The
University
Yo Of

@ Sheffield.

This is a repository copy of A Model-based Predictive Current Controller for a
Back-to-Back Connected Multilevel Converter Aerospace Starter-Generator.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/104113/

Version: Accepted Version

Proceedings Paper:

Williams, R., Foster, M.P. and Stone, D. (2016) A Model-based Predictive Current
Controller for a Back-to-Back Connected Multilevel Converter Aerospace
Starter-Generator. In: IECON 2016 - 42nd Annual Conference of the IEEE Industrial
Electronics Society. IECON 2016 - 42nd Annual Conference of the IEEE Industrial
Electronics Society, 24-27 Oct 2016, Florence, Italy. IEEE . ISBN 978-1-5090-3474-1

https://doi.org/10.1109/IECON.2016.7793150

© 2016 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other users, including reprinting/ republishing this material for advertising or
promotional purposes, creating new collective works for resale or redistribution to servers
or lists, or reuse of any copyrighted components of this work in other works.

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

A Model-based Predictive Current Controller &or
Backio-Back Connected Multilevel Converter
Aerospace Starter-Generator

R. H. Williams, M. P. FostérD. A. Stone

Department of Electronic and Electrical Engineering
The University of Sheffield
Sheffield, UK
“m.p.foster@sheffield.ac.uk

Abstract—The application of predictive current control to a  techniques may be used to reduce the THD whilst driving low
multilevel converter is explored for application in an aerospace  inductance machines [2,3,10-13,19]. In [2,3] the application of
starter-generator system toinvestigate how such assystem may be  a multilevel inverter to a S/G system was examined as a method
used to limit the harmonic distortion in the starter-generator’s  to reduce THD. Improvements are also achievable through
stator current waveform and also at the point of common  advanced modulation techniques and control and considerable

connection with the aircraft supply system. Theproposed system  research has been conducted on improving performance using
is analyzed, and a prototype converter and aerospace generator predictive control techniques [14-19].
are used to provide experimental testing results. During testing a

dynamometer is used to reproduce the turbines torque speed In this papera Model-based Predictive Current Controller
characteristics. (MBPCC) is used to improve performance by using a model of
the load and the power converter to predict the optimal switching
I. INTRODUCTION states which will force the current towards the reference value

The control of the power converter in aerospace Startef14-18]. In this study it is assumed that the electrical
Generator (S/G) systems is becoming a significant research af@zaracteristics of both the power converter and S/G are known
as engine manufacturers adopt this technology, within the Mof€ reasonable accuracy and so compensation is not required to
Electric Aircraft Initiative (MEAI) [1,2,3,7,9]. The power correc;t for model inaccuracies in th!s specific appllcan@n. .
converter design for this application is challenging due to théescription of the S/G system is provided along with an analysis
operating requirements: the system must provide bi-direction@f the multilevel topology adopted. The complete controller is
power; have a wide operating speed range from standstill up giscussed with emphasis placed on the mathematlcal models that
the S/Gs maximum speed; low weight and volume and comphprm the backbone of the MBPCC. Experimental results are
with stringent aerospace standards [4,5nother desirable Provided using the developed controller and a prototype
feature is the ability to minimize the harmonic content of thesonverter. Experimental results, obtained using a conventional
current waveforms at both the bus connection point and in tHeglrrent controlled system, are also presented to allow
SIGs stator [2,3]Reducing stator current Total Harmonic COmparisons to be drawn.

Distortion (THD) permits the winding inductant®be used as
the sole source of filtering therefore saving weigherospace Il. AEROSPACE STARTERGENERATOR SYSTEMS

standards [4,5] impose stringent limits on the harmonic content Aerospace gas turbines are typically started using an air
of the current flowing at the distribution bus connection ofdriven starter turbine which is mechanically coupled to the
power converters. Any method that enables power converters ¢ompressor shaft. Compressed air is bled from the aircraft’s

reduce the THD at their bus connection is beneficial. Auxiliary Power Unit (APU) to supply the turbo starter [21,22].
) ) A generator is also coupled to the engine shaft to supply the
Improvement to a converterpower quality can be achieved i iafi°s electrical requirements. A key objective of the MEAI

through hardware modifications and control techniques. Thg, tne abandonment of pneumatic starters and separate

simplest - hardware = modifications include increasing theenerators in favour of an all-electric S/G thus reducing weight
switching frequency {f or add additional choke inductance. ;¢ the turbo-starter is no longer required.

