
(symmetrical/asymmetrical). The asymmetrical configuration can promote even worse conditions
for unbalance based on the choices for the DC supply levels. This can significantly affect the load
regulation on the secondary sidf the frontend converter, increasing the LPA output voltage
closer or above saturation regions, compromising the quality of the output or requiring an

excessive larger and more expensive LPA.
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Figure1.117 SMPA output waveformfor an HPA output of (a) 50 whs (b) 115 \¥ms (c) 220
Vrms|[35]

Sincethe previous topologies did not present any studies or considerations regarding the
unbalance in CHBM cells, there is a clear research opporturidgktethis problemat. Consider
that all cells of a CHBM are built with forcedbmmutated switches and all cells require
independent DC sources, gate drivers and protection circuits. Every component, circuit and printed
circuit board (PCB) has a limited amounttiofiesit can be used. Ideally, all these components, if

used at the same rate, same number of times, statistically will have similar life expectancy. Using
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cells of a multilevel converter equally (or as close to that) means improved load sharing and power
balance. Eganding this concept to an industrial point of view, means that an equipment built with
better power balance has a better possibility of lasting longer and being more economically viable.
As presented in this section, there are techniques available tdmobtprimprovements on the
power balance contribution of multilevel converter cells operating with one pulse per line cycle

and for rated conditions but not for low modulation indexes.

1.4.Parallel Connected Hybrid Power Amplifier and Switched Mode PoweAmplifiers
This sedbn includes a literature review of parallel hybrid power amplifiers (built with a
SMPA and LPA)and parallel SMPAs, as shown figure 1.12 and Figure 1.13, respectively.
Although the latest is a pure switched solution, both parallel topologies under reviewussdbe
eitheras a general ACPS or as a Machine Etaun (ME). The pure switched parallel SMPA has
the objective of increasing the available power, reducing current ripple using interleaved
techniques, whichelates to a higher output waveform quality. Due to the similarities between the

two paralleltopology types and their commautilization, they will be evaluated together.
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Figurel.1271 Parallel connected HPA with-Bridge [6], [24], [36].
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Figurel.131 Switched @arallel connected HPA
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Paralleltopologies are also very diffuse and well known in the literature and industry. The
SMPA and LPA outputs are connected in parallel, as showrigure 1.12 for the hybrid
configuration and inFigure 1.13 for the pureswitched parallel configuration. The later c@so
be understood as an interleaved conveifiteaiditional DC-DC converters, such as buck, boost,
VSC or multilevel converters, such as CHBM converter, flying capamitavertey NeutratPoint
Diode-Clamped NPDC) convertey MMC are used as SMPA. The later, and other topologies of
multilevel convertersare good candidates to beed as SMPA since they allow furthaltage
stress reduction of the power devices, switching logsesiction andhigh-quality output
waveformwith low Electramagnetic hterference (EMIJ31].

In the hybrid configuration, the LPA limits the overall system voltage, since the LPA must
withstand the full output voltage while being sized for a share of the load current. While both
parallel and series systems are usually odlett to regulate output voltagesspeciallyfor ACPS
applications), the parallel configuration will require inner current control loops. The LPA in the
parallel configuration has an analog operation to a shunt active power filter, injecting harmonic
conent to smooth the load current. This configuration is mostly used forenmdhaudio
applicationd6], [36], but also used for RF applicatiofa®] andlow voltage power supplig60].

1.4.1. Parallel @nnected Hybrid Power Amplifiers

This section will focus on the HPA built with the parallel connection of SMPA and LPAsS,
presenting the base topologies and their main applications, advantages, disadvantages and
limitations. The same topology is used@j, [24], [36] for ACPS and audio applicatis. It is a
half-bridge converter as SMPA, connected to positive and negative DC sources. The SMPA
contributes to the bulk portion of the load current and it is connected to the load using a single
coupling inductor, which partially determines the outputent switching frequency ripple. The
LPA is controlled to compensathis ripple. Control strategies are designed to make the LPA
output impedance as small as possible, to compensate for the effects of the switching frequency
ripple with enough bandwidthAs required by the parallel configuration, the LPA still has to
withstand the same SMPA and load voltage.

An alternative to a class D power amplifier (SMP#)reduce the complexity and limitation
of the highorder filters is presented ifi24], as shown irFigure1.12 The LPA operates as an

active filter to compensate the switching frequency ripple from the SMPA. The topology uses a
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half-bridge converter as SMPA with a hysteresis current control connected in paralke(@i#ss

AB) LPA. Between the Couplingdint (CP) and the LPA there is tifiter coupling network, or

Lcour, Which is a single inductor that yields a fisstler coupling transfer functiomhe SMPA is
switched at 100 kHz and the HPA bandwidth corresponds to the Hoghdwidth between the

LPA and SMPA (usually LPA due to its high slew rates), which is experimentally validated. For
the control strategy, the chosen way to control the SMPA switches was thbdrana classical
hysteresis controller, as showrFigurel.14. While monitoring the LPA current between positive

and negative thresholds, the controllecides which one of the switches, connected to positive or
negative busesnust be turned on, creating the repetitive process to form aslfating
regulatingsystem. Theoretically, this strategy can be used for ME, but ontyifaentin voltage

out machine models, since the reference for the controller is based on the load voltage. Machine
models based entirely @urrentin andvoltageout strategy are mathmtical models in which the
machine excitation voltage is found using line current drawn by the machine madéte nain
disadvantage is the reduced machine emulation acc{#agyFurtherin the study, additional
models will beevaluatedand detailed The main drawback of the topology presentef2#4j and

its control strategy is the high current requirement of the LPA, which must be capable of outputting
current in steady state based on the chosen hysteresis current control bdddiom,controllers

based in hysteresis actiopsoduce outputs ith variable frequencies, which demand more

complex filter designs.
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Figure1.141 Bangbang controller for parallel topolog94]

Similarly as[24], a haltbridge as SMPA in parallel connection with an LPA is modelled and

simulated in order to evaluate the tradeoffs betwswitching frequency, coupling network
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impedance valyeripple current, bandwidth and power dissipat[6h Figure 1.15 shows the
proposed topologyOnce againthe SMPA is switched with variable frequency because of the
hysteresis control, as iRigure 1.14, reaching a maximum frequency of 200 kHz. There are
improvements on the LPA feedback loop, which lowers its output impedance. In addition, several
novel topologies of HPAs are presented, as showsigare 1.16, including unidirectional half
bridges, interleaved halfridges (for increased output current with low ripple) and neutral point
diode clamped multilevel converter as SMPA. Since the same control is used, still based on the
voltage reference as an inmignal, this topology can be used for ME, but is limiteduwentin

voltageout models.

2
SMPA
9 Vour(t)

Figurel.151 Parallelconnected HPA with hysteresis controllé}

Based on6], a topology with two unidirectional buck converters as SMPA with a new
control is proposed bjB6], using two independent hysteresis controllers, also known as dead
band control, as shown Figure1.17. This control streegy is designed to ensure that the LPA
will contribute alone in cases of low current and power, increasing the output quality for this range
as well. The LPA is controlled in voltage mode #imel reference current for the SMPA comes
from the actual curreérof the LPA. Sine the LPA is voltage controllednd the SMPA is current
controlled, no further analysis is needed for stability analysis because the control has two
independent variables. It is very important in terms of making sure that the output current of the
LPA is kept under a maximum value. Ifffstes to keep the output voltage smaller than a certain
value. On the other hand, if the load impedance changes, some sort of outer current loop, limiting
the reference voltage of the LPA, would be ne

at dl times. With the deadband controller, only for output power higher than 2 W, the SMPA will
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take over the main part of the load. The SMPA is switched at a variable frequency, with a
maximum value of 130 kHz. The power bandwidth of the system is aroukidzlBut it presents

significant noise after 6 kHz.
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Figurel.1671 Alternative HPAs proposed {g] (a) unidirectional halbridges (bneutratpoint
diodeclamped multilevel converteand (c) interleaved halfridges as SMPA
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1.4.2. Power Amplifiersfor Machine Emulation
This sulsection will focus on the different configurations of SMPAs and LPAs (not

necessary using both at the same time) and their relevance to Machine Emulation (ME) for PHIL
applicationsME system consists essentially of a R&mhe Simulator (RTS), where the machine
model is emulated and a Power Amplifier (PA) that is connected to a physical motor drive,
Inverter Under Test (IUT) or the utility system. Sensors placed between the motor drive, or utility
system, and the PA, provide the feedback signals required for theoREB&pute the reference
current, or voltage, signals corresponding to the emulated machine. Sidnesisare sent to the
PA that replicates the machine terminals behavior according to the action of the motor drive and
the virtual mechanical torque in the shaft of the emulated madhbie [22], [63]. The accuracy
of the ME system depends on the machine mi@déi [66], on the time step of the RT&6], [67]
and on the closed dp bandwidh of the PA and its controll¢62], [68], [69. Conversely, its cost
is determined mostly by the PA, which iseoofthe problems that thistudyinvestigates. ME is
also a specific application of power electronics based load emulation. lordaderfield, not
only the effects of machines caa bmulated, but also any previously modelled linear;|mear
and transient loads can be implemengj, [68], [70], [71]

RTS is a specifi category of simulation in which a model is executed in a digital domain
on a processing unit at the same time rate (or time step) as the real physical system under evaluation

[72]. In power electronics and power systems ntioelels are extracted mathematically and should
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have an acceptable degree of fidelity with the actual voltages and currents of the physical system.
Low time steps are desired to execute complex models with high accuracy but they would also
require a high emputatioml burden[72]i [74]. Typically, a RTS can be implemented in a variety

of processing units such as Digital Signal Processors (DSP)-Hrietfammable Gate Array
(FPGA) Personal Computers (PC) micropessord73] or combinations of them. For instance,

RTSs such as the OPART OP451(73], [74] combines the FPGA and the Central Processing

Unit (CPU) for enhanced performance. An RTS can execute models on its CPU cores with time
steps on the tens of microseconds, while on the FPGA, it can go as low as tens of nanoseconds
[73, The challenge that comes with the | ow FPGA®S
(lower level coding), the bitstream generation and the flashing of the code. The bitstream
generationprocedure, which is time consuming, needs to be repeated for minor changes in the
model as machine model modificatiofrgl]. This is avoided when using the CPU of the RTS
solution [74], which is integrated with MatldaBimulink (higher level coding) providing
significantly lower compiling times. This study will use the latter approach due to its high
simplicity when compared to lovevel FPGA programming.

As previously introduced, achine models are used to replicate behavior of actual
machines in a computational model that can be reproduced by simulation or emulation using a PA.
The complexity of the models are proportional to type of machine and the additional effects that
are included on it, such as variationsasmature and stator parameters, saturations, flux leakages
and otherg75]. The modelsinder the scope of this studgn be classified in curreit voltage
out or voltagan currentout. The first reads the current on the coupling element and uses it as an
input to find the actual motor valgjes to be synthesized by the [B8], [76]. The technique is less
precise since it can lead to undesired voltage drops on the coupling eldimentoltagen
currentout modelscan include models that are more precise because they provide thd curre
reference considering all desired effects and saturations. They read the input voltage at the IUT
side and provide the reference for the machine currents to be drawn by the emulafé?g, PA
[65], [77Ti [79].

In several cases, the IUT operates in current control f&&e[69], [76], [80} As stated
before, the ME and PA deliver more precise outputs when also operating in current control mode
[12]. This leads to both systems being colitd at the same time in current control mode, which

characterizes a control conflict, causing control oscillations and compromising the stability of the
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emulation system, since two systems are controlling the same variable (the current at the common
or coupling point).

To solve this confligt[65] uses a transformdrased LCL filter with additional coupling
elementsn each side of the PA and IUT, as showfigurel.18. The inclusion of the LCL filters
enables the use of a voltamecurrentout model and the voltage control mode of the PA by
removing the conflict of both elements trying to control the euirfBwo problems arise from that
action. The first is the challenge associated with generating the voltage reference for the PA, since
the controller must implement the necessary voltage differ@meeause of the added phase)
between the IUT and PA in aedto achieve the desired ME curréhte second is related to the
LCL coupling network with second order filters at each terminal, which redbeesaximum
bandwidth and consequently the accuracy of the emulation.-fidiglity models cannot be
emulatedwith limited bandwidth. Filter elements are prone to causing oscillations and the external
resistive damping element causes excessive losses on the system. The LCL as a coupling network
between a grid (or an IUT) and power electronics based loads, irgMéicases is also evaluated
in [22], [68], [70], [71] In [65] the inclusion of the deltevye transformer enables a lower voltage
amplifier to be connected with Higr voltage IUT, with thehallengeof the inclusion of a 30°

phaseshift on the voltages between PA and IUT, that must be compensated on the control loops.
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Figurel1.1871 Induction machine emulator with transforriEased LCL coupling65]

Another alternative to solve the conflict between control strategies is exploféd]bj69],
[76], [80] with an inverted machine model based on cusienbltageout. The model readthe
line current drawn by the machine model and generates a respective voltage of the machine

terminals, which is used as voltage reference to the PA responsible for the ME.
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In [69], a parallel configuration is used, with five thyglease Voltage Source Inverters
(VSIs) operating in parallel, as showrFigure1.19. The sequential switching is used, by shifting
the PWM carriers by 70° (360°/5), generating a combined switching frequenckidz4Placing
VSIs in parallel the SMPA will increase its curterapacities, reduce the current ripple and
consequently increase its output bandwidtiaking it possibléo emulate models that are more
complex. The disadvantage is the higher complexity and the number of components (switches and
gate drivers). As thenduction machine model used is based on cumewvbltageout, referred to
as an Ainverted machine model o6 (it calcul ates
current controlled by IUT), elosed loopcurrent control on the PA can be avoidete3e current
in voltageout models are based on approximated models and they do not contain all details related
to the machine geometry and magnetics-mmueled saturation effects, delays, switches voltage
drops,dead timeon the inverter legs and filtéssses, reducing the accuracy of the emulation. The
emulated motor dramvcurrents from the model present an adequate tracking performance, but the
switching harmonics are not properly attenuatedaddition the zerecrossing regions of the

emulated motodrawn currents present a significant distortion, caused byatimuated low order

harmonics.
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Figurel.1971 Five sequentially sitched SMPA in parallel for MEG9].

