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Abstract

Mean Value Engine Modeling (MVEM) is used to make engine camtevel-
opment less expensive. With more and more cars equippedwitbcharged
engines good turbo MVEM models are needed. A turbochargesisis of
two major parts: turbine and compressor. Whereas the teiibinelatively
durable, there exist phenomenons on the compressor thadesiroy the
turbocharger. One of these is surge.

Several compressor models are developed in this thesishadeto de-
termine the compressor model parameters are proposed seubsséd both
for the stable operating range as well as for the surge regfiencompres-
sor map. For the stationary region methods to automatipallgmeterize the
compressor model are developed. For the unstable surgenreggthods to
get good agreement for desired surge properties are dest.utke parameter
sensitivity of the different surge properties is also d&smd. A validation of
the compressor model shows that it gives good agreemento loiath for
the stationary region as well as the surge region.

Different open loop and closed loop controllers as well d&dint per-
formance variables are developed and discussed. A benkligrdgveloped,
based on a measured vehicle acceleration, and the conppodaghes are
compared using this benchmark. The best controller is fdarae a open
loop controller based on throttle and surge valve mass flow.

Keywords: Compressor, Mean Value Engine Modeling, Surge controg&ur
line, Surge valve



Preface

This thesis is written for readers with good knowledge intoalrtheory and
mean value engine modeling (MVEM). The readers are expé¢cthdve ac-
quired knowledge in spark ignited (SI) automotive engifeeugh a course
like "TSFSO05 Vehicular systems” given at Linkdpings unisiget or similar.
Furthermore it is recommended that the reader have readtbetResis "Air
Charge Estimation in Turbocharged Spark Ignition EngirgsPer Anders-
son (2005). Since the Simulink MVEM models developed aretas the
Simulink SI MVEM model developed, tuned and validated in Raders-
son’s Ph.D thesis.
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Chapter 1

Introduction, problem and
outline

1.1 Introduction

From being exclusively for sports and performance carfdtinargers are
now a common thing, even in ordinary family cars. Ever insheg fuel
prices and focus on the environment have forced the auteenotdustry
from using large bigbore engines to using the advantageswhsized and
turbocharged engines instead.

A turbocharger consists essentially of a turbine and a ceagar. A com-
pressor is essentially a fluid pump and share the same phecomas a
pump. One such phenomenons is surge, which is highly un@arteis is
because surge is dangerous for the compressor. If an auterhobocharger
is driven in deep surge cycles for too long the turbo chargikbveak down.
An effective fail safe method for avoiding surge is impler@ehin today’s
production cars. However, in ensuring safety in all caddés method wastes
much of the valuable pressurized air.

The goal with this thesis is to investigate the surge phemamand, with
more knowledge about the phenomenon, to construct betteratiers. Dif-
ferent control strategies that avoid surge and save as nmashyre as possible
are proposed and compared. The benefits of bigger, bettemareglexpen-
sive actuators are discussed. But to be able to investigti¢eetht control
strategies a surge capable compressor model has to be pleddicst. This
compressor model is implemented as part of a full turboagpark ig-
nited engine Simulink model, see figlitel1.1. For more infdimmeabout the
Simulink models a good start is to study Appendix A. For Meahi¥ Engine
Modeling, (MVEM), and the original Simulink model it is reeconended to
study [1,5]5].

The question to be answered is if there are ways to increaspetfor-
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mance of the engine with a more advanced controller? If ibjceuld more

expensive actuators help even further? Only centrifugtraative turbo-

chargers are investigated and described in the thesis. bfasie results

would probably apply for other turbochargers of approxighathe same size
but this is not investigated.

Figure 1.1: Engine model with a surge capable compressoehiocbrpo-
rated. The mass flow goes through (in order): air filter (upegrcorner),
compressor, intercooler, throttle, intake manifold, gikr(s), exhaust mani-
fold, turbine and exhaust system (lower left corner). Thdifferent com-
ponents are interconnected with control volumes betweén.tlirbocharger
shaft is seen between the compressor and the turbine. Tiewive is seen
above the compressor block.

1.2 Problem

The problems to be investigated in this thesis are twofold

e Can methods be found to parameterize a surge capable caopres
model. How good will the surge representation be? How sgasit
is the model to its parameters?
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e Can the performance of a modern turbocharged automotivieebg
increased? Are there any performance gains from having mxqren-
sive control systems and actuators?

These two problems are the base for chagfers 3hnd 4, anceciidmndb
respectively.

1.3 Outline

A stationary compressor model is presented in chdpter 2.vie station-
ary performance is satisfactory the model is expanded tideceven the
unstable surge region of the compressor map. This is donkapteB. In
chaptefl, different control approaches are presenteerBift performance
variables are also discussed in this chapter. Chhpter Biosra comparison
of the controller performances for a specific test case. &stechse represents
an acceleration with a normal gear change which is one of th& oommon
ways of causing surge. Future work proposals are given ipteh@. The
thesis is summarized in chapfér 7 and the conclusions ar@edsented.

1.4 Definitions

Throughout this thesis some terms are used to make the teietr ¢a read.
These are as follows:

e Upstream and downstream:The entire engine model acts as a "river”
for the fluid. A component that gives mass to another comppden
ing normal flow direction, is therefore said to be upstream.

e Control volume: A control volume is a representation of a physical
volume. The tubes and pipes of an engine, the air filter boxratiaéle
manifold are examples of control volumes.

e Pressure ratio: The pressure ratio is defined as the pressure quotient
between the pressure in a downstream control volume thrihwegbres-

sures in a upstream control volume (dh. = %).

e Reversed mass flowWhen the mass flow does not follow the normal
order from an upstream to a downstream control volume, thssfihaw
is said to be reversed. This occurs during parts of a surde.cyc

The nomenclature used in the thesis is presented in AppEhdix



Chapter 2

Compressor models for
stationary performance

In this chapter a compressor model with satisfactory statip performance
is presented. The models also describe the surge regiore afoifmpressor
map but the estimation and validation of this region is pmeegin chapterl3.
First the data used to estimate and validate the statiorafgnmance is pre-
sented. This is followed by a description of the differentpthat make up a
compressor model and finally a validation of the chosen cesgar model is
made.

2.1 Stationary estimation and validation data

For this thesis, map data was given for four different corapoes. All four

maps consist of pressure, mass flow and efficiency in pointsged number
of lines of equal shaft speed. The values in each point aentaker a long
period of time so that any system dynamics have stabilizethd graphical
representation of a compressor map the points of equal spedid are often
connected forming (iso-)speed lines. The entire map ofépees is some-
times referred to as the compressor characteristic. Thaeafly points are
also often connected, forming contours of equal efficieRoy.the surge test
rig compressor, stationary data for different operatinotsowas also avail-
able. This data differs from the map data in that it was notree taveraged
mean value but signals varying with time. The data also éoetetempera-
tures and other signals.