Increasingdis not always feasible, particularly at increased high

current ratings due to device limitations ratings for S/G The power converter is a key component in the S/G system.

applications are typically 120 kVA or higher [6-9Although ~ During starting mode the power converter draws electrical

additional filtering may improve the power quality, it comes atoower from the APU and supplied to the S/G causing the turbine

the cost of increased system weight. to accelerate. This process continues until the engine has reached

, __the ignition speed«;). At this point the engine may be ignited,

Converter topology has a great influence on power q‘_Jal"gjuus it continues to accelerate under both its own power and that

and there has been a lot of research into how multilev upplied by the S/G. Once the engine has reached idle speed



(widie), it enters generating mode. The converter draws electrical A five level diode-clamped configuration is used throughout
power from the S/G to supply the aircraft’s electrical loads  this study since it offers greater reduction in THD than the more
which are connected to the distribution bus. Figure 1 provides@mmon three-level, Neutral-Point-Clamped (NPC) inverter.
block diagram of the system showing the direction of electricalhe schematic for the five-level, battkback connected, diode
power flow in both modes of operation [2,3[he torque-speed clamped converter used throughout this study is shown in Figure
profile is described in further detail in Section V where the2. The convention used throughout this paper is that Unit 1 and
dynamometer emulator system is discussed. Unit 2 refer to the bus connected and machine connected
inverters respectively. The units are connected together via a
four level DC link containing a capacitor bank to provide
decoupling [10].
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Fig. 1. Direction of power flow during both stagiand generating modes
Lo . i Common DC Link
The majority of aerospace engines feature a Wound Field

Synchronous Machine (WFSM) generator [3,7,20,22] since Fig. 2. Five-level backe-back connected diode-clamped multilevel converter
provides easy regulation of the back-emf via the exciter winding.
In [3] the authors undertook a study to determine what V.- CONVERTER CONTROL SYSTEM
modifications were necessary to use a WFSM generator as a S&G Conventional Field Oriented Controller
and determined that it is necessary to adjust the excitation as a
function of both the mode of operation and the generator spe%%
as this maximizes the torque constani) @uring starting mode
and regulates the back-emf as the machine speed varies du
generating mode.

It is the norm in power electronics when dealing with three
ase converters to utilize Field Orientated Control (FOC) to
rsimplify control operations [24-26]. Three phase variablgsdx
19" transformed into two orthogonal vectorgig(xon a
synchronously rotating reference frame (d & q) using (1). Here
Future aircraft engines are likely to feature an embedded S/@&represents the electrical angular displacement which is equal
to help to reduce mechanical complexisave weight and to the rotor angle multiplied by the number of pole paijs (p
improve serviceability [9] To increase the power density of the This greatly simplifies the control structure greatly as the three-
S/G it is necessary to reduce the number of windings upon tihase signals are transformed into two DC signals allowing
stator B] which also lowers the inductance. One of the aims ofimple Proportional-Integral (PI) controllers to be used [35,26
this work was to investigate how a multilevel inverter withIn the case of a synchronous machine drive, the convention
MBPCC can be used to accommodate the reduced stat®iges that the d axis is aligned with the rotor’s flux. For the
inductance while maintain good power quality. reasons outlined above, the stator current (I) is transformed
using (1) yieldingd and |, In the case of a synchronous machine
l1l. MULTILEVEL CONVERTERDEVELOPMENT drive, the torque produced by the motor is proportional. to |