Another strategy considers maintaining both components (PAlldmdlin current control
mode but with different closed loop control bandwidths, similar to an inner and outer loop control.
In [62] an ME system implemented with a SMPA (baclback 6switch threephase Voltage
Source ConvertersySCs) is evaluated, while running voltage and currerbut complex

permanent magnet synchronous machine (PMSM) model built using finite element analysis
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(FEA), as shown irfrigure 1.20. It includes a simple inductance as coupling impedance between
the actual drive inverter and the SMPA. The gide VSC is controlled as an Active Front End
Converter (AFEC) to provide-4uadrant capabilities to the SMPA and regulate the intermediate
DC bus voltage[81]. TheSMPA at the coupling point, acting as the main ME, is switched at 20
kHz and controlled with an RTS (20 e€s sampl:i
presenting a current bandwidth of 1.8 kHz. The IUT curbemdwidth is set at 350 Hz and the
experimental results proved that a SMPA bandwidth of five times higher than that of the IUT is
enough to keep the system stable and with high accuracy, considering even magnetic (saturation)
and geometric (coggintprque) characteristics of the model, since the results achieved with the
ME system were very similar to the actual physical machine. The PMSM FEA model is
implementedn the digital ppcessor of the RTS, in which the sampling time had to be higher than
when itwas implemented in the FPGA. This negatively affects the bandwidth of the current control
loop but significantly simplifies the complexity of the setup. Considering the limitations on the
maximum current contrdbandwidth BW), this setup might not be digient for testing motor

drives with high BW, such as those used in power steering applicE8®jns
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Figure1.207 SMPA with backto-back AFEC as bidirectional M[B2]

Still with the same strategy of using closed loop current control on both IUT and PA, with
bandwidths as far as possibj&9], [61] evaluates an LPA for machine emulation, as shown in
Figure1.21. In [19], thestudyis similar to[62] with two main different aspects. The first is that
another voltagén current out machine model is being validated, a Variable Flux Machine (VFM),
obtained once again using FEA tools. The model is based ocwpoiaibles containg the variation

of machine inductances, flux and lastly torque, considering variations of rotor positions, winding
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current and different magnetization levels. The second is the replacement of the SMPA-with a 4
guadrant (4Q) LPA and the elimination oétgrid (side) inductor. The LPA us§b] hasa 100

kHz open | oop voltage BW cont r @Gdnreceedito tha LPA an
there isa coupling inductance of 5 mH, which resultsirtlosed loop current BW of 7.5 kHz for

the emulation of a Variable Flux Machine (VFM), fifteen times higher than the close loop current
control BW of the IUT inverter. It is worth emtioning that the RTS used 9] implements the

control actions on a FPGA, which demands a high complexity, low level programming, which is
a drawback of the proposed system implemgon. It requires lower level coding, time
consuming bitstream generation and the flashing of the code, which can take up to 4 to 5 hours
and needs to be repeated for minor changes in the model as machine model modification, gain

adjustments or parametdmne upg74].
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Figurel.2117 Machine emulatiosystem wih LPA[19], [61]

When compared to the SMHB2], the increase of theosed lood-PA bandwidth[19], as
ME, is possible because of the FPGA lower sampling time, the LPA higher open loop BW and
there is no limitation of the switching frequency of the SMPA. In addition, the rule of thumb for
designing closed loops based ontsived converters is to set the bandwidths at one tenth (or a
decade below) of the switching frequenj8g]. It should be noted that most LPAsS can operate as
voltage and as current sourd@s]. One issue in the current source maxléhat the gain varies
with the load impedance. Thus, for the emulation of machines using a violtagerentout
model, one can operate the LPA in the voltage source mode but needs to create a current control
loop for the LPA, which leads to a lowelosed loopBW. Also, the SMPA62] and LPA[19] as
ME studies are used to validate proposed models but they do not present a systematic approach for
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calculating theparameters used in the system, which makes it difficult comparing their
implications. The LPA MH19] has the advantage of working with more precise machine models
and presents a way tivercome the current conflict. The main disadvantage of the study is the
high cost associated with the LF25] and the complaty of the practical implementation because
of the FPGA.

A voltagein currentout machine model, based in a thp®ase, &hp, squirrel cage induction
motor is evaluated ifi64], asshownin Figure 1.22 The model considers magnetic saturation
effects and the experimentally determimed c hi ne 6 s |l eakage and ma i
characteristicand will give current references based on the voltage at the machine terminals. As
SMPA, the same twdevel convertetbased power amplifier as j62]. One of the main focus of
the study[64], [75] is to validate the proposed model based on the leakage reactance parameters
and saturation effects as the stator and rotor leakage flux paths, so the system is simplified by a
direct connection with the grid, without a Variable Frequency Drive (VFD) or 83 in[19]. The
direct connection with the grid enables an accurate dynamic performance evaltittmmodel

and motor during Dired®n-Line (DOL) startup and loading conditions.
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Figurel.2271 Induction machine emulation with direct connection to the [Gdd

The SMPAIn [64], acting as ME is operated with a switching frequency of approximately
15 kHz with a RTS sampling time of 40 ¢€s. Tt
bandwidth of around 2 kHz, which is based on the Proportieeabnant (PR) controller used to

regulate the current in gritled systems (showing the benefit of eliminating steady staterror
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when regulating sinusoidal waveforms). The experimental results show a relatively good tracking
performance of the model when given a reference and compatrethe actual motor, but the
presence of the switching harmonics reduces the accuracy of the overall gggtecmlly at lower
modulation indexedn addition, the presence of'5and # harmonics of the fundamental
modulation signal are present doethe VSCs deatime.

Considering the constraints found in previous studies regarding the inefficient switching
harmonics attenuation, high implementation complexity or cost associated with LPAs, a new
application of an HPA for ME and a novel current cohstrategy is proposed further on this
study, favoring the enrichment of the body of knowledge related to machine emulation. One of the
objectives is to present an induction motor ME setup, which combines the low cost and power
capacities of a twaevel mnverterbased voltage source inverter, as SMPA solution, with the high
bandwidth of a LPA (small as possible). The SMPA will provide the bulk portion of the current
while the LPA will provide only the compensation for switching harmonics and assisilpan
transient conditions. Including the LPA in parallel, and consequently improving the overall system
bandwidth and the quality of the signal output, this flexibility is even higher because it can emulate
high-fidelity voltagein currentout models wth precision. In addition, the study also proposes and
validates a novel control strategy, based on usingrés@surectoupling inductor current as a
reference for the SMPA. Lastly, it evaluates different conditions or ratios between the bandwidths
of theLPA and SMPA while seekingnd_PA current rating reduction. The proposed system will
be connected directly to the grid for a DOL stgsf using just an autotransformer, but it can be
connected to prototype IUTs or commercial VFDs for further validat@ymmercialsVFDs
(below 20 kVA) present maximum output frequendigkich corresponds to the effective power
bandwidth at their outputsf 300[84], 400[85] and 500 HZ86]. The overall HPA current control
bandwidth which corresponds to the control ability of the systenmst have aninimumcrossover

frequency five times higher than the fastest VFD drive, so above or equal to 2.5kHz.

1.5.Frequency, Amplitude and Phase Angle Detection for Single PhaSgstems
Amplitude, Phase Angle and Frequency detection (APAF) are imperative for Power
Hardwarein-the-Loop (PHIL), where an external signal from a controller is given to a Power
Amplifier (PA) [29], [87]i [91] to test systems as a whole or just any parts or combinations of it,

such as controllers, actuators, motors, drives or loads. The challenge in this case is identifying the
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characteristics of the given external refare signal,especially when the PA is built using
Switched Mode Power Amplifiers (SMPAS) or hybrid solutions with Linear Power Amplifiers
(LPAS). The reference signals given to these PAs must be in accordance with their capabilities and
the APAF detectio must match those limits, which can go up to tens of[BAE [90]i [92].

A second and important plication of APAF is for power electronics converters connected
to the utility grid. The synchronization of their gating signals and corresponding output voltage
with the grid is critical for an effective control of the power fl[@8]i [95]. Recently this topic has
received a lot of attention due to the ongoing increase in deployment of renewable energy sources,
such as photovoltaic (PV) and wind energnmected to all the leveld the grid. The power
converter6 A Prdust be able to identify voltage and frequency levels in steady state and
dynamic conditions, like voltage sags, phase inversion and frequency steps/vi@@lii¢®0].

Another use for the APAF detection is for synchronizing power converters used for: active filtering
next to nonlinear loads, dynamic voltage restorers, HexAC Transmission System (FACTS)
controllers and Uninterruptible Power Supplies (UHSS).

The challege with HPA and PHIL systems is that they can be requested to output signals in
a wide range of amplitudes and frequencies, not only in steady state but also in dynamic scenarios.
An example is the acceleration of a car, in which the signal from theenvierthe motor will
increase the frequency overtime. Another case is the emulation of electrical machines during start
up, such as the DOJ64], load step$19], in which both frequency and ampliidan be changed
quite abruptly, such as fadliirect online startups of an induction machine.

OnHPAs with the multilevel SMPA controlled to produstircase waveforms, the APAF
must be fast enough to update the reference levels, otherwise more power is requested from the
LPA. The LPA is a sensitive element on the HPA in terms of losses and can contribute to up to
75% of the HPA losses, but the mostical in this situation is the possibility of saturating the
LPA and the loss of significant quality on the output signal of the HPA. The APAF also must be
quick enough for other applications, such as digitally controlled staircase converters (inverters)
that operate with variable output.

In the literature, most systems are designed for a single and known frequency, usually the
griddos frequency. However, a wider range of
mentioned above. For gritbnnected apjeations, the converter must be able to identify
frequencies around 50 or 60 Hz. According to IEEE Standard-2628[100] filnterconnection
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and Interoperability of Distributed Energy Resources with Associated Electric Power Systems
Interface® , t h e p o nast be abtenovingct powver into a 60 Hz grid, but the converter
must operate differently according to the grid frequency within the limits of 56.5 and 62.0 Hz. If
the grid frequency is out of those limits, proper measures must be taken to disconpeustahe
converter and the renewable sources from the grid. This means that the APAF detection must work
outside those limits to ensure the coverage throughout all the necessary range. In terms of voltage,
several conditions [100] are set between ranges from 1.8 8m5 pu of the grid voltage and the
detection techniques should be able to identify precise amplitudes beyond those limits. As an
example, for 120 Vac, the limits are 144 and 54 Vac. The homogeneous attributes of these three
growing power electronics ajigations is that they all require precise techniques to identify the
signal amplitude, the phase angle and frequency. This assures the synchronization of the renewable
energy, power converter interfaces and Higindwidth with precise outputs for PHIL.

As a part of the APAF,he phase angle determination is referred to as Riwde=d Loop
(PLL) and several techniques are available for detecting voltage amplitude, RMS values, phase
angle and frequency. They can be categorized into Synchronous Referemee(SRFPLL)
systemd95], [101]i [103] and adaptive or hybrid systerf86], [104] [106], [106], [107] This
study focuses on the singtdase PLL, which is more complex because an additional Orthogonal
Signal Generator (OSG) is required to identify the phase angle, prior to the amplitude detection.
The phae angle and amplitude are the most important parameters and they alone can be used for
the diverse applications listed above. Frequency identification, differently from the phase angle
identification, is not mandatory for the synchronization of power edaks with the grid, but they

can offer parameters fsupervisiorand demonstration, i.e. a Graphic User InteféGUI).

1.5.1.1. ConventionaAPAF Detection Topologies
Forthreephase systems, the OSG i sabdldbs)ed wohn cQl am
naur ally output the orthogonal (U and b) Si gn
trigonometric function, it is possible to det:
evaluations of threphase and singlphase APAF (for a singland known frequency) detection

are presented in referend@96], [108]and[94], [95], respectively.

— Wl waewe
3 (1.4)
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As mentioned before, singjghase APAF detection requires unconventional
implementations for the OSG. As singlbase systems do not have the additional two phases to
appl y Cl amatioh saltetnatiee sdutioos for the OSG must be (&ed], [105], [107]

The main problem and disadvantage is that most of them require a fixed and previously known
frequency Figurel.23 shows a conventional Singkthase SRIPLL with the OSG at the input of

the system. The symbol | | or | Aj represents
of this study, it is defined that the term central frequemgy refers to the maior fundamental
frequency for those topologies based on fixed or synchronous reference. The central frequency
also allows positive and negative variance around it. For example, most topologies are designed
f or «08314l6rad/s {ct of 50 Hz) but will allow the parameter identification for the range of
295.31 to 326.72 rad/d4 T to 52 Hz, with an acceptable range of erfd®3], [109]

Figurel1l.231 Conventionakinglephase Phaskocked Loop (PLL) with Orthogonal Signal
GeneratioOSG)

The most common, and simple, OSG is the Second Order Generalized Integrator (SOGI), as
presented ifrigurel.24[102], [110] The system generates an orthogonal signdiom an input
signal,vy, with the same amplitude and frequency. It works due to the dual integral blocks, denoted
by the U symbol . ibuwsedtoantiglyrthe Interingdiate sigaatscwhich isy
the main constraint of the system. The d&imas to be determined and it will affect the response
of the system in terms of gain, phase, settling time and ringing. Details on deterkirang
presented in refence[88] and experimental results evaluating different gains are presented in
Chapter 4.

A variation from traditional SOGPLL is a system that uses a time delay to generate the
orthogonal signals. Figurel.25shows the topology of the singbase transfer deldyased PLL
(TD-PLL) [103]. As illustrated, the orthogonal signal is genedldty delaying the original single
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phase signal by T/ 4, wher e T & Asdsalhvantagentheer s e
topology presents high sensitivity to the grid frequency variations, because the phase shift caused
by the transfer delay winot be exactly 90° in the presence of frequency changes, steps or

variations.

VU

ycf N
vy > Vi
osG — M

Figurel.24i Secondrder Generalized Integrat(BOGI)asOSG

Vo

+H
T/4 delay
Figurel.2517 Schematic of the THPLL [103]

Presented in105], [111]and experimentally validated [96], [105], [111]the Adaptive
Notch Filter (ANF) and Amplitude Adaptive Notch filter (AANF), shownRigure 1.26, offera
sound strategy for singighase parameter identification for signals with considerable amplitude
variation. In referencfl11], the system is tested for steps on amplitude from 0.5 to 1 pu and 1 to
1.5 pu, and the frequency step is minimal, from 50 to 51 Hz, since the focus of the study is on the
adaptive amplitude identi f i catrasdhe initalBamditibn t o p o |
for one of the centraihtegrators, placing this topology within the SREL category. 1{105], the
ANF is experimentally validated for a very small amplitude (1 to 1.1 pu) and frequency (60 to 61
Hz) variation, but it is a solidtudydescribing how the choice of tigainsK> andKsz can impact
the speed of the detection.

In [106], [108]a valuable study on frequency identification that updates the necessary blocks
of the system in order to improve the quality of the @lgshentification is presented, as an adaptive

approach. The systems under study are thheese, where it is easier to get the orthogonal signals,
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but the efficiency of the method is validated with highly distorted and unbalancedwitipu
wide variaton on the amplitude. The only weakness of the study is that the frequency variation is

evaluated only within the range ofi¥® Hz[106].

Figurel1.26 - Single phas®LL with Adaptive Notch Filter (ANF)105]

As one of the most recent areas of development, the implementation of Kalman Filters on
PLL has received significant attentiflil?], [113] Kalman Filters are used after the orthogonal
signal is generated, no matter if the sysie single or threphase. 1{112], the study compares
the performance of two and thretate predictiomodels with conventional SRIFLLs. Thestudy
does not cover significant frequency steps, only a step from 50 to 55 Hz and a frequency ramp
(+40 Hz/s) from 50 to 53 Hz. The utilization of Kalman filters, after the OSG, is a viable alternative
and they willbe further implenented on the proposed systems.

Two topologies under the SRFLL category are shown iRigure 1.27(a) and both are
recognized for their simplictyamlmlc cur at e resul ts. The f[il4,st one
[115], in which the orthogonal signahi s generated by the inverse |
filtered signals fronvg andvg. The filters are set to the same cut frequency and they determine the
APAF dynamic speed and accuracy.Higure 1.27(b), the Enhance®LL (EPLL) is presented
[116], [117] Similarlyto Pak 6 s PL L, EPLL also outputs the ph
on algorithm, on the first to synchronizei@UC tr ansf or mati on and on t
internal error signals. For both systems the integral and proportional compensatds gattls,
are designed to achieve the expected dynamic behavior and disturbance rejection. The main
di sadvantage of both systems | s abndhthey presentst r ai

accurate results only in a small range (approximately +10%hdrm .
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(a) (b)
Figurel27-( a) I nverse Pardlds PLL; (b) enhs:

An alternative for the SPLL and traditional SOGI as OSG is presenteBigurel1.28. The
study presented if107] can be defined as a frequeringependent topology, considering there is
no i npg but andtheryconstraint is introduced on the system, which is related to a
compensationC; (1.5), of the gains of the derivative based (DB orB&d1)), kq4, and integral
based (IB or IB:( UK, applied to the input signal. The orthogonal siggas given by Equation
(1.6). The functiorsign or signalis used to extract only the signal §iitve or negative) of its
input. Even though the system presents the abwmioned limitation there are key advantages
proposed in the topology. The main disadvantage is the lack of equations showing what are the
frequency detection limitations or openg frequency range (maximum and minimum values that
can be detected with sufficient accuracy). In terms of frequency variation, the results for the
amplitude detection are evaluated for a steegdyf 314.16 rad/sf§ of 50 Hz),and the phase
angle detection for steps betwe29b.31 to 326.72 rad/s (47 to 52 Hz).