2.1.1 SAE corrections and corrected variables

The maps making up different compressor characteristidsisoefficiency
contours are almost always given in terms of corrected dtiesat This is
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because by correcting the data and supplying the correfat@ars with the
map, the characteristics can be calculated for differembsnding tempera-
tures and pressures. The compressor maps can be correeteyl tempera-
tures and pressures but the SAE (Society of Automobile E&ys) correc-
tions [12] are commonly used. Models constructed from aecdmap data
must use scaled variables as input to be useful. In most @sspr models
both the efficiency and the pressure build up models use SAteated map
data and both must therefore have this scaling of the apiatepnput signals.
The equations for doing this are

N
Ncorr 75\/_
Wcorr = W0
- TTé (2.1)
5 _ %td

il
m.

st

The equations come frorn [6]. The temperatigg; and the pressung,; are
the correction temperature and pressure supplied withdtee &or the other
variables and subscripts see Apperidix B.

2.2 Stationary compressor modeling and parameter
estimation

The equations forming the compressor sub models will beritestin this

section. The compressor model is based on the compress@ ephtions
originally developed by Moore-Greitzer. A good summaryluf £quations
are given inl[5]. The compressor model is divided into five suddels de-
scribing: temperature, torque, shaft dynamics, efficiearny pressure build
up. For an overview of the compressor model developed seelfd.

2.2.1 Commonly used Moore-Greitzer sub models

Some of the compressor’'s sub models are commonly used indepgy of
the different efficiency and pressure build up models diseddater. These
sub models are presented here together with a brief paraseatsitivity in-
vestigation.

Temperature T,

The temperature sub model describes how the compressoetatage de-
pends on efficiency, pressure ratio and temperature of tsteagm and down-
stream control volume. There are two different temperatundels depend-
ing on whether the mass flow is reversed or not. In a normalatipgrpoint,
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with positive compressor mass flow, the temperature goitige@ontrol vol-
ume downstream the compressor is calculated according to

T,=Ty | ————+1 (2.2)

This equation comes fromi[lll, 6]. For the case of reversedjmgyrmass flow
the temperature of the flow going back into the upstream obwdiume is

Ty =1 (1- (1= ()7 e 2.3

This is the same equation as used by the turbine sub mode¢iortpinal
MVEM model developed in_[1].

Torque T'q,

The compressor torque describes how much torque the cosgprsmands
from the turbo shaft to produce the mass flow. When the coraprésdriven
with a reversed mass flow the compressor is acting as a tuabithéhus con-
verting kinetic energy in the flow into an accelerating tarqhis is seen in
the torque equation whetE. > T, in every case of interest in this thesis
and Ny, > 0. So when there is a change of signiif,. the consumed torque
changes sign.

_ @(Tc_Taf)'cp'Wc
¢ ™ Ntc

The equation comes fror [1] withy. = 55 Nic.

Tq

(2.4)

Turbo shaft dynamics

The rotational speed of the shaft connecting the comprésgmiler and the
turbine is modeled using the equations proposediby [1]. Goation follows
from Newtons second law for a rotating system.

d(Ntc%) _ dwtc _ i
dat dt Je

(th - ch - thc,fm'ction) (25)

Jie is the shaft inertia including the turbine and compressqeiher. The
turbine torquel’q; and the shaft friction torqU€q:.. ¢riction are givenin the
MVEM model.

Compressor mass flowit/,

The compressor mass flow equation is one of the most impgotaty of the
surge capable compressor model developed. Given the cesgpreressure
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build up,p., and the pressure in the downstream control volymehe com-
pressor mass flowy,, is determined
dW, B ng

dt 4L,

’ (ﬁc - pc) (2.6)

The Moore-Greitzer models were first developed for axial peasord |8, 13]
and the acceleration of mass is said to occur in a plug hakingize, diameter
and length, of the axial compressor. For a centrifugal casgur this length
is hard to estimate. It could be seen as an idealized lengtteafompressor
convolute. Even the diameter is hard to assess when lookimgentrifugal
compressor since the convolute does not have a constargigiam

The compressor inlet diameter is therefore used am this thesis, since
it is easy to measure. The compressor or duct lenfjth,is considered a
tuning parameter.

2.2.2 Efficiency

In this section two different compressor efficiency sub neddll be de-
scribed. The compressor efficiengy is modeled from surrounding pres-
sures, temperatures, mass flow and given compressor paramet de-
scribes how well the compressor builds up pressure comparedreasing
the fluid temperature. The definition 9f is according tol[6]

Power required by an ideal process
Ne = Actual power consumed

The isentropic process, which states that the entropy ofystem remains
constantl[14], is said to be ideal. This means that there tsamsfer of heat
from the fluid to or from the surroundings. Thus, thedefinition becomes
-1
et —1

77(2_ Tc _1
T(Lf

(2.7)

6 parameter efficiency model

An efficiency model using six parameters is presented inddlightly dif-
ferent in [6].

_ WC, corr — chmaz, corr
A Iy p i S

_ Ql,l QI,Q _
Q - |: QQ,I Q2,2 :| ) Q1,2 — QQ,l

Ne = MNepa — X° QX

(2.8)

The corrected quantities of the equations are calculaied tise SAE correc-
tions presented in sectign Z1.1. Using this model, tweediifit approaches
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can be used depending on whether the three param&ters ..., I1
andn,, . are given or not.

Assuming that none are supplied by the manufacurer, allhpetiers can
be estimated using the MLAB functionisqcurvefit. This MATLAB func-
tion is sensitive to initial values of the parameters to ligreded. Depending
on the initial values the estimation might, according/iq f&fminate in sev-
eral local minima and thus needs manual adjustments of itial malues.
Therefore a loop is produced that uses a displaced normtibdigon for
these parameter’s initial values. The center of the digtidln is placed using
intuition for the parameters. For example the,  -parameter would be in
the rang€0.5 - - - 0.9]. By looping through a large number of initial values
and comparing the estimations a trend can be seen and theetara are
taken from wherésqgcurvefitgives the largest number of estimations. For ex-
ample if the estimation of thg. ,,,q,-parameter would produce estimations
in the rangg0.1 - - - 1.2] with the majority of the estimations give 0.85, this
value is used. The advantage is that no parameters are nieedetthe man-
ufacturer. A disadvantage is that an intuitive feeling totye initial values
right is required.

Assuming that the three parameter®.(  corr, e, andne,..)
are supplied by the compressor manufacturer, there aretioalihreeq; ;-
parameters to estimate. This is accomplished using theLki function for
solving least squares problems. One advantage over th@psemodel is
that there are only three parameters to estimate. The pnolaehe initial
values for the estimation does not exist either. The digatdgge is that pa-
rameters from the compressor manufacturer are neededy thsénmodel an
efficiency map would look similar to figufe2.1.