There are numerous different multilevel converter [cos(@) cos(G—Z”/3) COS(9+27T/3)Hxa
Xb
Xc

topologies described in the literature. In [2,3,10,11,19,26,27] it [*4] = 1
—sin(0) —sin(9 —27/3) —sin(0 + 27/3) @

is documented how the diode clamped configuration is ol
particularly appropriate for drive applications. This topology

when constructed in a bats-back configuration supports ; oo d darv Pl ol | ; d
bidirectional power flow which is essential in S/G systems. Th&N9IN€ UP @ide and So a sSecondary i control 1oop 1S used as a
I,Fpeed regulator, generating apdemand value {l). The d

reduction in THD in the current waveform is apparent in bot fomponent @ does not contribute to the torque and is therefore
he machin ran h int of lin he distribution "= 4
the machine stator and at the point of coupling to the distributio inimized (k'=0) [2,3,10]. Two PI regulators are then used to

bus. The baclke-back connected diode clamped inverter als mgtermine the converter output voltagasaid \ necessary to
as the advantage of not requiring any isolated DC sources {nake =17 and k=1q. A Space Vector Modulator (SVM) is

gives the topology a significant advantage over the common . L e
used cascaded-H-bridge inverter where the provision foVsed to select the appropriate switching combination to produce

isolated DC sources would require a multiple windin V¢ and \4 at the converter output. The same SVM is used in both

transformer with separate rectifiers for each source and thE?e convefnttrl]onal ionlfroll_er ﬁnd a.ls?:.the '\gBPCC' A block
would add significant weight and complexity. lagram ot the controfler 1s shown in Figure

During starting mode, Unit 2 is tasked with accelerating the
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During generating mode the controller for Unit 2 is modified _ _ _ _
to ensure that the DC link voltage is always maintained at thFég‘ 4. Space vector diagram for five level, diotlenped multilevel converter
required amplitude (®&). A PI loop is employed, which B, Proposed model-based predictive current controller
gg?ceﬁ,rt?snygftﬁh\fcp&0&22&ti?] 9[[1?3i?ﬁJyAmggrgee?;mzlviﬁ 2] In conventional FOC P! controllers are used to drive the
and [3] Stator current errors to zero. The prpposed MBPCC is eliffer
' in that a model of the machine/load is employed to generate the
The SVM translates &/& Vg into appropriate switching values of ¥ and \4 necessary to produce the required stator
states for the 3-phase inverter. The demand values to larrent. The values ofs\and \4 are then passed to the SVM.
synthesized are first transformed into two orthogonal veciors (
andp) on a stationery reference frame using the inverse of Park’s : in (3). H L 6. andJ t stat indi
transformation (2) [24-26]. given in (3). Here RLs, wm, e andim represent stator winding
resistance, synchronous inductance, machine angular velocity,
[Va] _ [cos(@) —sin(@)] Vd] ) electrical angle and machine flux linkage respectively.
Vgl = Isin(@) cos(8) ||V,

The three phase equations for a synchronous machine are

V, Ry 0 07fla] [Ls 0 074l

The projection of Yand V onto the SV diagram may then Vp]=10 Ry 0 +]0 L O]E[lb]
be calculated. This is a vector of length,\and with an angular V. 0 0 Rl 0 0 L I
displacement from the axis of¢. This can then be visualized sin(6e)
onto a SV diagram (Figure 4) where the various switching — WAy [SIN(e —2”/3)
vectors of the converter are displayeor clarity only the sin(6, — 47 /)
switching vectors located on the perimeter of the hexagon are ¢ 3
labeled. e vector “420” details the switch configuration of 3)

phases A, B and C respectively where the number dictates the . . . :
output phase voltage should that vector be selected. Conventi?ﬂ Equation (3) may be transformed into the d-q domain using
here is 4, 3, 2, 1 and O represent phase voltage@Wy4, Vid2, to yield (4). lu gnd lq represent the d and g components of
Vad4 and OV respectivelyit is the task of the SVM to determine 1€ Synchronous inductances i the back-emf constant of the
the nearest three vectors tesVor each switching cycle. By Machine anae the electrical angular velocity.

applying these vectors for calculated duty cycleg; M Val [ Rs —welq|[la] , [La 07 a [l 0 4
synthesized at the converter output. A more comprehensive V] - [weLd R ”1 ]J’ [0 Lq]dt [1 ]+ [Kewm]( )

ipti f SVM includi Ilrel i [ i
description of S including all relevant equations is provided So that (4) may be efficiently implemented within the digital

in [24] signal processor (DSP) it is first transformed into a discrete-time
The SVM is also responsible for the balancing of theform (6) and (7) [15,16]. To do this the derivative in (4) is

capacitor voltages [10,13,26] of the multilevel converter systerapproximated using (5) [15], wherei§ the sampling period and

ensuring that the voltage of each capacitay) (@ equal (i.e. kis the present time sample.