: o dt
arctan 4

Vm

Figurel1.2871 Derivativeintegral frequency independent O§B7]
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If one can ensure that the multiplicationkgaindk; is unitary, the dependency of the variable
responsible for th&s andki compensationCs, is removed. This is the maitkea for the proposed
APAF circuit described further in thistudy What is more, the detailed and instructive design

procedure is presented in Chapter 4.
c 1
1= ——/—— 1.
Kakis a9
Ci Vi i ggn
KakiS

Vo=C1 iS | YyIF (1.6)

The literature focuses heavily on the central frequency identificdfi@é8], for grid-
connected systems under distorted conditions (mostly with the impact of noise, low and high order
harmonics]119]i [122], but there is a lack of studies in which APAF detection could be performed
in significant wide ranges, especially for singlease systems. For giannected corerters, the
phaseangle and amplitude identification must work with small variations in frequency (0.95 and
1.03 pu) and moderate variations in amplitude (0.45 to 1.2 pu). Now, for PHIL and HPA
applications, the APAF must be able to identify phase anglgsng within frequencies from dc
to 1000 Hz and amplitudes from O to rated voltages (230 Vad49,)[89]. Not only that, the
dynamics related to these applications are more substantial. Therefore, this research work proposes
a new APAF circuicapdle of performing with wide ranges of frequencies and voltage
magnitudes while the input signals vary with fast dynamics.

1.6. The Scope of the Research Work

Given the unbalanced power contribution by each cell of a at&oontrolled CHBM in a
seriesconnected HPA, this study proposes a novel modulation technique calle/@{alge
FirstIn-FirstOut (SV-FIFO). The objective is to improve the power balance (while switching the
cells at the same frequency as the referen) without changing the
(staircase)y controlling the cascaded individual outputs, for rated aneraexa conditions. All
analytical equations for the power demanded by theittjes and a basic design procedure for a
series type IRA are presented. A suitable control scheme for the series HPA operating with SV
FIFO is devised. It employs a digital open loop controller for the CHBM converter (SMPA) and
an analog closed loop controller for the LPA, with power isolation between ther pow control
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signals. Al kVA singlephase HPA with a sixell CHBM converter and a commercial LPA was
built in the laboratory and used for extensive testing and performance verificationstewbr
stateand transient conditions. SMFO focuses on impving the power balance for resistive load,
while an additional modulation technique called Independent Load Balancing (ILB) modulation is
proposed for improving the balance of the cells for other linear loads, such inductive or capacitive
loads.

Consideing HPAs with parallelconnected PA and SMPA, this study proposes a
newparallel type HPAfor ME systems using voltaga currentout machine models. It is a
compromise solution where the LPA and its high BW allows fast dynamic responses, while the
SMPA povides the bulk of the power of the ME system. In order to minimize the cost of the HPA,
it is essential to minimize the current rating of the LPA. This is ensured by using the control
technique proposed in this study, where both the LPA and the SMPAt@perparallel with
current control loops. The reference current of the LPA is that of the ME system, computed by the
RTS, while the one for the SMPA is the LPA current. The SMPA is controlled with a lower BW
current loop in order to take over the currigzatn the LPA, following a short transient. In steady
state, the LPA inherently provides active power filtering for the SMPA, reducing the switching
Harmonic Distortion KID) of the ME system. A complete design procedure for the control scheme
of the HPA ispresented and illustrated for the emulation of a diredinenstartup of an Induction
Machine (IM). Experimental results are shown to validate the proposed control scheme for the
parallel HPA in ME systems. Besides, the impact of the bandwidths @btiieol loops of the
LPA and SMPA and the switching frequency of the SMPA, on the accuracy of the ME system and
on the current requirement of the LPA are highlighted.

The implementation of the proposed-&WO for the staircase controlled CHBM converters
in series type HPAs for ME systems requires stphlease APAFs with wide ranges of frequency
and amplitude as well as fast dynamic response. A singrion of anAPAF with the above
mentioned requirementgas not available in the literature, which ledhie development of two
techniques. Thdrst presents an improvement on the OSG topology presentddij for a
singlephase mplitude, phase angle detection, which is frequency independent (for a known
range) and selfeliant in terms of gains and initial state settings. It will be benchmarked against
well-known topologies and evaluate the frequency detection block from thee @rage with

traditional derivative actioanda modern Kalman filter solutiofhe second is based orhgbrid
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construction of an algorithm part (developed in C) followed by a traditional SOGILEP
composed of adders, multipliers, gains and squarebtooks.

1.7.0utline of the Thesis

Chapter 2 presents the issue of unbalanced output power among cells in CaseBdddeH
Multilevel (CHBM) converters with conventional staircase modulation techniques under low
modulation signals. The applit@n of CHBM is in series withLinear Power Amplifier (LPA) to
build high voltage/frequency Hybrid Power Amplifiers (HPAsS). A modulation technique and its
ontline implementation called Splfoltage Firstin Firstout (S\VVWFIFO) are presented.
Experimental result®r a series type HPA withsax-cell CHBM converter and a commercial LPA
are provided to validate the design procedure of the HPA, demonstrate the enhanced (active) power
balance of SWIFO and the effectiveness of the proposed control scheme for theuhidRk
transient andteady stateonditions. An additional technique called Independent Load Balancing
(ILB) modulation is proposed, which improves the power balance of the cells faesigtive
loads.

Chapter 3 proposes a Machine Emulation (ME) base@dtybrid Power Amplifier (HPA),
with parallel LPA and SMPA. A new current control scheme for the HPA, suitable for vaftage
currentout machine models, is proposed to reduce the required current rating, and thus the cost,
of the LPA. A design procedufer the control scheme of the HPA is presented and illustrated for
the emulation of direct online startup of an Induction Machine (IM). Simulation results evaluate
and compare systems built exclusively with SMPA or LPA for ME. Experimental results are
shown to validate the proposed control scheme for the parallel HPA in ME systems. Besides, the
impact of the bandwidths of the control loops of the LPA and SMPA and the switching frequency
of the SMPA, on the accuracy of the ME system and on the curmpnitement of the LPA are
highlighted.

Chapter 4 presents the design of two APAF techniques and circliitgs first one presents
an Orthogonal Signal Generator (OSG) based on integral and derivative actions, while the second
one based on the ingugeracrossing detection. The performance of the AR&¢hniques for
singlephase signals with wide range amplitude and frequency are experimentally validated under
steady state and dynamic conditions.
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Chapter 5 presents the main conclusions from this research work and suggests prospective

research work inantinuation of the main topics.

1.8. List of Publications
Several papers could be published during asdh resulof the research of the doctoral

studies. They are summarized here and classified as journal or conference publications,

1.8.1. Journal Publication@most recent first)

1. L. M. KunZer, L. A. C. Lopes, K. S. Amitkumar, P. Pillay, J. BelangEarallel
Hybrid LinearSwitched Power Amplifier and Control Strategy for Machine Emulation
International Journal of Electrical Power & Energy Systexfdume 13, 2021107063, doi:
10.1016/j.ijepes.2021.107063.

2. L. M. Kunzl er and Lui z A. C. -Rhasp e s, f
Amplitude and Phase Angle Detection Based on
1578, 2020doi: 10.3390/electronics9101578

3. L. M. Kunzl er and L ualgorithd for i@reasdd paners , n A
balancein cascadedtir i dge mul til evel cells in a hybrid |

2020.doi: 10.1007/s0020220-011027

1.8.2. Conference Publicatior{snost recent first)

4, L. M. Kunzler and L. A. C. LopesAlgorithm for Improving Power Balance for
Cascaded HBridge Multilevel under Staircase Modulation for Linear Loads," IECON 2@H2h
Annual Conference of the IEEE Industrial Electronics Society, Lisbon, Portugal, 2019, pp. 6066
6071, doi: 10.1109/IECOIL019.8927489.

5. L. M. Kunzler and L. A. C. Lopes, "Hybrid Single Phase Wide Range Amplitude
and Frequency Detection with Fast Reference Tracking,” 2019 IEEE 28th International
Symposium on Industrial Electronics (ISIE), Vancouver, BC, Canada, 20197&888, doi:
10.1109/ISIE.2019.8781515.

6. L. M. Kunzlerand L. A. C. Lopes, "Power balance technique for cascatedde
multilevel cells in a hybrid power amplifier with wide output voltage range,” 2018 IEEE
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International Conference on Industrial Teclngy (ICIT), Lyon, 2018, pp. 806805, doi:
10.1109/ICIT.2018.8352280.

1.9.Conclusion

This chapter provides a detailed literattgeiew on several topics related to making Power
Hardwareln-theLoop (PHIL), for Machine Emulation (ME) more affordable abeter
performing. It was noticed that there are a number of improvements that can be made on the Power
Amplifier (PA) part of the ME system. The main idea is to associate high performance, but costly,
Linear Power Amplifiers (LPAs) with high power densityt harmonic generating, Switdiiode
Power Amplifiers (SMPA), in Hybrid Power Amplifiers (HPAS) that offer a compromise solution
with desirable features of LPAs and SMPAs.

For high voltage applications, a sertgpe HPA where the SMPA consists of a Cascaded
H-Bridge Multilevel (CHBM) converter controlled with staircase modulation to minimize the
switching losses and enable operation with high frequency output voltages is considered. The issue
of unbalance, in power flow, stress and potentially lifetime, ankbBridges, was identified when
the CHBM converter operates with low modulation indices.

For lower voltage ranges, the cost of the LPAs is highly influenced by their current ratings.
To mitigate this issue, paralgipe HPAs are a good option. Considgrithat many machine
models are of the voltage current-out model, a suitable current control scheme for the parallel
type HPA is required for ME.

The magnitude and frequency of the reference signals used for ME tend to vary significantly.
This requireshe use of wide range Amplitude Phase Angle and Frequency (APAF) detection. This
is not common in the literature, mostly for singlease systems. The majority of the APAF
systems concern highly distorted signals with frequencies and amplitudes vathing&latively

narrow ranges.
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2. STUDY OF A SERIES HPA

2.1.Introduction

This chapter concerns the issue of unbalanced output power among cells in Cascaded H
Bridge Multilevel (CHBM) converters with conventional staircase modulation techniques under
low modulation signals. This is a common condition in high voltage/frequency Hybrid Power
Amplifiers (HPASs) consisting of a CHBM converter in series with a Linear Power Amplifier
(LPA). This chapter discusses and extends the principle of traditional switebhmgqus, called
FirstIn FirstOut (FIFO) and Firstn LastOut (FILO) and proposes a novel switching technique
called Split Voltage Firsin FirstOut (SV-FIFO) for a wide output voltage variation, especially
for lower output voltages. Mathematical etjons are derived for a quantitative comparison of the
conventional and proposed methods, with the statistical analyses for various operating conditions.

Differently from conventional techniques, S\FO, takes into consideration the magnitude
and frequeay of the reference voltage to generate the gating signals of the CHBM converter. A
design procedure for a series type HPA amdethodor generating oline the gating signals of
the CHBM converter, with S\FIFO are evaluated. Experimental results faeaes type HPA
with a six-cell CHBM converter and a commercial LPA are provided to validate the design
procedure of the HPA, demonstrate the enhanced (active) power balanceFtF@G\And the
effectiveness of the proposed control scheme for the HPA uralesient andsteady state
conditions.

Lastly, a new technique for improving the power balance, not only for resistive loads, but
also for inductive and capacitive loads, among all the cells is proposed. It is based on the selection
of all possible combirteons of the switching angles, generated by the Nearest Level of Control
(NLC) technique. By improving the power balance, the cells can be designethiioran way,
requiring smaller DC supplies and making it possible to use-ouiiut DC power supplied his
new modulation technique will be detailed and simulations results will be presented to validate the

technique.

2.2.Split Voltage First-In First -Out Switching Technique and Proposed Algorithm
As the main contribution of this study, a splitting technjgeM-FIFO, will be used for lower
reference voltages to ensure a better power distribution between the cells. This technique is

constructed on a series of binary decisions based on the number of cells in the system, amplitude
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of the reference and DC vol@adevels. The best way to represent it is graphically, using a process
flowchart presented ifrigure2.1. This technique can be implementeith digital processorgith
the flexibility to make changes, corrections and adaptations since the base of it would be coded.
The technique is conceived for a CHBM system that can be built from three to ten cells. However,
once the algorithm is understood, it is possible to exgdndany number of cells.

The basis of the proposed technique relies on comparing the total number of cells of the
systemNr, which is a constructive constmaof the system, and how many levels, given by (1.1),
the reference signal reachég, In addition as input to theystem, all angles found in (1.2) are
supplied to the algorithm. New variables are created representing the tiltkgiyrn off, Ch o,
of each cell). In addition, the variablepwill be used to quantify the total requireonducting
interval for each level on the output signal.

The algorithm consists of a main routine, shownFigure 2.1. Some routines repeat
themselves during the maiautine, and they are shownhkigure2.2.

The system relies on four main aspects:

() the numericdifference betweeNr andNy;

(i) if Nt is even or odd,

(i)  if Nt isdivisible by 2, 3, 4 or 5;

(iv)  if the surrounding integral numberg to +4) aroundNr are divisible by 2, 3, 4 or 5.

Figure 2.3 shows some waveforms to illustrate the gration of the staircase voltage
waveforms using the NLC technique forttaeecell CHBM converter. Two reference/output
voltage waveforms are shown on the top screen with peak val@e3/p¢, in blue, andL.8Vpc,

i n red. The f i r satr iisnmotnedr sveoclttsa gteh rleeev efl cso nfpl . 1) ,
nonzero positive levels, while the second only intersects two voltage levels. The impact of the
number of voltage levels of a staircase waveform on the power unbalance among cells of a CHBM

conwerter is discussed in the following subsection.
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2.1.Basic Design Approach for a Series Type HPA
The waveforms presented in the third row Fo§ure 2.3 concern the new modulation
technique called SpiWoltage Firstin FirstOut (SV-FIFO). There, one sees that it manages to
yield output voltage waveforms for the-liidges with comparable pelswidths, leading tora
improvement on the balande the power supplied by them within one line cycle, consideaing

unity power factofoad

] FILO | voun(t)

Power

o] 2 12 "-0p "0

" Power
Power

Veeliz
T Mo ] Ve Vol Ve . 7 0NVpe R
21 2 O3 12 @N’ @;\” «\\ o 2 12 02 -y

Figure2.3 1 Output voltages of the SMPA -bBridge cells andhieir power contributions
considering a high (3\&c with Voun) and medium (1Mboc with Vour) reference voltages with
FILO (top) FIFO (middle) and S¥IFO (bottom).
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2.1.1. Equations for Power per-Bridge and its Standard Deviation

The power demanded Bach cell 1t = 1 to Nt) of a CHBM converter operating with a

staircase voltage and a sinusoidal current can be computed as presented in (2.1). The equation is

valid for FILO, FIFO and SWIFO and for any number of voltage levels.

where Vpc is the DC bus voltage,

NG . o x.
U 5§ —w O well g

loutis the RMS value of the load current,
dis the phase angle betweeg(t) andiout),
Chon= nfor FILO and FIFO

c

off = -0 for FILO

;(

.off

"-ot(n-1) for FILO
Uh.onandUh oft for SV-FIFO

on is calculated from (1.2) for a givesr.