Cnmazx

The influence of the model parameters

To get a feeling for the different parameters used inshenodel their in-
fluence is examined here. To study their individual influethey are indi-
vidually raised and the resulting efficiency contours amtpt. To better
illustrate the different influences lesser efficiency lirge plotted than in
figure[Z1. The results are shown in figlre 2.2.

9 parameter efficiency model

Another efficiency model developed by Olof ErlandssorLiny@k also im-
plemented and tested with a positive result. The equatmrtis model are

770 :D1WC2—|—D2WC+D3
Cnmazx (wtc) = ;g?
Nmax (wtc) == Dl : chmaz (wtc)2 + D2 : Wc,,maz (wtc) + DB
An(wtc) = D1

(2.9)
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Compressor efficiency using 6 parameter model
2.8 T

i
joo)

0.69;

24

2.2F

n [

1.6

141

0 0.05 0.1 0.15 0.2 0.25
WC [ka/s]

Figure 2.1:7. using the 6 parameter model. Seen in the figure are the effi-
ciency lines for selected values of efficiency. On the x-#&xthe mass flow,
on the y-axis the pressure ratio.

N W, raised 20% NN, raised 20%
e, e, NN e IS0 20%
2 2
77 VAL
26 2.6 b 2 A
g |[/\Ye )
24 24 g g
22 22 g /
Y
T 2 (AN -
s / c
16 4 /
14 o
-
12
1 1
o 0 005 01 015 02 025
w, lkgis]
1., Q, , raised 100%
2 2
26 26
24 24
22 22
- 2 T o2
18 S 1s
16 16
14 14
12 12
1 = 1
o 005 02 025 0 005 02 025 o 005 02 025

01 015 01 015 01 015
W, [kgis] W, [kgls] W, [kgis]

Figure 2.2: 5. dependency of different model parameters. Solid lines are
efficiency of the unaltered model and dashed dotted are thitlséndividual
model parameters raised.
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These are rewritten to

e :Dl(Ntc)'W02+D2(Ntc)'Wc+D3(Ntc)
Dl(NtC) - An(NtC)
DQ(Ntc) =-2- An(Ntc) . chmaz (Ntc)
DS(Ntc) = Thmax (Ntc) + An(Ntc) . W(:Qnmaz (Ntc)

The three functions that appear in the right hand side of thetons are
three second order polynomials in (corrected) shaft spekdis called the
second-degree coefficierit/., is the mass flow at maximum efficiency
of each speed line ang,,.. is the maximum efficiency of the speed line.
The coefficients of both thd’.,  and then,,... polynomials are calculated
using the method of least squares. The coefficients ofdheolynomial
are calculated using the AtLAB functionlsqgcurvefit There are a total of
9 parameters to estimate, three for each polynomial. A géfigure of the
resulting efficiency is shown in figuEe=2.3.

2.2

1.8}

161

. [rpm]

Z 14f

0.8 ! :
0 0.05 0.1 0.15

Wc [kg/s]

Figure 2.3: . modeled with the 9 parameter model. This model uses an
efficiency as a function of shaft speed and mass fidate: Y-axis different
to a normal compressor map!
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Choice of efficiency model

A comparison plot of the different efficiency models is shawriigure[Z.3.
The figure shows that the 9 parameter model has larger meamasrwell as
standard deviation. The 6 parameter model is also mordiirgtid work with
since it uses the normal compressor map axes. The needder [ggrameters
also makes it a more attractive model to use. For the follgwaart of the
thesis the 6 parameter model will be used.

9 parameter model 6 parameter model
]
0.75 0.75
0.7 07 %
T 065 T e
= —, 065 o
0.6 06[
0.554 —&— Meassured efficiency 0.55 I —&— Meassured efficiency
) —+— - Modeled efficiency ) + - Modeled efficiency
10 20 30 40 50 10 20 30 40 50
Data index [-] Data index [-]
Mean relative error = -1.10 %, std dev. =3.93 % Mean relative error = -0.09 %, std dev. =2.77 %
5 4
B L 2
§ 0 5
g g o0
3 3
°T -5 °
g g2 N
3 B
© -10 T 4
4 14
-6
-15
-8
0.6 0.65 0.7 0.75 0.55 0.6 0.65 0.7 0.75
n -l n -l

Figure 2.4: Comparison of the two different efficiency maderhe 6 para-
meter model shows a smaller mean error as well as smalletathdeviation.

2.2.3 Pressure build up

The pressure build up that the compressor can produce is sftewn as
lines of constant shaft speed in graphical representatiocempressor maps.
These lines show how pressure build up and mass flow are ciach@or
different speed lines). There are different ways to fornséhaes. In the fol-
lowing three paragraphs different methods will be discds3édne stationary
part of a compressor map is said to be between a region cditsdeand a
surge line. For a description of the surge line and choke lsepteB.
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Moore Greitzer pressure build up

The model for compressor pressure build up by Moore Greitzbased on
dimensionless normalized air mass floly, and the headparameter, =
fw.(®.). The pressure build ug., is then calculated as a function ®f.,
shaft speed, air temperature and pressure

RoT,
e = Nngpfaf We
Ve = fu.(Pc) (2.10)

5
- U2w, F-T
Pe = (%T:f-cp +1)7 "Paf

When estimating and forming the shape of the (®.)-function the mea-
sured compressor map has to be transformed into dimensopégameters.
This is done for the mass flow with the help of the first equa@il) and
by using an equation for the head parameter according to

Mmoo —1

U, =cpTap——5—
sU2

(2.11)
This equation comes fronl[1| 6] and is a component of the Mareitzer
compressor model. Through dimensionless numbers a fewpddtés and
measurements can be enough to describe the compressdieiiifcondi-
tions and combinationsl[6]. A compressor model using dinoerasss num-
bers does not have to use the corrected variables descniZef 1 .

Head parameter, fy,, functions
To get a good behavior several approaches for the relapidretiveend,.
andV¥ . have been modeled. The models are tuned so they have a mirdinum
®.=0 and a maximum at the surge lin¢ [6]. Further on is the dt'wb':%%
for ®. = 0 supposed to be, meaning theb’-coefficient of the polynomials
has to be). This is because there is no pressure build up at zero mass flow
independent of shaft speed. The general polynomial thusrbes

fo (®e) = an®™ + - + az®? + ay (2.12)

The most commonly used order of the polynomial is 3 but higihéers could
be used. The different models are described in the following

Three parameter third order polynomial model
The first and perhaps simplest approach is that a single poiiai for the
entire®_-range is chosen to describe the relationship betweeand V...

fu (@) = 397 + a2®; + a1

The parameters are calculated using the method of leastestjiza the given
map data.The advantage with a three parameter polynontfadtis consists
of just three parameters to decide upon, and this makesiér¢agune. An-
other advantage is that the model is continuous foall The disadvantage
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is that there is not a lot of freedom to form the different spéees which

could lead to good performance for some speed lines and notHers.
Different polynomials for different & .-ranges