Vo=Vad4). With the exception of the vectors located on the SV

h . A . ar __ Ik]-1k-1]
diagram perimeter, multiple vectors occupy the vertices of each Fri i — (5)
triangle shown in Figure 4. Reference [26] descrilzed .
technique for achieving voltage balancing through careful Volk] = Relglk] + 2 (Il + 11 = Iy [k]) + Lawe k114 lk] +
selection of the redundant vectors. A similar technique was used ’ Kowm[k] (6)
in this study.

Valk] = Ryla[k] + 2 Ualk + 1] = Lo[kD) = Lowe k11, [K] (7)

Equation (6) and (7) can be modified for use MBPCC
by shifting the equation one discrete time step forward [18], an
substituting I[k+ 1] for 1[k+ 1]. The equations now calculate the
necessary converter output voltage é&d \j) to apply next



time stepk+ 1], in order to force the current in the next time step TABLE Il

I[k+1] to the demand valué[k+1]. Parameter Value
The outer control loop that generate§k+1] is of Rated Power 50 kW
sufficiently lower bandwidth than the current controller that it Rated Speed 6000 rpm

can be safely assumed thigk+ 1]= I"[K]. It is also assumed that _
the rate of change of the S/G speed is low, so that the substitutioPole Pairs 4
wm k+1] = onK] is valid providing the MBPCC. Stator Synchronous Inductance 36uH
Vq[k +1] = Rslé [k] + %(1; [k] - I [k]) + dee[k]lé [k] + Stator Resistance 300mQ
° Kowp,[K] (8) Exciter Winding Inductance 12mH
Exciter Winding Resistance 3.3Q

Valk + 11 = RyIG[K] + 22 (U3[K] = La[K]) = Lowe k115 [K] (9)

T | e—
Voltages ¥ and \4 can now be converted into the (o B) g’ ke
domain using (2) and implemented by the SVM described earli¢ — Te((::ﬁ:iiazles
in the next time step. Multilevel Converter ”i Amp Diive
o— ((} & [
V. EXPERIMENTAL SETUP — SN & = se Iﬁm% Dyno
Mains | < AN

A. Prototype Converter

A 10kW five-level, diode clamped, batt-back connected
converter (Figure 5) was used for evaluating the controller. Each The torque produced by the dynamometer is dependent on
Unit has a dedicated DSP based controller coupled to a Fieldle mode of operation. The complete torque-speed profile is
Programmable Gate Array (FPGA) which generated the gaghown in Figure 7. During starting mode the turbine is initially
signals for the IGBTSs. modeled as a fan load with some additional friction between
standstill andv;. Upon reaching; it is assumed that the engine
is ignited and begins to produce some torque to supplement that
provided by the S/G. This behavior is apparent in Figure 7, as
the loading torque linearly reduces as the S/G accelerates. This
process continues until a velocityofie has been achieved and
now the dynamometer torque has become positive. At this point
it is assumed that the turbine has reached its self-sustaining
speed and therefore no longer requires the torque input from the
S/G to maintain rotation.lt is at this point that the S/G and
power converter make the transition between starting and
generating mode. Power flow is therefore reversed. The
dynamometer accelerates up to the engines maximum operation
speedwc. This signifies an engine being throttled for takeoff
after being started. The dynamometer maintains a constant
velocity of wc after this process has finished, regardless of the

Fig. 6. Block diagram of LabView controlled test gyst

Rectifier Gate DC Link Inverter Gate

Drive Boards Capacitors Drive Boards loading placed upon it by the S/G. This i_s to be expected as the
mechanical loading placed upon an engine due to the generator
Fig. 5. Prototype converter system is small in comparison to the loading placed upon an engine due
) to thrust production. A generator would therefore have minimal
B. Load Machine and Dynamometer Set Up effect of the rotation speed of the engine.