(2.1)

Figure 2.4 shows the variation of the standard deviati®DE\) in the average power

demanded by the cells of a CHBM converter with the magnitude of the reference output voltage,
for FILO, FIFO and SWIFO for a resistive load. The plot was obtainedNbE 6, Vpc = 48 V
(whi ch

Section 2.3 For generating the plot, a 5 V stepvisi was used, in that voltage range.

and 2%sOV 31 V

ar e

s 0 me rimedntal vatidatiorpim r a me t
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Figure2.41 Trend lines for the standard variation with FILO, FIFO andRNO
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Figure 2.4 shows that the SDEV in the power demanded by eabhndde cell with SV
FIFO is less than half that for FILO and FIFO, excepvfetO 264 V, wher e accor
and (1.3) all 6 H-bridge cells are active. There, FIFO and-BNFO are equivalent.

2.1.2. On-Line Operation and Proposed HPA Control Scheme

A few studies concerning HPAs with the CHBM converter supplying a staircase waveform
and in series with an LPA have been reported in the lilerf85], [58]. Both employed the same
LPA, a lowcost chip based Apex MPU 111A23], which has a very high opdoop gan. The
control scheme of the LPA was of the fdedvard type as shown ikigure 2.5, the same
traditionally used for the control of signal (low power and voltage)liaerp. The closed loop
voltage gain of the LPA is set to a fixed value defined by the ratio of resi&t@sd R;. The
reference signal of the HPA) is inverted by OP1 (AD8033), a voltage feedback amplifier with
Field Effect TransistordHET)i nput , |l ow noise and high speed |
slew rate). The reference signal for the LR (1), is generated by the difference between the
inverted HPA reference voltagaes (t), and the SMPA outputismpAt). Although this system is
very fast, reaching bandwidths of around 500 kHz, there is no isolation or separation between

power and signal levels.

Vour(t)

Figure2.5_ i Feedforward LPA control[58]

In this study, the selected LPA is a complete commercial solution, the AE Techron LVC5050
[124]. It presents a low but constant iqiotoutput gainwhich can be set from 0 to 2€ontrolled
by a knob and a bandwidth of about 20 kHz. In such a case, the scheme shgureia 5 cannot
be used. An alternative solution is shownFigure 2.6, which also includes isolation between
power and signal levels. OP1 (1ISO124p) is &igien isolation amplifier with high bandwidth (50
kHz), while OP2/3 are LT1226, a low noise, very high speed operational amplifier, with extremely
high bandwidth and slew rate, 1 GHz and 400 V/us, respectively.
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Figure2.6 1 Proposed isolated analog control for the LPA

The proposed solution senses the output voltage of the SMPA throughout a resistive voltage
divider set with a gain of 1/30. OP1 is responsible for isolating the power andlsigrigs] one of
the main benefits of the proposed solution. It has enough bandwidth to replicate the fundamental
and harmonic components of the output voltage of the CHBM converter, a stamsaserm
OP2 is responsible for generating a reference signdéihe LPA based on the difference between
the SMPA isolated signal and the HPA reference signal, processed Kylbek with the same
gain of the voltage divider. The gafnis implemented on the reference signal independently from
the source (interngl from the OPALRT or from an external reference). OP3 applies a gain of 1.5
to the resulting signal, producing an LPA control signal, whictesponds to 1/20, of the voltage
of the SMPA and reference for the HPA. Since the gain of the LPA (LVC5050etts 20, one
should obtain the expected output voltage for the HPA. The performance of the proposed controller

is evaluated experimentally Bection 23 understeady statand transient conditions.

2.1.3. Design Approach
This section discusses some consitlens for a basic design of a series type HPA with a
CHBM converter operating with staircase modulation. The main specifications are the desired
output RMS voltageVou), and RMS currentdy) and t he HPAO s VipapSineal out p
the LPA operates as an active power filter, to compensate the harmonics of the staircase voltage
waveform of the CHBM convertevduvry), its rated voltage has an impact on the number of cells
(Nt) and DC bus voltagé/bc) of the CHBM converter. Besides, since alA$have a finite slew

rate (SR ordv/dt) while the output voltage of the CHBM converter can change very fast, it is
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important to slow the latter down, with a slew rate limiter, to minimize glitches and notches in the
output voltage of the HPA. Details dfase designs are discussed in the following subsections.

2.1.3.1. Number of CHBM Converter Cells

The minimum number of cellsin) for the CHBM converter can be found as given by (2.2),
using the ceiling function. The division by two is justified becausd.B¥e should provide, or
output, both positive and negative voltages during any polarity of the reference voltage. A safety
margin (SM) must be used for the LPA to ensure that it can provide enough veliggdq
synthesize the desired output voltage migiridynamic conditions such as reference voltage
variations.

In (2.3), one can observe the relation between the required vallie ahd the number of
cells of the CHBM convertengin ONY). There, a tradeff must be taken into account according
tothedesi gner 6s constr ai nldridge celis dquper noife switehesc gats . Mo
drives and additional connections but they are of lower power and require lower power DC
supplies. Conversely, fewer-bfidges cells reduce the system complexity bquire higher
power and voltage cells and DC power supplies. The switches of -BBiedge are selected
according to the cellsd voltage, current and
with staircase modulations, the cells are switchedeafriyuency of the reference output voltage.
Using (2.2) and (2.3) in (2.1), one determines the power requirement of the DC power supplies of

the CHBM converter.

. - ,‘ml_gco p YO
AAEI-E+=€ — 2.2
€ CYP EVEw (2.2
Ngw ‘ P YOw 2.3)
€

where Vout_ris the rated RMS value of the HPA reference voltage.

2.1.3.2. LPA Selection Criteria
In series type HPAS, the LPA has to withstand the entire load culggntl{s differential
output voltage should be such that it canleaist cover one level/step of the SMPA voltage
waveform, betweer0.5Vpc and +0.%pc, in addition to the applied

output voltage during normal operating conditi¢ios HPA sinosoidal outputspresents the shape
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shown inFigure 1.5, where the points of discontinuity are defined by the transition angles of the
staircase voltage waveform of the SMPA. Therefore, one can compute the average output pow

of the LPA PouLra) according to (2.4)35], where angles, are obtained using (1.2) for a given

output voltage ouy).
. W . -
0 —0 — “AT-0
C
w A0 —
(2.4)

AT 10 — E
AiTOr 4 — A0 —

where o, are the primary angleg @) forn=1¢é Nar a givenveer.
Vout_rIS the rated RMS value of the HPA reference voltage.
loutis the RMS value of the load current
dis the phase angle betweén: randlout

Another parameter for the selection of LPAs is the minimum required slew rate, as in (2.5)
[125].
YY  ¢“'Q U (2.5)
where fmaxis the maximum output frequency

V, (I$ the maximum peak reference/output voltage.

2.1.3.3. Voltage Slew Rate Limiter Filter Design

As mentioned before, a voltage slew rate limiter should be added to the output of the CHBM
converter to allow an LPA with a fi@tSR to fully compensate for the harmonic distortions of
Vsmpa The voltage slew rate limiter is usually composed of a Passive Damping (PD) filter and an
LC low-pass filter, as shown Figure2.7(a). It is usually set to limit th&Rof the SMPA SRsmpA
between 1/10th and 1/8th, of tB&of the LPA SRpa) [58].

With the chosen value f@Rsmr4 it is possible to determine the natural frequefigyaf the
LC low-pass filter, as presented(2.6)[35], [58], [83]

YY pm

- Hz 2.6
BY © (2.6)
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Figure2.71 (a) Series HPA with voltage slevate @dvdt) limiter [35], (b) simulationresults for
LC and PD+LC filter,(c) theoreital representation of the effect of the PD+LC in the SMPA and
LPA output voltages

According to[35], [83], the filter capacitor@r) must be designed to conduct 50% of the load
current, in the worstase scenario (nominal/full loa&ated, and maximum output frequendyay).

The minimum requirements f@r andLr are shown in (2.7) and (2.8).

(2.7)

(2.8)

The PD circuit is designed to reduce the overshoot and the oscillations (usually referred to
as ringing) in the output of theecondorder LC filter, and itcan be designed in accordance with
[83]. For frequencies below rated, inducterprovides a low impedance path for the load current

with minimum losses. For resistBp to operate asaPD elemelntp s | mpedance
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thanRbOs at the LC filter f#tswcalcaldted useg @ Hpalh)ce fr e
Typical values fob are 5 to 1(58], [83].

Figure 2.7(b) shows some theoretical waveforms concerning the voltage slew rate limiter
and a step change (48 V) in the output voltage of the SMPA. The latter, witdvlghs shown
in blue. Thesecondorder LC filter reduces thév/dt, but results in an oscillatptransient, green
waveform. The addition of the PD circuit damps the oscillation but a small overshwahs as
shown in thered waveform. With the designed filter, the output voltage settles within +2.5% of
thesteady stat¢ al ue I n 4 6 Cdilerandonr5.75 nsdor tikelD@ anly filter. Another
aspect to be considered is the impact of the slew rate limiter on the operation of the LPA in the
series type HPAFigure2.7(c) shows the theoretical voltage waveforms of the SMPA and LPA,
without the voltage slew rate limiter, in grey, and with it, in black. There one can see that one of
the consequences of the delay introduced by the voltage slew rate lintliterlass of quarter
wave symmetry in the output voltage of the LPA. The higher the frequency of the reference output

voltage, the higher should be the degradation of the symmetry.

i‘) 114
(0]
v _ (2.9)
U
;g P @ SpP 0T © (2.10)
W C W T 0w
® v 2.11
. (2.11)

2.2.System Specification and Design Example

The design specifications for the singlease 220 Vrms, 1 kW series type HPA considered
in this sectiorare shown inrable2.1. The maximum output frequencindy is 1 kHz, enough to
emulate a broad spectrum of frequencies as an HPA for applications such as Alternating Current
Power Supplies (ACPS), motor/generator emulation and other IUT.

The LPA will be operated caidering a maximum output voltage £») of +50 V and a
safety margin (SM) of 0.5. The resulting slew rate for a SMPA associated with an AE Techon
LVC5050 is lower than that of the APEX MP111 solution, thus requiring the use of a larger/slower

voltage slew rate limitertAs a result, considerinphat t he HfAactiveodo compen:
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the LPA are reduced during this time interval, the output voltage waveform of the HPA will depend
mostly on the behavior of the fApassiveo voltaf¢
in the output voltage waveform of the HPA, due to a step variation in the output voltage of the
SMPA, should be shorter with the APEX solution. The drawback relies on its design, since it is
more complicated, all the internal connections have to be made, bowshgee to be calculated

for the internal controller, and Printed Circuit Boards (PCB) breakouts or shield boards have to be
designed for it. As a comparison, the AE Techron LVC5050 is a great bench product that provides

a plug and play solution with erime easiness of use. All the internal gains are set, and the user

can even control the output gain by a simple knob.

Table2.17 Design specifications and calculated parameters of the series type HPA

System Specification: Calculated Parameters

Rated Power 1 kw -
Rated Voltage (RMS) 220V -
Output Frequency Range 07 1kHz -
Rated Current (RMS) 455 A -
Rated Load Impedance 48. 4 q [ ¢-
Safety Margin for the LPA 0.5 -
Number of SMPAcells .2) - 6

DC bus voltage\pc) (2.3 - 48 V
Cel | O0Rut(2ip x - 195 W
LPAGs averdge p - 113 W
Voltage Limits(n (1.1) - 24,72 ... 264V

The number of CHBM converter cellslff and their DC bus voltagé/ikc) are computed
using (22) and (2.3), resulting in sigells and 48 V, respectively. The maximum average power
for the CHBM cells, considering the worst modulation scheme (FILO) was computed as 195 W,
using (2.1) withn = 1. The average output power of the LPA was coegbas 113 W, about 11%
of the rated power of the HPA, using (2.8able2.2 summarizes all the variables discussed so far
and presents the values found using the egugghown in this study. Likewis€able2.2 presents
the design specificatiormd computed parameters, along with their equations, for the voltage slew

rate limiter to be used in the output of the CHBM converter.
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Table2.27 Design specifications and parameters of the voltage skevimater

Parameters Value Commercial Value
SRpamin(2.5) 1.95 V/ ¢-

SRpa (AE Techron 5050LVC)124] 30 V/gs -

SRsvpa 3.5 V/¢gs-

fn (2.6) 23.73 kHz -

Ce (2.7 < 1.64 1.5 ¢F
Lr (2.9 29.97 €F30 ¢H
Lp(2.10) 0.149 mH 0.15mH

b (2.1]) 5 -

Q(2.10 1.08 -

Rp (2.9 4. 13 q 4. 2 q

2.3.Experimental Validation and Results

An experimental setup, shownfingure2.8, was built to validate the proposed modulation
technique (SWIFO), design procedure of the series type HPA and control strategy for closed

loop operation. It presents the specs pahmeters described Trable2.1 andTable2.2.

Figure2.8 1 Photo of the complete experimental setup.

The SMPA was built with six Hbridges using MOSFETs SUA70060E (Vishay) and gate
driver circuits SKHI 61R (Semikron). They were powered by six 250 W AC poweresbXCes
SWF240P48 (Sanken). Voltage sensors {20P) are connected at the output of eaebridge
and one current sensor (E35P) measures the current supplied by the HPA. This allows the

computation of the output power of eackbkidge. The LPA is an LV&050, from AETechron.
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Regarding the control system of the HPA, an OP4510tireel simulator (OPALRT) is
employed for generating the gating signals of the CHBM converter. The latter is controlled with a
ti me st ep freduendy®f the e2feren&bnal when chosen by the user and not by an
external referencadeally must be multiplef that time step to avoid any errors on the signal,
which is irrelevant for lower frequencies (0.01% error in frequency for 60 Hz) but more significant
closer to tle upper limit frequency (up to 0.5%his avoids problems with sthmrmonics of low
order.

As mentioned irBection 2.2, the computation of the tionand off angles of each-bridge
with SV-FIFO, which might be different from those of the staircase,iresjthe knowledge of the
frequency and magnitude of the reference output voltage. Irstilndy; the second topology
presented and validated in Chapter 4 88 was used, with same gains and constohtegy It
employs digital and analog blocks, easily realized&RhS and was devised for this application.

The reference signal for the LP#ga ) is obtained with the analog circuit shownFigure
2.6. It subtracts the sensed output voltage of the SMRA=f), including the PD filter, from the
reference signal of the HPAx ), provided by theOPAL OP4510. It also provides isolation
between power and signal stages while matching the magnitude of the input signals to the fixed
gain of the LPA. The analog control circuit is implemented on an extbo@t, whichalso
contains thedv/dt filter and auxiliary circuits for protection and foowering gate drivers and
Sensors.

A host computer interfaces with the OP4510 and is used to run a Graphical User Interface
(GUI) for monitoring and control. There, one can set the magnitude and frequency of the reference
HPA output voltage, the modulati@eheme and visualize the amount of power supplied by each
H-bridge and system waveforms (due to the presence of the individual voltage sensors). The
system is assembled on a 44U rack for increased mobility.

The following subsectionpresent experimental selts for the system operating steady
state to validate the power balancing features of the newB¥D modulating scheme and show
the high quality of the resulting output voltage waveform. Then, results for the system operating
under transient condans are depicted to assess the accuracy of the proposed control system of
the HPA.
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2.3.1. Steady State Analysis and Comparison betw&taircase Modulation Techniques

The first test concerns operation with rated voltage (220 Vrms) and rated power (1 kW). The
waveforms of the SMPA voltage, LPA voltage and HPA voltage and current are shbignria
2.9, for 60 Hz, andrigure2.10, for 1 kHz. Both results are taken when the HPA is controlled using
the SVFIFO algorithm. For all experimental resultse torline digital controller for the SMPA
is implemented in the OPART and the isolated analog controller for the LPA is implemented as
an external board. The results were acquired using a Tektronix MDO Series Scope.