This model uses two different polynomials for differebt-ranges. Left of

the surge line three parameters are used because of the diéondhe V.-

derivative atb=0. For mass flows right of the surge line four parameters are

being used. The polynomial itself is of third order on bottesi.

f (Q))— a4@g+a3@§+a2@c+a1 d.>c
YelFe) = a7®? + ag®? + as . <c

The reason for having four parameters fiar > c is that the agreement to
measured data in the stationary compressor region can be beiter. A
disadvantage would be that there are more parameters t@ahhi is also
discontinuous at the chosen

Shaft speed dependent model
One problem with the previous models fr. is that the parameter; might
be dependent on shaft speed of the compreadggrModels covering this are
found in for examplel[10] or.[2]. To study this the transfoimaap-data is
again used. A polynomial of third order @ with the ®!-coefficient equal to
0 is also this time desired. The difference is that the leasasg|calculations
are done once for every speed line in the given map-data salifferent
a;:s are obtained for every speed line. Thess were then parameterized
using polynomials in shaft speed. Two different models watgo taken in
consideration here, to model the dependency. Both models the same
base formula,

fu (@) = az®? + a2 ®2 + ay

but thea;:s were calculated differently. For the simplest model dctddation-
ship was assigned

3 2
a; = a; 4Ny, + a; 3N, + a; 2Ny + a1

meaning a cubic polynomial for eadh.-coefficient and in all 12 parameters
to be estimated. For the more advanced modgt@odel

4 3 2
a; = a; 5Ny, + a; aNi, + a; 3N, + a; 2 Nye + a1

were used. No significant improvements were achieved ukafpurth order
polynomials and the third order polynomial model was judgedd enough
to manage the shaft speed dependency.

Bezier model

A Bezier curve is a parametric curve defined by a number oftpoifhis is
used as a model by defining start and end points of each speed & station-
ary compressor map as start and end points for a quadratierBezve. The
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third point, the mid point, is estimated using the methodeakt squares. Be-
tween the speed lines given by the compressor map an inatiggomethod
between the Bezier points of closest speed lines is usedgUdwiratic Bezier
curve equation is [14]

B(t) = (1 = t)?Pygart + 2t(1 — t) Ppiq + t* Popg t € [0,1] (2.13)

Different versions were evaluated. The first used a polyabestimation for
thet-function. This version is fast to simulate but does not shewood a fit
as the next version. This is due to the need to parameterzeftimction.

The second version found the crossing between the Bezigeowith in-
terpolated start-, mid-, and end values, and a line in the widpconstant
mass flow. This version is shown in figurel2.5 together witlcles repre-
senting the used map data. This version shows the best fi¢ tootmpressor
maps of all tested pressure build up models. It does not useaaeteriza-
tion of thet-function. Instead, it numerically finds the crossing betw¢he
current mass flow line and the Bezier curve. This is done amexéry step
of simulation causing the simulation times to increaseifigantly.

Even different versions with inter- and extrapolation betw a max speed
line given by a Bezier curve and the rest of the map constdufitam a
V. (®.)-relationship were tested. The main advantage is that tioel djo
of the Bezier-curve can be used to get a good representdttbe anportant
max speed line. This is important because if the compressdt speed is
higher than a specific value the risk of damaging the compréssreases.

In general, for all the Bezier models, the model has at legmtifits in
pressure ratio and mass flow consuming 6 parameters for @ach dine.
The Bezier model also needs to be complemented with a modeldss flow
to the left of the surge line. The implemented and testedmerssed around
100 parameters but showed good fit to the stationary congressp data.

Ellipse model

The last developed compressor pressure build up model lipsgg, or more
specific superellipses, to form the speed lines. A suppséllis a generaliza-
tion of the normal ellipse [14] and looks like

(z=h)" =k

am bn
An Ellipse model is presented inl [6]. The difference is theg here devel-
oped model uses even the exponential of the ellipse equasiaparameter.
The ellipse model here developed is based on a good repatisendf the
approximated surge line. Therefore two polynomials arestroisted for this
line, one for surge mass floW/._.rqe, @and one for surge pressure build up
ratio, ﬂwume. These are modeled as polynomials in turbo shaft speed ac-
cording to

1:

3 2
WC,SUTQG = CLZ)’ZVtc,corr + CL2‘]Vtc,corr + athC-,COTT +ap (214)
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Bezier model compressor map

1
-0.1 -0.05 0 0.05 0.1 0.15 0.2
WC [kal/s]

Figure 2.5: Bezier model with¥.(®.) left of the most left map point of
each speed line. Pressure build up at zero mass flow is coaedidedesign
parameter (crosses). The fitto the given map data (cirdeg)ad. The model
captures even the highest speed line in a good way, whichrigtsing other
pressure build up models do not.
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f—[c,surge - bBNEQcorr + bZNEc,corr + bthc,corr + bO (215)

The parameters;, b; are estimated using the method of least squares. This
surge line representation is also, though slightly moré&ioted, presented
in [€]. The differences are that the representationlin [&susnly cubic rela-
tionships for the surge line polynomials.

The compressor pressure build up is calculated as

1
~ We,corr—We, surge e\ o5
Hc - (1 - (C—1g) ) (Hc,surge — 1) + 1 (216)

Pec = Hc *Paf

The constants;, co are estimated using the MLAB -function Isgcurvefit
The constants are parameterized using polynomials in shaétd according
to

3 2
¢i = ¢i3Nie corr T Ci2Nie corr + €1 Nic,corr + Ci0 (2.17)

A slightly better fit to the data could be achieved by not fogzzero derivative
at the surge mass flow. Another method could be not to forcegh@major
axis of the ellipse to havE, = 1. Some freedom is lost if extrapolation out-
side the measured shaft speed is needed. This is done hydfdine surge line
through(We. corr = 0,11, = 1) for Nic corr = 0. Equations[(Z14)[1215)
then become

WC,SUTQG = &3Nt30,corr + EL?Nth,corr + &1NtC,COTT’ +0 (218)

ﬁc,surge = 63Nt30,corr + 62N1520,corr + l;thC,COTT +1 (219)

For mass flows less than the surge mass flow of each speed tfied arder
polynomial inN. corr andW, .o is used. The different; in equation[Z-20)
are calculated so that the speed line has zero slope at zex®ftow, zero
slope at the surge line and goes through the surge point afuitent speed
line. The pressure build up for zero mass flow is also paraietbas a
polynomial in shaft speed. This gives the following equasio

— n
HCBWC,COT’V‘ZO - dAnNtC,CO’r‘T + e + do

€1 = HC,WCYCOTTZO(NISC,COTT)
e surge—a

ex = gt (2.20)
3 c,surge

e = ———202

3T BWe surge

Hc = 83W03 + €2W02 + e

where thel;:s are estimated using the method of least squares. The shape
this part of the speed line is thus given by the desired predsuild up ratio
for zero mass flow. This is an important factor for the surgeavéor and is
thus taken as a design variable. A pressure build up map tsegllipse
model is shown in figure2.6
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Ellipse model compressor map
3 F T =1
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Figure 2.6: Ellipse model pressure build up map. The fit torttap data
(circles) is good especially for lower speed lines. The apipnated surge
line is also shown.
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Choice of pressure build up model

The pressure build up model chosen for the rest of this theske Ellipse
model since this has the best fit to the compressor map vsmpéea cost.
The other models also show promising results and are chrteapable of
producing a surge behavior. The Ellipse model is howevedeetstune and
intuitive to work with.