A 50kW WFSM removed from a Rolls Royce Artouste
engine is used as the S/Ghe parameters for this machine are
given in Table Il

During testingwi, wide andwc were set to 700 rpm, 1000 rpm
and 2500 rpm respectively. For an externally coupled generator,
the nominal operating speead ] would be in the region of 6000

Since it was unfeasible to perform S/G testing whilst thepm. However, for an embedded S/G, which rotates with the
machine is still mounted to the engine due to the cost and danggine shaft, the nominal speed would be in the range 15,000 to
of igniting the turbine a dynamometer was used to emulate tH9,000 rpm [9].
torque-speed profile of the turbine. Similar to [2,3] a LabView
based program monitors both the speed of the S/G and also the
mode of operation, the required torque and speed are then
calculated and sent to a Control Techniques drive, which was
connected to the dynamometer. A block diagram of this setup is
shown in Figure 6.
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VI. EXPERIMENTAL RESULTS 10'F 1

=<
Results for each mode of operation are presented separate = -

In each mode conventional FOC and the PCC are subjected 5
the same testing conditions. 10

A Starting Mode

In starting mode the power converter drove the S/G whilst i Frequency (rad/s)
was mechanically loaded by the dynamometer. Waveforms are (b)
provided in Figure 8, which show a stator current of _ _
approximately 7 Avs whilst the S/G rotated at 500 rpm. The Fig. 9. Starting mode current spectra (a) FOC cbribpMBPCC

—&— FOC Current Control
—7— Predictive Cument Control

upper plot shows the current when the converter was operating.. 1
using conventional FOC, whilst the lower waveform is that
achieved using thelBPCC.

20 T

Total Harmonic Distortion (%

Current (A)

Il Il Il
100 200 300 400 300 600 700
Machine Speed (rpm)

Time (s) N Fig. 10. Total harmonic distortion as a function othine speed

@) B. Generating Mode
” A similar study was undertaken to investigate the
10 performance of theMBPCC with the system operating in

generating mode. The dynamometer rotated the S/G at a constant
2500 rpm ), whilst the controller of Unit 1 was used to
10 regulate the flow of electrical power into the utility network.
N ‘ , Figure 11 shows the stator current waveforms obtained from one
0 0.03 Time (3 o1 0is test where the feed in to the utility was adjusted to provide a
stator current of 9.5 As The THD for these two waveforms
(b) was measured at 75% and 43% for the FOC and MBPCC
Fig. 8. Starting mode current waveforms (a) FOC ahinin) MBPCC respectively. The predictive controller is therefore providing a
nificant reduction of the THD during generation mode.

Current (A)

A power analyzer was used to examine the spectral conten®
of the current. The spectra for the waveforms shown in Figure 8 To further quantify the improvement offered by the MBRCC
are provided in Figure 9. The implementation of PCC providethe grid current was varied between 1 and 5 A, while the
a significant reduction in the THD of the stator current duringdynamometer maintained a constant speed.ab assess the
starting mode. For the waveforms in Figure 8, the THD recordecbntroller performance as a function of the real power delivered
by the spectrum analyzer was 40% and 17% for the convention@l the utility. The results provided in Figure 12 show MBPCC
controller and MBPCC respectively. reduces the THD of the stator current. Also, the THD for both

The speed was varied between 100 and 700 rpm, whilst tI%)ntrollers improves as the utility current is increased which is

t0 be expected since the fundamental component of the stator

power converter drove a stator current of §sAnto the S/G. urrent increases with the power in order to maintain a constant

The results of this analysis, Figure 10, show a significan . ; L :
reduction in THD across the speed range using MBPCC. E)C I|_nk, while the majority of the other harmonics tend to
remain at a constant amplitude.
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VII. CONCLUSION
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This paper has described how model based predictive current

applications. The combination of controller and converter
topology ensures that the THD measured in the S/G’s stator
current waveform is reduced. MBPCC is compared to the
industry standard FOC and is found to perform favourably,
providing a significant reduction to the measured THD in both
Startlng and generatlng modesy across a range Of Speeds g‘% E. H. J. Pallet, “Aircraft Electrical Systems,” Longman, Third Edition.
current levels.
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