Figure2.9 shows, on the top, the output voltage of the SMPA, measured at the output of the
voltage slew rate limiter. It is a staircase, with small overshoots and virtually no ringing, during
the transitbons from one step to the other, achieved with passive damping (PD). The output
waveform of the LPA is slightly different from the theoretical showrrigure 1.5, due to the
phase lag on the staircase waveform introduced by the voltage slew rate limiter. Nonetheless, the
output voltage of the HPA, on the bottom, presents a sinusoidal shape, whichishaidity of
the LPA (and the proposed isolated analog controller) to compensate those overshoots. Although
not a design specification, the Total Harmonic Distortion (THD) can be used as a waveform quality
indicator. The THD of the HPA output voltager filnis condition is 1.17%, which is below the
limits imposed by the IEEE 512014[126].

Tektronix:

1 T T 1
| SMPA Output Voltag
—LPA Qutput Voltage
HPA Output Voltage
—HPA Output Current

D

N N N

Em100v/divici100v/divEl RMS212.7 V

. P RMS5508V || Sms/div
WA20v/div BB10A/div £5 s Sree vl 1v points|

A RMS4.52A |[ 17.04.19

Figure2.91 Experimentatesults showing #n SMPA, LPA and HPA output voltages along with
the HPA output current for a 220rMs60 Hz reference voltage and rated load.
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The same waveforms are presente#figure2.10for a reference voltage of 220s and
1 kHz. Due to the higher fundamental frequency, the overshoots in the staircase waveform are
more noticeable. Besides, the delay introduced by thegeokkew rate limiter is higher, which
makes the output voltage of the LPA change more with respect to thguie 1.5, for the ideal
and unfiltered cse. Nonetheless, the output voltage of the HPA still presents a high quality, with
a 4.9% THD.

The effect of SWFIFO on the output voltage of the-lbtidges can be seen igure2.11,
along with the output voltage of the SMPA for a 200 Vpeak, 60 Hz reference voltage. In this case,
only four Hbridges would be activated in a line cycle with FILO and FIFO. WithFERO, all
H-bridges operate in all line cycles. CHBM coneertells one and two share the first voltage
level, cells three and four share the second level, while cells five and six are controlled as with the
traditional FIFO.

Tektronix

" —SMPA Output Voltag
—LPA Output Voltage
HPA Output Voltage
—HPA Output Current

W iy

D

Em100v/div 100\//divﬂ Smg%lﬁég ¥
FA20v/div IEB10A/div RMS 2200 V|| 1M points|
I RMS4.32A || 17.0419

Figure2.101 Experimentatesultsshowing the SMPA, LPA and HPA output voltages along with
the HPA output current for a 220Mis 1 kHz reference voltage and rated load.

25Ces/div

Next, it is important to verify how S¥IFO enhances the power balance among the CHBM
converter cellsFigure2.12 shows the average power supplied by each cell for FILO, FIFO and
SV-FIFO for various reference output voltages (50 Vpeak, 100 Vpeak, 200 Vpeak and 300 Vpeak)
and ratd load.
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Figure2.11i Experimental results for rated load showing the SMPA and the individual cells
output voltages for an HPA output 200 Vpeak at 60 Hz.
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Figure2.121 Power contribution by each CHBM converter cell for HPA output peak voltages of
(a) 50 Vpeak, (b) 100 Vpeak, (c) 200 Vpeak and (d) 300 Vpeak output, at 60 Hz.
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These values were selected because theytteataircase waveforms of lower number of
steps which leads to some cells not being used in a given line cycle. The blue bars present the
results of the analytical equatiorss given in(2.1), and the orange baisf the experimental
results. The voltags for each cell are read using individual sensors in &ime&almonitoring
system in Simulink, which is also responsible for processing the voltages and current to show the
individual power consumption. The results for all the strategies show a veragamiment, with
a maximum error of 3.95%, which contains the error added by the sensors, acquisition systems
and the general uncertainty of the data processing. The orange bars represent the average power in
all cells of the CHBM converter. It is evideiiat SVVFIFO results in a better power balance than
the others, except for high output voltage values, where FIFO aAdRRY result in the same

number of active CHBM converter cells.

2.3.2. Dynamic Performance Analysis

The regulation of the output voltage of the HPA during transient conditions requires that
the isolated analog control circgiéneratethe appropriate reference signal for the LPA, while the
OPAL-RT, as a digital controller, provides the gating signaisafl H-Bridge cells. To evaluate
the dynamic performance of the system under thd=B\D algorithm, first, an amplitude step is
given to the reference output voltage. It is changed from 220 to 127 Vrms, while keeping a constant
output frequency at 60 HZhe resulting waveforms can be observeHigure2.13,

The step is given shortly before the 30 ms
voltage waveformcangi ng from six to four positive | ev
output voltage also changes, to compensate for a different staircase and achieve a sinusoidal
voltage at the output of the HPA, shown in the bottorrigfire2.13. Before the step, there are 12
transitions in the positive seraycle of the output voltage of the LPA, while after the step, there
are onlyeighttransitions.

Next, a step change in fregucy is given to the reference output voltage, from 60 to 500 Hz,
with constant amplitude of 220 Vrms ahdlf-ratedload. The same waveforms are shown in
Figure2.14. A higher frequency step could be used, but the visualization of the data for the higher
frequency would not be beneficial. It can be seen that there is no change on the number of levels
and shape of the SMPAGs out put udeefdhe veferenced her e
signal . Li kewi se, t he HIB Adbckange in arppiitude. V¥he ktépasg e a n
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given during the fourth time division and both SMPA and LPA controllers act fast enough to avoid

any saturation on the LPA adegradation of the output voltage signal of the HPA.
SMPA Output Voltag

IeLI.tLO_?iX , —LPA Output Voltage
—HPA Output Voltage
—HPA Output Current

1]

o/

Em100v/div 100V/div 10ms/div
Fsovidv  L10A/div M P

Figure2.131 Experimentalesults for rated load showingettSMPA, LPA, HPA output voltage
and HPA output current for an output varying from 220 Vrms26 Vimsat 60 Hz

SMPA Output Voltag
. —LPA Qutput Voltage
Tektronix' —HPA Output Voltage |
—HPA Output Current

1]

\ [\ |

N T

Em100v/div 100V/div 10mg/div

<

_ ) 5M points
Fsov/div - IEAI10A/div 17.0419

Figure2.141 Experimentalesults for half load showing the SMPA, LPA, HPA output voltage
and HPA output current for an output varying from 60 Hz to 500 Hz at 220 Vrms
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The SM of the LA was marginally used just for a few corrections on the phase of the output
voltage, especially for operations in higher frequencies, such as 500 Hz. This validates the

proposed mixed signal control scheme, with both digital and isolated analog probéssisg

2.4.Independent Load Balancing Modulation

The angles generated by the NLC for the SMPA must be respected because in the context of
the HPA, they result in requiring a lower voltage output and voltage ratings from the LPA. Using
other angles wouldequire higher voltages from the LPA risking saturations on the output signal,
compromsing the output qualityThe LPA is the main contributor of losses on the sy$&nso
using it at a lower power and voltage is desired. Although the losses on the LPA are extremely
important and relevant, this study will focus on the SMPA only, since the proposed technique can
be usetil not only to HPA applications but to any multilevel converter under staircase modulation.
As already discussed, FILO, FIFO and-BWFO are NLC based techniques that produce the same
output, by modulating the cells in different ways.

The technique propesd in this study, the S¥IFO focuses on improving the power balance
for nonrated output voltages, but for a resistive load. The literature has a shortage of studies for
improving the balance of the cells for other linear loads, such inductive or capdacdis.
Alternatives to improve the power balance are givgh2i] by increasing the switching frequency
of the CHBM but this is not considered in this study, since the objective is to improve the power

balance while switching the cells at the same frequency as the refeoltage waveform

2.4.1. Introduction

To improve the power balance for all linear loadsifteve, inductive and capacitive), a new
technique, called Independent Load Balancing (ILB) modulation is proposed and detailed in this
section. Now the halivave and quartewvave symmetry, in (2.1), cannot be used anymore because
the switching angles fro the positive and negative portions of the output signal can be different.
The techniqgue computes all the possible -repetitive combinations for turon and turnoff
angles looking for those that generate an output power as close as possible tadige aosver
per cell. This is another reason to consider positive and negative portions of the output to expand
the possible combinations.
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Differently from previous techniques, as showrigure2.15, for ILB modulation there is
no sequence pattern to determine the angles fromNL, teince any possible combination can
happen.n Table 2.3 there is a representation of the cells sequential order for the existing and
proposed technique, based on the examplegufre2.15. For ILB modulation, the output voltage
and current must be identified, to generataittangle (phase between them). Another input to the

algorithm is the number of cells, and the primary angles given by (1.2).

1 FILO Voun()

Vbc
oOr N W

T

|

™,

ower

Figure2.151 Envelope of the SMPA output voltages and the each SMPA cell contribution with
FILO on top left, FIFO on top right, and ILB on bottom and their respective theoretical power
consumption behind

For ILB modulaton, all reference cycles (positive and negative) must be evaluated to find
combinations that will yield an individual consumption closer to the average. The individual power
consumption for the cells, considering the complete reference cycle can be sl 2). It

will be of extreme importance for ILB modulation, as described in the next section.
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Table2.37 Sequential order of cells tuom and turnoff for FILO, FIFO and ILB, based on the
example ofFigure2.15

Positive Negative
Ist 2nd 3rd 4th 5th  6th 7th 8th 9th 10th 11th 12th
FILO #lon #2on #3on #3off #2off #loff Same as positive
FIFO #lon #2on #3on #loff #2off #3off Same as positive

ILB #lon #2on #3on #3off #loff #2off #3on #2on #lon #2off #loff #3on

5 I/lq 1 v Yooy T ooy
0 o —w Q weEl WE i
h c 8 8

(2.12)

VIC ’ o, ooy T ooy
cToo Q well g WEell g
w h e ragnwill ké the positive turn on angle
Uhorrwill be the positive turn off angle
Uh2onwill be the negative turn on angle

Unorrwill be the negative turn off angle

2.4.2. Proposedilgorithm
The proposed ILB modulatioalgorithm receives as input the reference voltage, the
NLC primary angles (with quarteavave symmetry) from which all fulvave angles will be found,
the output curreni oap and its phase angle when compaedtt he out putwpchusl t age,
voltage level. Withver, iLoap and the (fixed) number of cells of the systemthe average power,
Pavg.cen can be found using the individual power consumption as given by (2.12). The primary

angles for aix-cell CHBM, based on the NLC technique, can be also arranged as a vector (2.13).

[ rr r r r r (2.13)
where n= 1Nté

Initially, for the first cell, the algorithm creates all possible tomrandoff combinations for
both positive and negative cysleas shown iTable2.4. Observe that the first turn on angle is
fixed for the first cell, the second turn on angle for the second cell, until th&tistell. The
algorithm will use (2.12) with all the threemnaining angles and generate a three dimension matrix

of output poweP1(Nt,Nt,Nt) each one related to a possible combination. The system will then
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find the specific combinationa[b,d, with the smallest difference between the average and all

individual contributions.

~ ~

O oo [ EDlpiddo 0 4 (2.14)

Shown as an exampleTable2.4, the combination isl(6,6,5. It is a computed result, which
indicates that the first cell will turn on at the positive cycle with its originaldarangle and turn
off with the original turroff angle from the 6th cell. On the negative cycle, it will tanwith the
original angle from the 6th cell and off with the 5th. This combination is not available anymore
for any other cells (the diagonal lines represent the vathadrhis fact can be observed tihe
secondine of thematrix of possible combinationpresented in Table 2.5.

In Table2.5, the 6,6,5 combination is not shown gmore. Now forsecond cellthe same
equation will be used, but now the mathematical processing of the individual power will output a
matrix with the same order but with reduced number of elemesftst-1,Nt1,Nt1). Once again,
the closer value of powaewvith the average is found and that combination is removed from the
possibilities to the third and so ,amtil reaching theNt-1" cell. In this examplethe computed
combination 2,1,1,29 will be removed.

This approach does not give any spacecfmice for he last cell, because the order, at that
condition,will be only one possible combination for the" cell, on this cas®s(1,1,1) with the
remaining angles, but if the system could find well balanced results for all the other cells, this will
also be balanced. Increasing the number of cells improves the power balance because the number
of possibilities for turron andoff but it will require more computational power to process those

combinations.

Table2.47 Possible tirn on and f§ angles for the firstell

Positive Negative
Unl.on Dnl.off Ehz.on Chz.off
N(1) -n(1) " () 2 (1)
N(1) -n(1) " ) 2 =n(2)
n(1) "-3n(6) " +n(D) 2 “n(4)
(1) "-n(6) " +nfB) 2 “:n(6)
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Table2.57 Possibleturn on and f§ anglesfor thesecondcell

Positive Negative
Unl.on Unl.off Dnz.on Dnz.oﬁ
M(2) “-on(1) Y 2 -n(1)
’ //,’,,-l—ﬁd:—),// ’
n(2) “-n(6) " +n(b) 2 -n(4)
n(2) "-n(6) ) 2 -:(6)

The maximum computational tinte converge to the optimal solution is given in (2.15) as a
function of the total number of cells the time sté, of the simulator or controller in where the
algorithm will run. As an example, a stell system would require 441 cycles and considea
Tstepas of 1 ps (clock 1 MHz), the solution would require 0.44 ms to achieve the optimal result.

Compared to the 60 Hz grid frequency, which is approximately 40 times faster.

oHu g Y (2.15)

2.4.3. Complete CHBM Control Systemith ILB

The overall control system for a CHBM based HPA (the LPA control is not presented since
it is not the focus and not impacted by the ILB) is showfigire2.16. The system can be divided
into a few parts. The suitable frequency and amplitude detection block (detailed in grey) is
proposed in Chapter 4 afi@8] to identify the angular speed, phase angle and amplitude of an
external reference voltage, an important feature foh kit are fed from external controllers as
the signal is unknownK; will be kept by default ad. The area in orange represents the
identification of the angle between the output voltage and the output current. It creates an
orthogonal signal to the cemt,i_ oap, by a double integration of the signiéb.is set to compensate
for the gain introduced by both integrations anskiy default as 0.5.

The original and orthogonal si gnaldblockar e i nj
which will synchronize those input signals with the angle reference given by the output/reference
voltage. The signal on tlekaxis is inverted and the one on tipaxis is directly fed to an inverse
tangent block, which will provide the angletbé currenti, when compared to the output voltage.

This is an extremely important input to the individual power calculations, as shown in (2.12).
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Figure2.1617 CompleteSMPA controlsystem with proposed.B algorithm

2.4.4. System Definition and Power Curves

To evaluate the difference on the power levels of the cells, a system must be defixed. A
cell system will be used with a DC bus of 48 V to be connected in seriesnlifffathat can
output 550V (same a for the experimental validation in Secti2r8). The rated output voltage
will be 220 \Wfmsand the module of load impedance will be kept constantat48.&vhi | e it s
will be swept from-85° to 85° (using discrete 10° intervals betwef and 80°)to include from
RC to R and RL load impedances.

Figure 2.17(a) and (b) show the individual contributions of the cells for FILO and FIFO
modulation, respectively, for different load angles and rated output voltage, according to (2.1). For
FILO, the balace is improved on the extremes, at higher absolute values-dwever, once the
load is more resistive the unbalance is higher, visible on the distance between the curves. This is
expressed by the standard deviation (SDEV) in the average power denmgnifedcells of a
CHBM converter, in the blue curve ifigure2.18(a). For FIFO, one can see a significant decrease
on the unbalance for resistive loads, but the baldeteriorates at higher absolute valuesi of
The relative distance between the curves is smaller clogerGt The red curve ifrigure2.18(a)
shows the SDEV for FIF@or different loads. The yellow curve represents the SDEV with ILB.
For all the range, the SDEV with ILB modulation is lower than with any other
technique.Differently from the traditional techniques, ILB modulation does not yield a mirrored

SDEYV for pogive and negative load angles wf
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Figure2.18(b) presents the same individual power canptions but with ILB modulation,

using (212). 1t is visible when compared to traditional techniques, that ILB modulation reduces

significantly thepowerunbalance between cells, since all curves are very close together. The area
marked with the S1 label represents the resistive and capdoitid sinulated inSection 2.44.1

and S2 the simulatioresults shown isection 2.6.42 considering a resistive and inductive load.