2.3 Stationary performance validation

Under this section a validation of the compressor modelisting of the cho-
sen sub models is given. The section is divided into a sub hvadidation,
first of the efficiency, then the pressure build up followedalyll compressor
model validation.

2.3.1 Stationary efficiency validation

To validate the chosen efficiency model, different corrécteaps were used
and the modeled efficiency and measured data were comparsds Ehown
for two of the four available compressor maps. The validaptot for two
of the compressors is shown in figlirt€l2.7. Due to lack of daasdme data
has been used both for parameter estimation and validdfiaring normal
operating ranges an automotive compressor is kept at higtslef efficiency.
The deviation fom. < 0.60 is therefore not of big interest. The parameter
estimation is however done using all availablepoints. A slightly better
fit for higher efficiencies would be possible if the parametgimation were
done using only map points having highgrvalues. This would probably
be of more interest in an production application where tfieiehcy for map
regions outside the desired is of lower interest. Howetergbjective of this
thesis is to look at the compressor as a physical componém.efficiency
for all possible operating points is, therefore, of intéres

2.3.2 Stationary pressure build up validation

The stationary part of the compressor map is modeled usinghtbsen pres-
sure build up model (Ellipse). For two of the given compressaps enough
speed lines were available in the data to be able to use sothemfto pa-
rameterize the model and the rest as validation data. Th#t isggiven in
figure[ZB. This shows that the ellipse pressure build up rnisda good
choice. The fit to the data is better for lower shaft speedsfiwahigher. The
relative error is lower for higher pressure ratios than dover.
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Comparison of measured and modeled efficiency
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Figure 2.7: Validation ofy..
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Circles represent measured data and plus

modeled values. Shown is also the relative error with a mekative error
and standard deviation. The validation plots are for twéed#nt compres-
sors. The normal operating point of an automotive compressat higher
levels of efficiency 4. > 0.6). The model also shows best performance

higher efficiencies.
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Ellipse compressor model, surge test rig
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Figure 2.8: Validation ofil.. Left: Given data. Circles represents mea-
sured data and plus signed solid lines modeled values, ladsairsg the speed
lines used for parameterizatioRight: Validation plots using the not marked
speed lines of the left plot as validation data. For the ‘aitth data points
left of the dashed dotted approximated surge line are ighdsaown is the
relative error with a mean relative error and standard diewia The error is
smaller for higher pressure ratios which is good becausstulge line is at
high pressure ratios on each speed line (see sdcfion 381, denotes
pressure build up ratio not to be mistaken for compressaisprre ratidI,. be-
cause this denotes pressure ratio of the control volumeangpdownstream

of the compressor.
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2.3.3 Full stationary compressor model validation

The full compressor model validation is done using data ftbensurge test
rig. The rig was run stationary for a long period of time at stamt throttle
angles. This data is collected under a normal run and theislatat cor-
rected. Therefore the correction factors describédifhave to be used for
signals going into the efficiency and pressure build up nedeiis validation
is done using the test rig Simulink model, see sediian A.Fremeasured
signals are used as input. The validation plot in fiduré 2@®@nshpressure
build up and efficiency for two shaft speed$(.000 [rpm], 120.000 [rpm]).
The validation shows that the model agreement with dataasl gout close
to the surge line the compressor is sensitive even to smidditicns in pres-
sure. This since the slope of the compressor characteisstiose to zero
at this point. The data used is for operating points closééosurge line
and the pressure difference between each data set is thensficbig. Better
validation data would have operating points covering thiér@icompressor
map, but the validation shows that the models have a good/lmltdose to
surge. Some of the relative error in the efficiency can beaedif lesser map
efficiency points are used for parameterization, discusseectiolZ.311.

2.4 Stationary performance summary

This chapter started with a presentation of the availabta.da brief dis-
cussion of corrected variables and the correction equatiare presented.
The different sub models of a full surge capable compressmiairare also
described in this section. The implemented equations asepted in con-
nection with the descriptions. The equations are valid fathithe normal
operating range as well as for the surge region of the corapresap. For
some of the sub models different methods are tested and thetbeds are
compared. A sub model and full model validation, for the nalroperating
region, is presented last in the chapter.

The developed compressor shows good agreement to meastiaed de
validation of the pressure build up, as well as the efficiestyws good agree-
ment especially for lower shaft speeds. The agreement isrifer higher
values ofll, andn.. When the developed compressor model was run with
time varying signals the average relative pressure builerugr equaled zero.
The relative efficiency error was smaller thEd¥%. The larger relative errors
seen in the efficiency validation could be due to not staddiemperatures
of the time varying data.

The Bezier pressure build up shows the best fit for highert Spefeds.
The Bezier model can be used for high shaft speeds in conntrinafith
another pressure build up approach for lower shaft speederpblation is
used between these pressure build up models.
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Figure 2.9: The figure shows the relative pressure buildreand efficiency
errors for two shaft speeds. Due to lack of validation datly operating

points close to each other were tested. The efficiency shakgel errors
than the pressure ratio. The average relative error in predsiild up equals
zero for both shaft speeds tested, but the compressor isigetseven small
changes in pressure for operating points close to the simeg€elhe efficiency
shows a larger error especially for some operating pointés ¢an be due
to the data being measured close to the surge line and somts poight

experience a mild surge behavior.



Chapter 3

Surge modeling and
sensitivity

The phenomena to be studied in the thesis, surge, is inagstign this
chapter. First, the available dynamic surge data will becidlesd. This is
followed by a presentation of surge and the properties ofstirge cycles
found in the surge data. Finally each property is descrilmeldhaw the prop-
erty can be modeled is explained. The model discussion is dombined
with a model parameter sensitivity analysis.

3.1 Dynamic estimation and validation data

Two different types of data is used in this chapter
e Compressor driven by a separate electric motor in a surgedésench.

e Compressor as part of a turbocharger installed in an Slren@iom
the test bench at Vehicular Systems, ISY, LiTH, LiU)

These two differ in that a turbine driven compressor mouirtedreal engine
experiences a sudden drop in driving torque when the throlitises, while a
compressor in a surge test bench does not. This is becausethénthrottle
closes, the engine can not consume as much air as before keedpa = 1
the amount of fuel injected is also reduced. This createsstidrdecrease in
energy in the exhaust gases that the turbine can use antbifeettee driving
torque is reduced. This is not seen in a compressor test Heerduse a
separate motor with a control system keeps the shaft spaestari. An
example of data of the first type is given in figlirtel 3.1 and ofsheond type
in figure[3:2.