20 - ; T 200
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Figure2.171 Individual cells consumption accordingly with the current phase for (a) FILO and

(b) FIFO modulation
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Figure2.1871 (a) SDEV to different load profiles and modulation technig(@sindividual cells

consumption accordingly with the current phasdlf& modulation

2.4.1. Simulation Results

Figure2.19s hows t he HPAOGS

used for simulationsalthough the system can output up to 1 kHz. The red curve (5 A/div)

out put

vol tage
waveforms. The desired output is a sinusoidal waveform, with 220 Vrms and 60 Hz that will be

n

represents the 45° leading current due to a resistive capacitivailead$°). The green curve (5
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A/div) shows a 60° lagging current due to a resistive inductive oad §0°). The lod profiles
are summarized iffable2.6. For both load scenarios, as the given reference for voltage will be

the same and rated, the HPAsdesr ioeust pausts ovcoilatta goen

output voltage (100 V/div), in cyan, and the

=/

= AL W A

|
0.04 005  0.06 0.07 0.08
Time (s)

Figure219T HP A6 s o0 ut ,RC toadewrénRlalgad currentS MP A@drsd L PAOG s
output voltage

Table2.67 Load profiles for snulation

Load [Z] R Xc/ XL C/L a
RC 48. 4 34.22. 34.22. 7750uF -45°
RL 48. 4 24. 2 41.91!' 111 mH 60°

24.11. Capadive ( RC) =#45)ad (0

For the first simulation, thRCl oad wi | | be connected to the
angles for cells 1 to 6 will be given by the proposed solution. Due to the elimination of the
combination angles for each cell, it is possible to observeblack curve oFigure 2.20, the
SMPAG6s output vol tage, t hat there are no cel
reproducing the expected staircasehatdutput. Another thing to observe, is that differently from
traditional technigues, there is no clear correlation between the angle a cell turns on and off for
positive and negative sefmycles. The algorithm converges to the solution showi able2.7,
within the computational time as given(&115. Figure2.21 presents the power consumption by
cell, for the traditional modulation techniques, FILO in blue and FIFO in green. FIFO is known to
improve the power balance for rated output voltage, but famlypure resistive loads, which is

visible here, since the unbalance is higher with this technique. By applying ILB modulation, the
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system reaches an almost perfect balaimcaddition with this technique, thBC power supplies
or the isolated DC outpsifor the CHBM cells can be designed for lower power consumption.

Table2.77 Turn on and i anglesfor RC Load

Positive Negative
Cell# un.on Dnl.off uwz.on 012.off
1 n(1) “-on(5) L)) 2 -on(3)
2 n(2) “-on(1) @) 2 -on(2)
3 On(3) "On(G) ’ +n(5) 2 ZOn(4)
4 on(4) "-on(2) " ) 2 “on(1)
5 an(5) "-on(4) " +B) 2 -0n(6)
6 n(6) “-n(3) " +n(d) 2 -n(5)

iy

w— 5 — 5 — 4]
Vs g

0.04 0.05 0.06 0.07 0.08

Time(s)
Figure2.207 Cellslto6out put voltage and SMPAG6s output

2411 I nductive (RL) Load (0=60A)

The second simulation will consist ofRLI oad connected to the HP
switching angles for cells 1 to 6 will also be given by the proposed solbtgure2.22 shows the
Il ndividual 6s cell voltage output and the SMPA
cells being turned on and/or off at the same time, temiog the expected staircase at the output
due to the nomepetitive approach on the elimination of the angles for eachTéelalgorithm
converges to the solution shownTiable2.8. Figure2.23 presents the power consumption by cell,
for the traditional modulation techniques, FILO in blue and FIFO in green. For this condition, the
ILB modulation could not find a solution as good laes previous one for capacitive load, but it is
still a considerable improvement on the power balance and a reduction on the power ratings

required for the DC supplies or the isolated DC outputs for the CHBM.
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Figure2.211 Powerconsumption by cell with traditional (FILO and FIFO) and proposed
modulation techniqudl(B) for a RC load

Table2.87 Turn on anff anglesfor RL Load

Positive Negative
Cell# Ehl.on 011.off uwz.on Dnz.off
1 n(1) "-0n(4) ) 2 -0n(3)
2 n(2) "-0n(3) T @) 2 “on(4)
3 n(3) -n(2) () 2 -0n(5)
4 n(4) "-on(5) T ) 2 Zon(1)
5 n(5) “-0n(1) - @) 2 -on(6)
6 on(6) "-0n(6) ) 2 “on(2)
Ve, i .
T e T
W — — /o ]

0.04 0.05 0.06 0.07 0.08
Time(s)

Figure222i Cellsl t o 6 output voltage and SMPAG6s o
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Figure2.231 Powerconsumption by cell with traditional (FILO and FIFO) gmdposed
modulation techniqudl(B) for a RL load

2.5.Conclusion

Series type Hybrid Power Amplifiers (HPAs) offer a good traffebetween cost and
performance. While the Switaddode Power Amplifier (SMPA) processes the bulk of the output
power, the Linear Rwer Amplifier (LPA) mitigates harmonic distortions and providast
tracking of the reference output voltage waveform. SMPAs consisting of Cascadsidgt
Multilevel (CHBM) converters operating with staircase modulation are a great choice for high
voltage and/or frequency applications due to reduced switching losses. However, conventional
staircase techniques lead to highly unbalanced power demands and stress on the CHBM cells,
mostly for low modulation signals.

A technigue that mitigates this issue leadlSplitVoltage Firstin FirstOut (SV-FIFO), has
been proposed and experimentally validatedt@ady statand dynamic conditions. For dine
dynamic operation, it requires suitable estimation of the magnitude and frequency of the reference
output votage, which was performed using a technique detailed in Chapter 4. In addition, a design
approach and experimental verification of a series type HPA based on a CHBM multilevel
converter operating with FILO, FIFO and SO was presented. The design apphoacludes
the sizing of the SMPA and of a voltage slew rate limiter in accordance with the voltage ratings
and slew rate of the LPA. An isolated analog controller, with feedforward of the SMPA voltage,
was devised for a commercial LPA (AE Techron 50500.Ve gating signals of the SMPA with
SV-FIFO are generated by means of a digital controller (ORALOP4510). Experimental results
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for the HPA operating under a wide range of output voltages (35 M2&tVrms) and frequencies
(60 Hzi 1 kHz) were preseed. They show the expected voltage waveforms for the SMPA and
LPA, leading to a high quality sinusoidal output voltage. The enhgmosdrbalancingfeature
of SV-FIFO was verified experimentally. Dynamic tests with step variations in the magnitude and
frequency of the reference output voltage demonstrate that the modulation scheme of the SMPA,
implemented in a digital controller, and the isolated analog controller of the LPA allow fast
tracking of the reference output voltage with no saturation of tide LP

After a comprehensive study of traditional modulation techniques for CascaBedde
Multilevel (CHBM) converter based on the Nearest Level of Control (NLC), the issue of
unbalancd powerbetween cells was observed, and it varies for different loakhcteristics (RC,
R, RL). The proposed solution, which still respects the constraints and switching angles given by
the NLC, improves the power balance between the cells fdinedir load characteristics. The
novelty is based on the analysis for alldgaofiles, in terms of load angle, varying fre85° to
85°. The algorithm and overall system was detailed and its main aspect relies on generating turn
on and offanglecombinations that will consume power closer to the average power consumption.
Simulaton results of the proposed method were carried out to evaluate the effectiveness and
impact of the proposed technique for a RC and a RL load. The results found with ILB, improve
the power balance, presenting a much lower standard deviation than theectinegues for all
the range ofbadangles, with the additional cost of a higher computational burden and the need to

read or sense the output current.
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3. STUDY OF A PARALLEL HPA

3.1.Introduction

Machine emulation (ME) is one of the maipplications of PowelHardwareln-the-Loop
(PHIL). The performance of an emulator depends heavily on the type of Power Amplifier (PA) it
employs. Linear Power Amplifiers (LPASs) produce ripple free outputs and offer high bandwidths
but are costly. SwitclMode Power Amplifiers (SMPAs) are more affordable, with higher power
density, but produce switching harmonics and present lower bandwidths. Hybrid Power Amplifiers
(HPAS) can provide a trae#f solution bridging théwo technologies. A serieonnected HPA
was discussed in Chapter 2 for high voltage applications. This chapter is concerned with a parallel
HPA, suitable for high current applications. In this case, the current sheivwgernthe SMPA
and LPA can be aissue In principle, the LPA should provdthe fast changing and high
frequency components with the SMPA providing the bulk of the slow changing and low
frequencycomponent®f the HPA current. A design procedure for the current control scheme of
the parallel HPA is presented and illustratedtiier emulation of an induction machine (IM) with
typical laboratory equipment. One of the main targets of the proposed control scheme is to
minimize the cost of the HPA, and for that, it is essential to minimize the current rating of the LPA.
This is ensur@ by using the proposed control technique, where both the LPA and the SMPA
operate with current control loops. The reference current of the HPA is that of the ME system,
computed by the Redlime Simulator (RTS). The SMPA is controlled with a lower banthwid
(BW) current loop, using the actual (measured) HPA current as the reference value, in order to
take over the current from the LPA, following a short transient. The LPA reference signal comes
from the machine model itselfh steady state, the LPA inhaily provides active power filtering
for the SMPA, reducing the switching harmonic distortion of the ME system.

A design procedure for the control scheme of the HPA is presented and illustrated for the
emulation of adirect online startup of an InductiorMachine (IM). Simulation results evaluate
and compare systems built exclusively with SMPA or LPA for Wih the proposed HPA
configuration.Experimental results are shown to validate the proposed control scheme for the
parallel HPA in ME systems. Besiddkhe impact of the bandwidths of the control loops of the
LPA and SMPA and the switching frequency of the SMPA, on the accuracy of the ME system and

on the current requirement of the LPA are highlighted.
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3.2.Machine Emulation and Real Time Simulators

An ME system consists essentially of a RTS, where the machine model is simulated, and a
Power Amplifier (PA) that is connected to a physical motor drive or the utility system to emulate
or replicate the machine terminals behavior accordirgthe@rthe instantaeous voltages applied
to its terminalsr to the drawn current line#\s discussed in Chapter 1, the most detailed machine
models are of the voltage currentout type. They take voltage as inpuk(in Figure1.20) and
output the machine reference currebdr in Figure 1.20) [65], [77]i [79]. A critical aspect of
these models is that they need to present low computational burden for the RTS. The induction
machine model used in this study accounts for machine induction variation due to saturation, which

has been presented and validated against the physical macf@iag in

3.3. Detailing of Proposed System
This chapter discusses a Hybrid Power Amplifier (HPA), with parallel LRASMPA, for

ME that offers a compromise solution with the benefits of both technologies. The LPA is to provide
high bandwidth and active power filtering of the switching harmonics of the SMPA, which
supplies the bulk of the current of the ME system. Irepotd minimize the costs, it is essential
that the current ratings of the LPA be reduced. This can be achieved with a new control scheme
where the reference value of the current coni
model o0 whi | eA, tdmastfronotiie adtulal eurréMiBwing in the coupling impedance
of the ME system. By making the bandwidth of the LIBAMra) higher than that of the SMPA
(BWswmpra), the first provides the fast changing current components while the second, the current of
the ME system iisteady stateThe impact of the ratiBW pa/BWsvpaand the switching frequency
of the SMPA {sw) on the current to be supplied by the LR&A) as well as the distortion/ripple

of the emulated machine currenidor) are alsanvestigated.

3.3.1. Proposed System: HPA Topology and Control
A Hybrid Power Amplifier (HPA) as shown iRigure 3.1, will be used in a ME system
concerning an induction maidle directly connected to an AC grid. The LPA is connected directly
to the coupling impedanckgoup While the SMPA is connected to the same node through another
impedanceLsvpa There are isolation transformers in both grid sides of the LPA and SMPA to
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prevent circulating currents. At the left sidelebup there is an autotransformer used to control
and adjust the grid voltagesess applied to the emulated induction machine.

MACHINE

COUPLING
EMULATOR A
INDUCTOR . Ve ISOLATION
icoyp lLpa LPA TRANSFORMER
CP A | G | i
; i s Viea |<m
AUTO VrEST g SMPA
S S i SMPA[Mpe | AFEC
TRANSFORMER icoue! .3/ INDUCTOR ) 1. )
L
. P /I\ ' ISOLATION
Vopa, I\i o Y " AUTO  TRANSFORMEF
.'..SME’A, Pulse Pulses | RANSFORMER
Figure3.117 Proposed machine emulator built with the parallel association of a SMPAland a
LPA

The HPA is current controlled as shown in a simplified wakigure3.2, and indetail in
Figure 3.3. Based on the sensed grid, or motor drive, voltagesy, the RTS computes the
machine currenicous*, to be synthesized by the HPPhe currentcour® is used as the reference
for the LPA as i{19], determining the control signal of the LP#_£4). The actual/sensethour
becomes the reference current for the SMRApA. A current controller processes the current
error andoroduces the modulating signal for PWM. The key requirement in the proposed scheme
concerns the bandwidths of the current control loops of the B¥&rx) and SMPA BWswea).
By makingBW pa > BWswpa the LPA reacts rapidly to synthesizgus®, and the SMR will
eventually take over this task, providing the bulkgafyr*. As a result, in steady stateza will
tend to be equal to only the error of the SMPA current control loop plus the switching current

harmonics of the SMPA.

Induction| | LPA PWM

—H Motor Current |  ———---

Model Controller| | sMPA

Ismpa Current
% Controller

Figure3.2 - Simplified control strategy for the proposeahtrolsystem

IsMPa<t
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Figure3.3 1 Proposed current control scheme of plagallelHPA for machine emulation.

A realization of the proposed current control scheme of the HPA with three LPAs and a

threephase &witch VSC in the synchronoudd0) reference frame is shownkigure3.3. At the
top left, one can see the sensed tiple@se voltagearest ancthat is used by the RTS for computing
the machine currenicour ané, according to the machine model. The current control scheme of

the LPA, onthe grey region dFigure3.3, is the same one used[i®], with a simple PI controller

76



(Pl1). The rotating frame angléfesy, is obtained fronvrest ancusing a conventional PLL. The
threephase machine reference curressur ané, at the top left ofFigure 3.3, is converted into
dqO, icour df. These two signals are compared with the actual/sensed coupling inductance
currents converted intq0, icoup dandicour g and the error is fed to a Pl controller. The current
error indg0 should be zero in steady state. Feedforward signals are adithedaotput of the Pl
controller to cancel the croessupling terms of thel andq equivalent circuits. Considering that
the LPA operates as a voltage source with a constant voltageGgif2%], the gains of the
feedforward paths a®1 = L¥our/Gs for icoup_dandicour_qandGz = 1/Gs for vrest 8NAVrEST g
The resulting signals idg0 are transformed back in&bcand then used as the control signals for
the three LPAs, one for each phase.

The current control scheme of the SMPA is shown at the bottdfigofe 3.3, in the light
red region The goal is to control the current flowing througduea ismra_abe between the three
phase SMPA and the output of the three LPAs, node CP. It is also based on a rotating reference
frame, but it employs angléra, Synchronized to the output voltage of the LPA. The reference
current for the SMPA g0, ismpa_& andismpa_¢, are obtained from senségbup ancusing angle
dira, @as shown at the top right Bigure3.3. Theerror betweersvra_df andisvea_dqis fed to a Pl
controller PI2). As for the LPA current control loop, feedforward signals are added to the output
of Plo. For a thregohase VSC with &oltage gairGs = Vpc/2, whereVpc is the DC bus voltage of
the VSC, the feedforward gains &g= L¥mpAGs for ismpa dandismpa_qandGs = 1/Gg for Vipa d
andvLpa ¢ The resulting signals of the current control loodag@ are converted back &bcusing
angled.ra to obtain the modulating signals for generating the gating signals of the SMPA with
Sinusoidal Puls&Vidth Modulation (SPWM).

3.4.Control & System Design
Theschematic shown iRigure3.4 will be used to find the minimum requirements ¥osa,
vsmpaandVpce. To start with, one needs theaximum input voltagef the machine to be emulated,
vrest The line current drawn by the emulated machine is the same that will flow threogh
hence it will be calledcour. The current will have a phase when comparedrtes;, which can
have any v al herethe 4Qcapadiiestofdhe ystdhis very important to consider
that the ME must be designed for staptand transient conditions, not only for steady state. This
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is reflected mainly oricour, Since this current must consider the maximum value fok pea
condition during startip of an induction machine (between 7 and 10 times the rated current).

L L SMPA AFEC
COUP SMPA )
: Qé | + ( )
+ + iLcoupI + I Irl-:n:;\?. \V/ + ) T | LS ’
Vs VTEST+Vicoup-  Vipa +Vismpa- o) | Voc 5
L= L- i L =

Figure3.41 Schematiof the HPAME used fovLpa, Vsmpa@ndVpc design

3.4.1. LPA and SMPA Voltag®efinition
Equations (3.1) to (3)aepresent the stdpy-step approach to determine the LPA output
voltage requirement, based on the schematic showigure 3.4, ushg the second voltage loop
(the first is irrelevant to the study). The currésdup for this case must be the maximum rms
current during startip. A Safety Margin,SM, must be used in (3.6o0 ensure that the LPA will
not saturate if a higher voltage exquired during transient conditions. The parasitic resistance of
the inductor is not considered. The polarities of the voltages and direction of the current are shown

in Figure3.4, wherev,pais the maximum voltage requirement from the LPA.

o b b om (3.1)

0 0 0 (3.2)
'aQ

\ \ 0 3.3

0 0 0 o (3.3)

where vrestis the timevariant phase voltage of the machine model
VicoupiS the timevariant voltage drop acrotsoup
Vi pa IS the timevariant phase voltage requirement from the LPA
Lcouris the coupling inductance between grid and machine emulator

icoupis the timevariant current of the machine model

The plus/minus signal is considered in [3d&e to the possibility of #icourto be in any
phase when compared\eesy, since the 4Q capacities of the system.
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\ 3.4

0 0 0 05 (3.4)

0 0 0 H 7 (3.9

O YD O 0 H (3.6

where U pais the peak phase voltage requirement from the LPA
UTesTis the peak phase voltage of the machine model
Hupis the peak current of the machine model
SMis the chosen safety margin for the LPA
¥ Iis the highest &ahgumafghgbpéed required by

By using the third voltage loop shownhkigure3.4, it is possible to determine the minimum
requirements for the SMPAeakoutput voltagevsvwea Equation (37) to (3.10Q represent the

systematic approach for determining it.

b U 0 n 3.7
o v 0 0 i (3.9
o 5 0 0 (3.9
QHY QH
\ \ 0 0 3.1
0 0 0 o5 U 05 (3.10

where vswvpals the timevariant phase voltage requirement from the SMPA
Uswmpais the maximum phase voltage requirement from the SMPA
VismpalS the timevariant voltage drop acrogswea
Lswmpalis the inductance between SMPA and coupling network
kuhals the peak auent of the SMPA

Considering that the SMPA will end up sinking the fundamental component of the coupling
currenticoup = ismpa Equations (3.11) and (3.12epresent the system using the same current,
showing the required fundamental peak voltegpiirement for the SMPAhe plus/minus signal
is considerd due to the possibility of theoupto be in any phase when compared+igt
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(3.19)

0 0 0 O H T (3.12

Considering a two level, thrgghase inverter, the DC bus requirement fBM8V can be
found using (3.1B For other switching techniques, such as space vector modulation, the DC bus
requirement can be approximately 15% smaller

W cL (3.13

3.4.2. Coupling InductoiDesignConsiderations

An inductor is usually employed to couple two AC voltage sources, such as in grid connected
Voltage Source Converters (VSCs). Considering that the VSC switches at fxdpitency, there
are switching voltage harmonics in their AC side, what will lead to current harmonics injected into
the grid. These can be attenuated by a fAl arge
is to select the coupling inductor so thdintits the magnitude of the dominant current harmonic
(In) to a percentage) of the rated fundamental current of the VSC according to

d) .
Q QO (3.19

0

where Vsvc nis the rms value of the dominant voltage harmonic of the VSC
¥ i f3, thffequency of the AC grid in rad/s
his the order of the harmoni, (f1)

Isvc ratediS the rated current of the VSC

It is evident that one can reduce the size of the couplathgctor by increasing the switching
frequency. However, this will lead to an increase in the switching losses. Conversely, a low
switching frequency will require a large coupling inductor, which in turns will lead to a higher DC
bus voltage for the VSC assdussed in Section 3.4.1. Therefore, a taffl@eeds to be considered
when selecting a coupling inductor.

In the particular case of the parallel HPA, as showfigare3.4, two coupling inductors are
required.Lcoup between the AC grid and the LPA anglirabetween the LPA and the SMPA. In

principle, since the LPA does not produce any switching harmdniggc oul d be made i
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while Lsmpawould be sized to take the bulk of the attenuation of the harmonic currents injected by
the SMPA into the AC gridOn the other hand, the LPA that is controlled to synthdsigg as
discussed in Section 3.3.1, should also be able to assist as an active power filter. For that, its output
impedance at the frequency range of the switching harmonics of the SMPA skdotdebthan
thatof Lcoup Thus, using a larger than minimal value ggup can be beneficial for reducing the
overall coupling inductancekeoup+ Lsmpa required for the series type HPA.

Considering the phasor diagramAigure3.5, it is possible to visualize the maximum range
of Vipa, the RMS value ot pa. The LPA output voltage must withstand or be able to output any
voltages inside the upper circle. The worstdition is generated by daour laggingVrestfrom
90°, which will causé&/Lcoupto be in phase witNress requiring the highestipa, based in (3.6).
The same analysis can be extendedsigra as presented in (3.12). Both equations are represented

in the phasor diagram &ligure3.5, with the slight change from peak to RMS values.

Figure3.51 Voltage and current phasors to assist oM, Vipa, Lcour andLsmpa
determination with one example

3.4.3. Minimum RequiredHPA Bandwidth
The chosen mod¢64], [75]t o vali date the proposedbsyster
HP machine with a stator r esindutteamcetaourmbmid, . 9649
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which results in a time cstant of around 5 nas. Il n ot her ter ms, foll owi

input/grid voltage, the input machine currents would present a transient response corresponding to
a first order plant with a time constant of 5 ms. Therefore, the HPA should be apfgttesize a
current with this characteristic with enough accuracy. The time constant foruatiandmnachine

is given by (3.h), as a function of the stator leakagductanceL;s and the stator resistandg,

Yy (3.15)

Figure3.6 represents an ideal step jlue and a transfer function with a time constant of 5
ms in red, as described in (3.16) ind®main and (3.2) in time-domain. The 5 ms time constant
corresponds to a signal bandwidth of 200 rad/s or 31.83 Hz. Now the signal with the time constant
of 5 ms will be used as the input for another block that will try to recreate that signal. These blocks
will simulatethe closed loopdndwidth of the HPA, as in (38}, by utilizing corresponding input
output transfer functions, metikd in Sdomain. Equation (3.19B.21) represents the ME transfer

functions, considering the dynamics from the model and the limitationsthe HPA controller.

o p
Y —/——
¥ Z b (3.16)
o p Q°f (3.17)
N oy p
00 O izt'-“Q o (318)
Ny ey vy p P
Yo ¥ ¥ Y oisY iz p %24 P (3.19)
. - Q
YoV g piT0 (3.20)
. Qo . o 0. .
(o0 Q tRp QQtQe p (3.21)

In Figure3.7, several control bandwidths were tested in simulation, from 1.5x to 80x, which
corresponds from 47 to 2,546 Hz. The higher the control bandwidth (and thtithevinput signal
bandwidth), the closer the output signal is to the given referenééguine 3.8 a zoomed area is

presented, frorfrigure3.7.
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One possible way to evaluate the speed of response and accuracy of the multiple control
bandwi dt hs s to compa rige=5a)signaldoy eévauatingaleroor t he r

between them, as in (2 manipulated from (3.1&nd (3.24).

v o~/ . \ e O o . Q0 T e~ O
Oligipd YO "Yo0 QQtlr Q thp 1Q°t (3.32)
1
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Figure3.71 The machine emul at or inge Hmsiandanlltele dutputse s po n s
controller blocks witldiverse bandwidth
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Figure3.81 Zoomed region oFigure3.7

In order to find the appropriate minimum bandwidth, a key target must be determined, which
Is the maximum error. For this application, by design choice, the control bandwidth must allow a
maximum error 02%, which is represented in (3)2By solving theequation fok, it is possible
to find the result as shown in (&2 This represents a minimal bandwidth of 1.4 kHz that ensures
error below the range @%. The error signals for a low of 5 up to 80 are presented, including
the recently defined targefith k = 45.8. Bandwidth higher than 1.47 kHz will ensure a small error
on the reference tracking not only for the machine model but also for any other use of the HPA
system as power amplifiefigure 3.9 presents the error plot for three different scenarios, a small
k of 5, the minimunk that will result in the 2% error (343 and &k that will result in a bandwidth

close to the limit of the proposed control and HRAIichwill be discussed in the next section

[ ADiind & gy TBG (3.33)

Qota (3.24)
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Figure3.91 Error between the machine emulator equivalent responseifgras ms and
multiple outputs controller blocks with diverse bandwidth

3.4.4. Control Design

The PI controllers for the current control loops of the L BMPA are designed assuming
that one loop will not interfere with the other. This is suggested by the fa8Whak > BWsmra
by a factor of 2.5 or more. In general, the high¥t 4, the better one can tratkour . Likewise,
the higheBWswra the fastethe SMPA can relieve the LPA from providing the emulated machine
current, thus reducing the peak current and the power the LPA has to supply.

This study, besides proposing the HPA with parallel LPA and SMPA and its associated
control scheme for voltagie and currerrbut machine models, intends to assess how the ratio
BW pa/BWsmpaand the switching frequency of the SMFA) affect the currertb be supplied by
the LPA (Lrn) as well as the distortion/ripple of the emulated machine curikgnir). For that,
BWLpa Will be set at 2.7 kHz, which is the upper limit to keep the system stable (considering the
further discussed phase and gain mardorsthe given computation time of the RTR € 20s).
ConverselyBWsvpawill be varied, set at 150, 250 and 350 Hz, for switching frequencies of 1980,
3060 and 9960 Hz. Then, a specific case Bilsvmpa= 1000 Hz andsw = 9960 Hz will also be
consideed.

Next, a design approach for the current control loops is presented and exemplified for the

emulation of thealirect online startup of an induction motor. The induction machine model is of
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the voltagein currentout type and includes main and leak#ige saturation as described[B4],
[75] The chosen machine model has a time @og3.25 of 5 ms.
The RTS used in this study is an OP4pM4], from OPAL-RT, that has a computation time,
Tc = 20ps, when the control action is performed on the CHt# voltage and current sensors are
the OP5511128], from OPAL-RT, with a time constari; = 20 ps. The LPA is an AE Techron
7548[25], with a time delayf¢ = 500 ns. Its gain in the voltage mode is fixed and ségte 20.
As in[19] a coupling inductancecour = 4.15 mH and an estimated resistaReeup= 0. 2 Y was
used. Concerning the SMPA, it presents a DC bus volifage 150 V and a coupling inductance
Lswpa= 2.482 mH and estimatedsistancéRsmpa= 0. 2 Y.

3.4.4.1. LPA ControlDesign

The simplified block diagram of the current control loop of the LPA, excluding the
feedforward branches, is showrFigure3.10. There one sees that tR&S is modelled by a time
constant;Tc, with unity gain. The LPA is also modelled by a tio@nstant,Tq, and a gainGs. The
model also includes the impedance of the coupling inductageep in series withRcoup. In the
feedback path, the unity gainreent sensor is also modelled by a time consfant,

The parameters of the PI controller are calculaté¢has 4 andKiz = 80 for a bandwidth of
2.7 kHz and a phase margiP\() of 52°. The Bode plot of the compensated loop transfer function
for the LPAIs shown inFigure 3.11, where one can see that tihesign specifications are met.

Table3.1 summarizes the main parameters concerning the control loop of the LPA.

CURRENT COUPLING
i . CONTROLLER_RTSTF LPATF INDUCTOR i
coup KP1+ K|1-|9 1 % G3 yRCOUP coup

S |l 1+sT. 1+sTy 1+ sLcour/Reoup
Vi
EZ(S) LY icoupﬁ 1
1+sT;
SENSOR TF

Figure3.1071 Current control loop of the LPA

86



Bode Diagram
' \/ PI contioller Zero

tAcouppole | —LPa OL

ul
o

«<— current
_50_
G.M.: 14.3dB

'Freg 5e+04 rad's
_150/Stable Loop

e

Magnitude(dB)

Phasgdeg
=
w
a1

N
N 00
iIR=)

Freq 1.72e+04rad's k
2270 P.M.: 52.1 deg | |

I ; \/
10° 100 102 10 y](rq;‘ d/8)105 1 10

Frequenc

Figure3.111 Compensated loop transfer function of the LB pa= 2.7 kHz

Table3.17 Parameters for the design of the current control loop of the LPA

T4 500 ns

Tc 20 us

Tt 20 us
LC OUP 4.15 mH )
Reoup 0.2 Y

Gs 20

Kp1 4

Ki1 80

3.4.4.2. SMPAControl Design
The simplified block diagram of the SMPA is similar to that of the LPA, as shoWwigume
3.12. The main difference is on the model of the power arapliWith a SMPA, the gain of the
amplifier depends on the DC bus voltdge= Vpc/2 and peak value of the carrier signah, The
time constant varies with the switching frequenicys 0.5fsw. The parameters of the PI controller

are computed for the various intended operation conditiBi%vra and fsw, as previously
mentioned and for BRM between 60 and 65°.
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Table3.2 summarizes the parameters concerning the control loop of the ShijAe3.13
shows the Bode plots of the compensabgenrloop transfer function of the SMPA, which
correspond to the casebminimumand maximurBWsupaandfsw. The Bode plots for the other
operating coditions are between those two curves, with the expé&ésandPM.