23



24 Chapter 3. Surge modeling and sensitivity

Compressor during surge
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Figure 3.1: Example of surge data from the surge test benmhis com-
pressor pressure ratid. and throttle mass floWV;;,. The compressor has
been driven in surge for an extended period of time. It is tioeable if a
normal turbocharger also having a turbine and a full shafild/sustain this
long period of surge. However, the test rig compressor doésiave a tur-
bine wheel. For a constant throttle mass flow the pressuseatiall of the
same amplitude and share the same surge cycle time. Themessillation
amplitudes and cycle times are slightly different for diéfet throttle mass
flows even thoughV,. is kept constant.

Compressor during surge
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Figure 3.2: Example of surge data from the engine test betrigiahowing
compressor pressure ralib. and (scaled) shaft speéd.. The figure shows
four complete surge cycles. The different surge dip amgditican be seen
as well as small deviation from the general trend in shafedp&he data has
been filtered.
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3.2 Surge

The compressor map can be divided into three different negibirst there is
the normal operating region in which the compressor nognedirks. This is
mainly shown by the efficiency contours in the compressor.fiaphe lower
right of the compressor map there is a region called choke. cBimpressor
chokes when the quotient of mass flow and pressure is too. |atgese first
two cases are not dangerous for the compressor, even thbogh s often
not desired. The last region of the compressor map is lintitethe surge
line. When the compressor travels beyond this line, surfjeoagur. This is
because the compressor is unable to maintain flow lines anefftire the flow
breaks down. This breakdown of flow lines causes uneverntigdd load on
the compressor blades and bearirigs [6]. When the flow breaks dom-
pletely, the highly pressurized air travels upstream, ngxg the mass flow.
The compressor now acts like a turbine. This upstream mags#ases the
pressure ratio to reduce until the compressor is able tmagaintain positive
mass flow. The pressure ratio then increases again and tharessor enters
a new surge cycle, if no other changes are applied to therayste

The most common way to impose the risk of surge is to suddéodgthe
throttle of the intake manifold. This produces a sudden stdprottle mass
flow but the compressor wheel is spinning with such a speddttbantinues
to build up pressure. Such throttle closing occurs at eveay ghange. Other
extreme ways to produce surge always involve sudden dropsrmanded
mass flow. This could be caused for example when an engirgedatlrely
and the cylinders stop consuming air. Another less extreanewwould be
if someone slips from the clutch pedal at high engine rpmaoautomatic
gearbox changes gear.

Surge is divided into three subgroups|[15]

e Mild surge: No flow reversal and small oscillations in pressure.

e Classic surge:Low frequency oscillations with larger pressure oscil-
lations.

e Deep surge:Reversal of the mass flow through the compressor.

The most interesting group, for the purpose of this thesisieiep surge be-
cause this is the most dangerous case. The two subgrougtdase [gener-
alization of the three, where the first two subgroups preskalbove together
are calledmild surge

3.2.1 Surge properties

A surge cycle is characterized by different propertieshia section the fol-
lowing different surge properties are described
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Surge pressure dip: Every surge cycle has a specific pressure dip.
If the cycles are continued without changing the operatiomipthe
pressure dip size prevails.

Surge cycle time:When an operating point demand has caused surge,
the surge cycles will continue with a specific cycle time Lihte de-
manded operating point is changed.

Surge temperature behavior: The mass reversing through the com-
pressor changes the temperature of the the upstream cooiate.

Surge shaft speed variationsThe shaft speed of a freely rotating, not
engine driven, compressor experiences variations durswgge cycle.

Where in the compressor map surge startsThe points where surge
starts on each speed line, form the surge line.

A surge cycle from the engine test bench at Linkdpings Usitgis shown
in figure[3.3. The figure shows some of the surge properties.

Given these surge properties the need for information atfmutsurge

region is motivated. The different properties are invegtd in the following
sub sections.

Emphasized compressor surge cycle
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Figure 3.3: Measurement from the test cell engine duringesufhe pressure
dip, surge frequency and shaft speed variations are engguasihe lower
graph shows filtered data to easier separate the measuraoisatfrom the
signal. BothlI. and NV,. are seen. In the lower graph some of the properties
of a surge cycle are also marked.



3.3. Surge modeling 27

3.3 Surge modeling

In this section, the surge side of the compressor model wikdtimated and
validated. The equations for the surge side, were presémtiéd previous
chapter. The model parameter sensitivity will be invedéda Each surge
property presented in the previous section will be disadisseome of the
surge properties share the same parameter sensitivityrankleaxefore inves-
tigated together.

3.3.1 Surge pressure dip and surge cycle time

The surge pressure dip and the surge cycle time propertyracé of the
parameter sensitivity in common. The properties are desdrunder sepa-
rate paragraphs and these paragraphs are followed by agtarasansitivity
analysis common for both properties.

Surge pressure dip

Looking at the available surge data there is a clear preshprgend to be
seen. The dip becomes increasingly larger for compresatiosr Studying
the data from the surge test rig (figlirel3.1), where the cossprehas been
driven in surge cycles for long periods of time and with cansshaft speed,
the pressure dip is the same regardless of how long the sagbden in
progress.

The pressure dips found in the different types of data setdadle are
presented in tablg—3.1 afidB.2. Tabld 3.1 shows how big thespre drop
during surge is, for a range of consta¥.-values and different throttle clos-
ing speeds. It also shows how the surge cycle time varies. stitge rig
data contains forced surge for long periods of time and thke thherefore
contains information from both one of the first surge cyclesvell as from
one of the last. The compressor is mounted in the surge tgstffectively
meaning thatV,. does not vary. The reason for the two differénf,;. for
N¢. = 120000 [rpm)] is that the test bench geometries were changed to a
larger compressor control volume (the tube downstreanthfotarger time.

For the other surge data type the test bench in Vehiculae8ysat LiU
was used. The data contains two surge periods with 4 and @ syoles re-
spectively. During these surge periallg. as well asAll. varies. The initial
(init) rotational speed and compressor pressure ratiohemetore presented
along with each surge cycle’s individual surge cycle timd pressure drop.
Here, initial means where the pressure first starts to dgmifsiantly. The
first and last surge cycle of each surge period in the tablerdilightly from
the behavior of the cycles in between. The result is givealitef3P.
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| Ny [rpm] || ATl [-] | Teycle [MS] | Comment |
40.000 0.050 75 Fast thr., first cycles
40.000 0.048 70 Fast thr., last cycles
40.000 0.052 70 Slow thr., first cycles
40.000 0.046 70 Slow thr., last cycles
120.000 0.35 80 Fast thr., first cycles
120.000 0.32 81 Fast thr., last cycles
120.000 0.36 75 Medium thr., first cycles
120.000 0.36 80 Medium thr., last cycles
120.000 0.37 80 Ultraslow thr., first cycleg
120.000 0.39 80 Ultraslow thr., last cycles
120.000 0.31 105 Fast thr., first cycles
120.000 0.30 106 Fast thr., last cycles
120.000 0.33 100 Slow thr., first cycles
120.000 0.36 110 Slow thr., last cycles

Table 3.1:All. andZ,. for the surge test rig with two different geometries.
The bottom section of the table differs from the upper twohatta larger
compressor control volume was used for these measuremigings.cycles
refers to values from one of the first cycles of the surge pleaiwdlast cycles
refers to one of the last cycles before the compressor wadiz¢a again.
Fast/Medium/Slow/Ultraslowefers to how fast the throttle is closed.

| # || Ntc,init [Tpm] | Hc,init [_] | AHC [_] | Tcycle [ms] |
1 120000 1.880 0.310 78
2 116000 1.830 0.310 79
3 112000 1.750 0.210 77
4 108000 1.700 0.240 73
1 117000 1.840 0.250 80
2 114000 1.810 0.300 70
3 109000 1.730 0.260 80
4 105000 1.670 0.240 80
5 100000 1.620 0.230 70
6 96000 1.540 0.190 80
7 93000 1.500 0.180 70

Table 3.2:All. andT,,.. from the engine test bench. The differexil,. for
differentV;.ini: are seen. Due to difficulties defining the exact start point of
each surge cycle the values are rounded.
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Surge cycle time

The reversed mass flow through the compressor will contiaugrdw until
pressure build upj., exceeds the downstream pressure Thus, the com-
pressor characteristic for reversed (negative) mass fleevménes how much
the pressure downstream has to decrease until the compfiesstines can
be restored. The volume downstream of the compressor tbtbtlé and the
flow characteristics of the components in between, deteximinv much mass
flow that needs to be reversed to lower the downstream peessificiently.
When the downstream control volume pressure is decredsedlotv lines
are restored.

Parameter estimation and sensitivity

The parameter estimation and sensitivity analysis is diyithto two sub-
groups. The first investigates the effect of different contiolume sizes,
throttle mass flows, shaft speeds and compressor lengtbeseédond investi-
gates the effect of different compressor characteristicedégative mass flow.
These both groups are summarized at the end of this section.

The parametersV,crgea cv, Wen, Nie @and L,
The compressor system is simplified by grouping the compresstrol vol-
ume and intercooler control volume together, neglectiegttessure dip over
the intercooler and assuming constant temperature in thigea control vol-
ume. The temperature rise caused by the compressor is &=pda a con-
stant. The temperature in the merged control volume is takg80 [K]. This
temperature comes from studying the temperature behakibealeveloped
Simulink MVEM model. Further on pressure and temperatutrepm the
compressor are said to be according to the SAE standard Tty means
that no SAE corrections are required by the pressure builchagel since
p = psaq aNdT = T4 in equation[ZN). The equations describing this
simplified system become

wD? , .
) d}i/lt/c = 4LCC (pc — Pmerged CV) (31)
mmc;«icd oV _ (Wc _ Wth)
wherep,. = p.(Ni., W.) is calculated using the Ellipse pressure build up
model presented in secti@n ZP.3. The ideal gas law is usetthdomerged

Mmerge RTperge
compressor control volume pressWgerged cv = g ;jmc;‘:gcd e 40V

The sizes of the different control volumes makingWpe,geq cv are often
easy to estimate using simple measurements. The time ctsistaa surge
cycle is much smaller than the dynamics of the shaft Ahdis therefore
taken as a constant.

Simulations conducted with this simplified system, usinggleometries
of the surge test rig, are shown in figlrel3.4. The system éaseld from a
stable operating point near choke. The throttle mass flolwda suddenly
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reduced to a much smaller value and the effect of varying #rarpeters in
equations[(3]1) is studied. Figurel3.4 shows that a lot afipaters affect the
surge cycle time, even in the case of this simplified system.

If the surge time of this simplified system is compared to ¢heesented
last in tabld=3 1l they almost coincide. The simplified modehius describ-
ing the surge frequency well. The largest uncertainty isctrapressor/duct
length, L., since this is more or less a theoretical construction wisamthe
Moore-Greitzer compressor model (see the discussionstioaf221).

x10° Variations in control volume x10° Variations in throttle mass flow

P, [Pa]
W_ [kg/s]
P, [Pa]

0.1 0.2 0.3 0.4 o 0.1 0.2 03 0.4
Time [s] Time [s]

x10° Variations in shaft speed x10° Variations in plug length

p, [Pa]
W_[kg/s]
P, [Pa]

Time [s] Time [s]

Figure 3.4: The effect on the surge cycle time and presspriaiin different
changes in the system. Solid lines show unaltered parasfesen the surge
test rig for comparison purposes. Dashed, dashed dottedaitet! are sys-
tems with one parameter altered relative the original systépper left shows
variations in merged control volume and lower left variation shaft speed.
These are varied &8 %, 90% and95% of the original values 05.83 [L] and
120000 [rpm] respectivly. Upper right shows variations in throttle mies
and lower right compressor (plug) length. These are vaded%, 50% and
80% of the original values 00.02 [kg/s] and1 [m] respectivly. The com-
pressor control volume pressure for the different pararaéeshown as well
as the mass flow for the surge cycle of the original, unaltsystem.

Using the information presented in figlirel3.4 the surge mgudink model
is adjusted to predict the pressure dip and surge cycle tinteeameasured
data. When adjusting the parameters, a better fit to meadatads achieved
by altering the values for the merged control volume and tiug fength.



3.3. Surge modeling 31

The best fit values for the control volume size do not vary ificantly for
the tested surge cycle$0000 [rpm] and120000 [rpm]) but the plug length
shows dependency on rotational speed. The plug size thes bist fit to the
surge cycles aiV;. = 120000 [rpm] is about50% smaller then the one for
Ny = 40000 [rpm).

The resulting simulated compressor control volume preskurN;,, =
120000 [rpm] is shown in figuré=315. Inputs to the surge rig Simulink model
used are measured signals and the pressure from the motgtésipogether
with the measured pressure. The Simulink model enters sligjely later
than the surge rig measurement and this time delay contifitnesfirst surge
cycle in the measured data also shows a slightly differesgsarre curve.