CURRENT SMPA& SMPA
+ CONTROLLERRTSTE PWMTF INDUCTOR

IsmpaA

Kpr + K 1 GGIVm ]/RSMPA swpa
P TIZ-Ié 1+sT, K 1+sT, -I?l"'SLSMPA/RSMPA

{Ey(s) Memes .  VsmpA
Ismpa 1

1+sT;
SENSOR TF

Figure3.121 Current control loop of the SMPA
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Figure3.1317 Compensated loop transfer function of the SMPA. Bl&Wgypra= 150 Hz fsw=
1980 Hz); Grey BWsmpa= 1 kHz,fsw= 9960 Hz)
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Table3.27 Parameters for the design of the current control loop of the SMPA

Vm 1V
Te 20 ps
Tt 20 ps
P A 2482 mH
25 b A 0.2 Y
Vbc 150 V
Ge 75 V (Vbo/2)
VrEsT 80 V (line-rms)
f1 60 Hz
fsw 1980 Hz
Ts 252.525 us
15t Case 2"d Case 34 Case -
BWsmpa 150 Hz 250 Hz 350 Hz -
Kp2 0.033 0.056 0.0875 -
K2 1 1 1.75 -
fsw 3060 Hz
Ts 163.398 us
4" Case 5 Case 6" Case -
BWsnvpa 150 Hz 250 Hz 350 Hz -
Kp2 0.033 0.05 0.075 -
Ki2 1 1 1.5 -
fsw 9960 Hz
Ts 50.2 ys
7" Case 8" Case 9" Case 10" Case
BWsmpa 150 Hz 250 Hz 350 Hz 1000 Hz
Kp2 0.03030 0.0524 0.075 0.25
K2 1 1.75 1.5 5

3.5. Simulation and ComparisonbetweenSMPA, LPA and HPA asME

This section will compare by simulation tireplementatiorof the SMPA and LPA alone
and its combination to build th¢PA. Figure3.14(a) and (bshow in a very high levelthe systems
under evaluation with thEMPA and LPA. For the first, three bandwidths will be considered to
evaluate how fast and accurately the SMPA can draw the emulated cuwsergd svea as
described iMMable3.2, as coupling elementoF thelast,only thehighest bandwidth is considered,
while usingLcour as given inTable 3.1 as coupling element. The grid, test and bus voltages,
control parameters and additional constrairs also the same describedlable 3.1 and Table
3.2. As a way to compare the systems, the maximum error between the reference and output signal

will be evaluated.
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Figure3.141 High level systems under evaluation (a) SMPA as WELPA as ME

For all following simulations the currents drawn from the machine emulator (either SMPA,
LPA or HPA) will be evalatedbased on an induction machibérect On-Line (DOL) startup
considering a random tuien time of the grid signal (between 0 and 360°). The simulation uses
the same machine model that will be further used on the experimental validation, avajidjle in
Simulations are carried in the Matlab Simulink platform.

Figure3.15, shows the reference current (in blue) for a DOL stpraind the currents drawn
by the SMPA as ME, as shown kigure3.14(a). The red line represents the current drawn with
the lower currentlosed loopcontrol bandwidth of 150 Hz, the green represents the 350 Hz and
the purple the 1 kHz. To achieve higher bandwidths, higher switching frequencies mastibe u
and consequently higher will be the switching losses of the system, so-affratest be taken
into account. For the simulations, the respective switching frequencies were used: 1980 Hz, 3060
Hz and 9960 Hz, respectively. It is clear that for lowandwidths, the error at the stag
condition is significant, as shown figure3.16, following the sameolor patterns.

The RMS value of the drawn currentghich will further be used as a comparison variable,
Is constant around 31 A, for any of the bandwidths. Even though the transient portion of the DOL
for the given model takes roughly 0.25 s, the RMS value is calculated for the window of interest
of 0.05s,because it is the most significant interval of interest for this application. The peak error
between the drawn and reference current reached approximately 22 A for the lower bandwidth, 11
A for the middle bandwidth and 4 A for the higher.
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Figure3.1671 Error in the currents draw by the SMPA as ME with different bandwidths for an
IM DOL startup

Considering the sole use of an LPA as ME, as indicatE@yure3.14(b), Figure3.17 shows
the simulation of an IM DOL stattp. The current control bandwidivas set at 2.7 kHz, which is
the limit for steady operation (phase margin of 52°, as previously described on the control design
section). The drawn current of the LPA can be seen in thevagdform while the reference is

given by the bluavaveform It is effortless to see the higher speed and smaller error (simown
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Figure3.18) of the LPA as ME. The RMS value of the drawn current for the LPA is zippately
31 A while the error between the drawn and reference current reached 1.2 A.
Including the previously mentioned in Chapter 1, price/kW for both systeigste 3.19
shows a comparison between the average cost for a SMPA, operating with 350 Hz bandwidth and

3060 Hz as switching frequency (in dark blue), LPA (dark red) and HPA (dark blue/red and
orange) aME.
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Figure3.171 Currents draw by the LPA as ME for a current control bandwidth of 2.7 kHz for an
IM DOL startup
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Figure3.181 Error in the currents draw by the LPA as ME for an IM DOL start
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Figure3.191 Comparison of the cost and peak error current for ME built with SMPA (dark
blue), LPA (dark red) and as the proposed H#k blue/red and orange)

In theupper part oFigure3.19, the power is calculated using the RMS currents and considers
a threephase system with 22@0rms as lineto-line voltage and the price/kWh is then applied,
using USD as currency. On the bottgart of Figure 3.19, the maximum or peak error in the
drawn currents is displayed, directly linked to each system above.

It is clear that the SMPA as ME (dark blue) presents the lower cost with the highest error.
On the other hand, the LPA as ME (dark red) presents the lower error at the higher cost, 25 times
higher than the SMPA. The HPA solution on the other hand presents the same lowest error with a
remarkable cost reduction when compared to the LPA. The simulations show that even with an
average bandwidth on the SMPA, with balanced switching losses, tusiomcof a reduced
current LPA can significantly increase the bandwidth of the system, decreasing the transient errors
and crucially enhancing the quality of the output. This solution will be experimentally validated in

the next section.
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3.6. Experimental Results
3.6.1. Overall System
This section describes the experiments carried out with the proposed topology and control
strategy of the HPA for ME. As a case study, Eneect On-Line (DOL) startup of an induction
motor was selected. The system is built using the same topology shé&wguia3.1 and control
strategy inFigure 3.3. The main objective is to demonstratattivith the proposed scheme, one
can achieve a high bandwidth for the HPA with the LPA providing the emulated machine current
during a short transient. Since LPAs typically have a maximum time during which they can supply
a peak current, it is importanttbe monst rat e t hat byBVYwdomecan ng a
keep the peak current time of the LPA within allowed values. Another secondary aspect to be
considered is the@otential action of the LPA as Active PowEilter (APF) to the switching
harmonicscreated by the SMPA. This helps keeping the current distortion of the HPA at low
values.Figure 3.20 shows the experimental setup of the proposed HPA, consisting of parallel

current controlled LPA and SMPA, for ME systems.

In the exerimental setughd LPAs are 4Q 7548 from AE Techron. The SMPA and its AFEC
are built with two threg@hase &witch IGBT VSCs (Semikron SemiTEACH). The results were
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collected using a Yokogawa DLM3000 Mixed Signal Oscilloscope. All parameters for the
experimental validatioare presented ihable3.1 andTable3.2. A graphical user interface (GUI)

and a protection interface was built using Matamulink (running on the CPU of the OPART
OP4510) to control and starp all the subsystems. The ME systalso contains an external
analog protection circuit, which, if activated, will block all gating pulses for the switches. It
monitors the DC bus voltage, between the AFEC and SMPA, and the currents of the SMPA, LPA
and AFEC.

3.6.2. Lower SMPA Switching Fequeng 1980 HZi Cases 1 3

Figure3.21shows the reference current given by the machine miadek(), in blue, during
direct online startup of an induction machine. The actual HPA currexiup) is shown, in red,
with its reference level shifted up to facilitate the comparison ibr . The SMPA current
(ismpp is shown in green and the LPA currepi4) in pink. The stardup time is not synchronized
to the grid voltage and it varies accordingly with the phase anglesf As a resultjcour , Will
not present necessarily the same waveform for the various tests. For all the experimental results
CH1 isicour, CH4 isicour, CH2is isupaand CH3 i pa. All vertical scales are 10 A/div, while
the horizontal scale has the main window at 500 ms/div, Zoom1 at 10 ms/div and Zoom2 at 5
ms/div.

For the first casefigure3.21, fsw = 1980 Hz andBWsvra= 150 Hz (a), 250 Hz (b) and 350
Hz (c). The ratio betwedprpa andinpachanges from 443% t030.93% and finally t023.626 with
the increase of thBWswvpa showing that with a highdBWsvpathe SMPA takes over the current
from the LPA, fasterOne can observe that, in the enga decreases to about OA, contributing
only with the switching harmonic compensation due to the action of the SMPA. As expected, the
SMPA takes over the task of providing the emulated machine current computed by the RTS. The
current ripple in the waveform @fupacan be easily observed on the second zoom window, in the
steady stateondition. It is mostly due to the switching harmenibut there are alsd"mnd 7'
harmonics created by the 5 ps demge used in the SMPA VSC. These harmonics however do

not appear at the emulated machine curiestf), due to the filtering action of the LPA.

95



YOKOGANA 2019/10/29 05:30:40 MormHiRes  Edge CH1 £3.2 A YOKOGAWA 4 2019/10/29 05:49:25 MormHiRes  Edge CH1 £3.2 A
1.25M5 /5 N Single Stopped 1 1.25M5/5 N Single

Stopped
D 10.0 A M F 10.0 A i D 100 AviE  fo 10.0 AuliE

 500ms/div | 500ms/dv |

(b)

NormHi-Res  Eclge CHI £3.2 A
1.25M5/5 N Single

 00mss/div |

Zow2 : 625 & Cnefdv |

| o Fa\ AN

T T VI WP Y STV SRR VAR S A

<

it

(c)
Figure3.211 Experimental results of the emulator response for an induction machine start up
with fsw 1980 Hz andBWsmea(a) 150 Hz (b) 250 Hz (c) 350 Hz

3.6.3. Intermediate SMPA Switchingréquency 3060 Hz Cases 4 6
Presented ifrigure 3.22, the second switching frequency is evaluated, Wwitke 3060 Hz
and BWswpa= 150 Hz (a), 250 Hz (b) and 350 Hz (c). The ratio betwgenandinpachanges
from 43.1%% t027.2®%6 and finally ta23.70% with the increase of tH®Wswpa This improvement
shows the benefits of a highB¥smpato take over the LPA current faster astows thepositive
impact but still small,of increasing the switching frequenityreducing the ratioAs theBWsvpa

were the same as the first condition, the speed of the SMPA in taking over the current is similar.
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Figure3.221 Experimental results of the emulator response for an induction machine start up
with fsw 3060 Hz andBWsmea(a) 150 Hz (b) 250 Hz (c) 350 Hz

3.6.4. Higher SMPA Switching Fequency 9960 Hi Cases 7 10
In Figure3.23the results are presented for the highest switching frequency under evaluation,
fsw= 9960 Hz. The bandwidths under analysisBWé&vpa= 150 Hz (a), 250 Hz (b), 350 Hz (c)
and 1000 Hz (d). The ratio betwegpa andinpachanges fromd#1.76% to 1210% at the last
condition with the increase of tiB\Wsvpa After the transientjLpa is corsisted essentially of a
small current ripple. These reductions aohieved due to the faster {2imes) response of the
SMPA current control logpn comparison witlBBW pa. In order to increasBWsmpa it is usually
required to increaskw In addition,due to the highsw, the ripple inismpais very small, but the

LPA still prevents it from flowing to the input of the emulated machine. In general, one can
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conclude that the actual contribution of the LPA in the proposed HPA for such a low (~ 2.7) ratio
BW_ pa BWswpy is very small.
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Figure3.231 Experimental results of the emulator response for an induction machine start up
with fsw 9960 Hz andBWsmpa(a) 150 Hz (b) 250 Hz (c) 350 Hz (d) 1 kHz

3.7.Comprehensive Analysis of the Results
The feasibility of the proposed HPA for machine emulation, wattalel current controlled

LPA and SMPA, has been demonstrated experimentally. It was also shown that, forE\diwen
as one increas&®W\svra the peak value afpa, during transients, decreases, what should allow
the use of lower current and lowerstbPAs. However, to increasB¥\kvpa One needs to improve
the harmonic spectrum @fura So that the switching harmonics are sufficiently attenuated and the
output signal of the PI controllers are virtually DC. This is usually achieved by increasing the
switching frequency of the VSC. Actually, the radethumb of limiting the bandwidth athe
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control loop to 120% of the switching frequency, or dominant harmonic, is frequently used in
practice.

PI controllers for 10 different casesBM\svpaandfswwere designedtigure3.24 shows how
the ratioi_palinpa varies withBWsvpaandfswy, for BWL pa = 2.7 kHz and for the emulation of the
DOL startup of an induction motor with an electric time constant of 5 ms. Tiher@ossible to
observethat theBWsmpahas a significant impact on the rafiga/inea. In fact, for a high enough
BWswmpa the ratioiLpa/inpa becomes so low that an LPA becomes unnecessary. On the other hand,

fswhas a minimum impact. However, one should make surdihaira< 0.2fsw, as considered
in this study.
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Figure3.241 Variation ofi_palinpa for all 10 considered casesB¥\sypaandfsy.

Figure 3.25 presents the analysis of the accuracy (or error) for the whole DOtuptart
emulation, based on the experimental results presented in Figure33fa@dthe threbandwidths
considered forite SMPA.Figure3.25 presents the overall and complete DOL st@artaccuracy,
while Figure 3.26 will show the error at the beginning of the DOL dfidure 3.27 will show the
error for steady state, aftihne IM has reached nominal speed. The qualitative analysis will be done
overFigure3.26 andFigure3.27. In Figure3.25(a) the HPA accuracy is evaluateée¢b{s* - icour)

in the top graph and the SMP&dus* - ismpa in the bottom graph whilBigure3.25b) presents
the LPA {cour* - ismpa- iLPA) Current accuracy.
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Figure3.251 Accuracy plot of experimental results (error between the drawn and reference
currents) of the a) HPA, top, and SMPA, bottom; b) LPA

Considering the beginning of the DOL stapt, in the top graph dfigure3.26(a), the HPA
current error is measured by comparing the reference cugegiat with the HPA currenti€oup).
For all the SMPAG6Gs bandwidths, the error in
to zero after the transient (as it can be sedfigare 3.27(a)), showing the high accuracy of the
system. The results for the first comparison are similar and seem independent of the SMPA
bandwidth. That can be explained because even though the SMPA is slower with slower
bandwidths, the LPA bandwidth is higlnough to compensate even for the worst case, with the
lower SMPA bandwidth. These results are shown as the error of the LPA, which can also be
understood as a residual error of the system. It is based on the difference betvigan éneor
(icour* - isvra) and the LPA current LPAp»). It can be seen iRigure3.26(b) the results for the
LPA current error according to the three SMPA bandwidths reggheak values around 0.5A,
corresponding to approximately 2.5% of the HPA peak current of 20 A. The lower gfaighief
3.26(a) shows the performance and accuracy of the SMPA (not alone, as a part of the HPA) based
on the difference of the reference curreats* with the SMPA currenti§vps). In this graph, it is
possible to see the decreasing accuracy and higher errorhsittower control bandwidths.
Differently from the HPA current, the error in the SMPA never goes to zero because of the
switching harmonics, as it can be seeifrigure3.27(a). Lastly, it can be seen kigure3.27(b)
the results for the LPA current error when the LPA is compensating only the switelnmgrtics
generated by the SMPA.
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Figure3.261 Accuracy plot of experimental results for the initial part of the DOL, presenting
currents of the a) HPAop, and SMPA, bottom; b) LPA
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Figure3.271 Accuracy plot of experimental results for steady state, presenting currents of the a)
HPA, top, and SMPA, bottom; b) LPA

The higher the SMPA switching frequency (8\kwvra), the smaller is the size of the LPA.
This also reduces the requirement for the LPA itself because the current ripple will be naturally
reduced and filtered by the coupling inductor. Further increasttesa parameters would further
enhance the performance of the machine emulator with only the SMPA, although the LPA could
still be used for compensating low order harmonics and transient responses.

Another important aspect shown by the experimetdtdis that the LPA must be designed

mostly for the peak current but for a small interval. This peak current will be set by the output
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