Surge cycle showing time constants and pressure dip
1.9 T T T T T
Measured pressure

------- Modeled pressure | |

1.85

Time [s]

Figure 3.5: Measured (solid) and simulated (dashed) syrgje pressure. To
get a good model behavior the merged control volume had todreased
about20% in size compared to the original size ®B3 [L]. This could be
caused by heat exchange to the surroundings in the measateed d

Speed line shape for negative mass flow
Since it is almost impossible to get manufacturer measunéefoe pressure
build up outside of the normal operating region, it is of grieéerest to see
the model sensitivity of these shapes. The Ellipse modeletsatiese speed
lines as polynomials in corrected rotational speed and rilassaccording
to equation[[2Z20). Again, using the merged control volunoeleh according
to equations[{3]1) simulations are conducted with the &fipressure build
up model and a modified Ellipse model. Both models were patenzed
for the surge test rig compressor in the stationary regiahus®d the same



32 Chapter 3. Surge modeling and sensitivity

shape of the speed lines down to zero mass flow. The diffensnitat at
mass flow less than zero the modified Ellipse model uses aamtnstlue for
the pressure build up while the original uses a pressure bigilaccording
to figure[Z®. This modification is rather drastic and the @ffare clearly
visible in figure[36. The mass flow and pressure dip are mucjeta The
reason for this is found in the mass flow equation

dW. 7D?
dt 4L,

The mass flow will continue to decrease uptil= pp,ergeqd cv. With a con-
stantp, for W, < 0 it takes longer time to lower the downstream pressure
enough to fulfill this criterion. This means the mass flow wilintinue to
decrease for a longer period of time. The influenc&pp,. is a lot smaller
than the pressure and mass flow differences. This is beda@sentrol vol-
ume pressur@merged cv, 1S descending quickly wheW, is this negative.
The opposite is also tru@,,.r4ed cv is increasing fast for largd’..

: (ﬁc — Pmerged CV)

x10° Variations in negative massflow compressor charateristics

Ellipse characteristic

p, [Pa]

I
— - — - Constant characterstic 2
=

11 ! ! ! ! ! ! !
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04

Time [s]

Figure 3.6: Solid lines represent a model using charatiesiaccording to
figure[Z® and dashed dotted lines a modified model with cohgi@ssure
build up for negative mass flow. Both control volume pressargations and
compressor mass flow variations are shown.

T.ycie @and surge pressure dip parameter sensitivity summarized
The surge pressure dip is highly dependent on the comprésssgth L..
Teyeie Shows a high dependency on control volume size. The compress
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characteristic for negative mass flow, in fact, affect dbth.;. and the pres-
sure dip. However, it has the greatest affect on the amgitnfdthe mass
flow variations. The throttle mass flow has minor effect ondyele time and
hardly any effect on the pressure dip.

Estimating the compressor characteristic for negativesrfiaw is done
comparing the model output to the measured surge cycleg siitye test rig.
Used as design parameter in the Ellipse pressure build ughimdamong
others, the pressure build up at zero mass flow. This valugtess impact
on how deep the pressure and mass flow dips get.

3.3.2 Surge temperature and shaft speed variations

Looking at the temperature equationsl2 2)](2.3) and tlypimequatiod{214),
it is easy to see a connection. The torque consumed/protiydbd compres-
sor is highly dependent on the temperature changes andréaidn of the
mass flow. The measured data shows interesting shaft spaatlorss. This
speed can vary due to two things; variations in producedi®(y the tur-
bine) or variations in consumed torque (by the compresseshait friction).
Due to their close connection they are investigated togethe

Surge temperature

Looking at simulations, using the full S| MVEM model, thedrig torque
diminishes rather quickly when the throttle is closed betshaft speed vari-
ations continues. An acceleration in shaft speed must tberedrom the
compressor acting as a turbine for the reversed flow and Higs tenergy
from the fluid. The compressor torque is difficult to measurd & most
often calculated from other measured signals. Even theesi@emperature
can be challenging to measure because of slow temperanserseand heat
losses to the surroundings.

Looking at the temperature measurements of the surge testheén it
is driven in surge for long periods of time, see figlitd 3.7, negal trend
is seen. The temperature rise when the compressor entgesisusbvious.
This is caused by heated pressurized mass going back thtbegiompres-
sor. The measured temperature shows a clear first ordensysteavior. A
good approximation of the system time constant and finalevahn be ob-
tained from the figure. Extending the graph for a longer gedbsurge by
interpolation gives a final value for the temperature risalwfuts5 [K]. The
time constant is found to be abdiifs]. The time constant is partly due to the
relative slow response of the temperature sensors used.

Once the temperature is stabilized the final value of theeayshows the
air temperature of the average mass flow. This mass flow asmdisool air
coming from the upstream control volume, mixed with hot reed air from
the compressor.
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The question is whether this reversed mass flow is mixing fulth the
control volume mass upstream, effectively meaning the rimasese tubes
and the air filter box. The large temperature increase se#meimeasured
data could also come from the fact that the temperature sg@rasomounted
very close to the compressor inlet. If the reversed mass stafyont of the
temperature sensor for a longer period of time a higher teatpe would
show. This is however hard to estimate since the temperatnsor used is
also sensitive for flow size and not only time.

To study the surge temperature, simulations using the iggSimulink
model are conducted. Using measured data as input, whergpsopaiate,
the air filter control volume temperature, the temperatdirdi® mass going
backward in the compressor as well as the measured datal ateoain in
figure[3Y. In the figure, the output of the Simulink model adl as the
measured value for the compressor inlet temperature ane $be grey signal
in the background is the modeled compressor inlet temperaithe reason
for the large oscillations in this temperature is that itatdses both forward
flow as well as reversed flow. The temperature of the forwams fotaken
as the temperature of the control volume upstream the caspre In the
case of surge the air is taken from the downstream controlwel This air
is already heated. In the Simulink model a perfect and intate@ous mixing
of the flows is said to occur in all control volumes. Using timformation it
is assumed that the mass flow does not fully mix with the mas#ssoontrol
volume. In figurd=3]7 an efficiency 6f2 for negative mass flow is used. This
simple approach gives a satisfactory behavior.

Shaft speed variations during surge

Once a value for the compressor efficiency for reversed masshfas been
determined, the shaft speed variations can be investigtéen investigat-
ing the shaft speed variations or using another term difiee in produced
and consumed torque, different data must be used. If a cursaft speed
test equipment is used, the compressor torque has to be radamuesti-
mated. If a variable shaft speed measurement is used thespbafl has to be
accurately measured and/or the driving torque has to bmatsd. The test
rig data does not contain any information about appliedfpeed torque but
the data collected in the engine test cell contains infoionaibout the shaft
speed variations at least.

In this section the variations in shaft speed from figurd 32 ta be
modeled. To be able to study these variations the developgdNVimodel
is used. The model is run in operating points close to thessngn the data,
for one of the two available surge periods. The most imposalues of the
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Compressor inlet temperature during surge
400 T T T
Modeled inlet temperature
------- Modeled air filter control volume temperature
= \|easured inlet temperature

380

360 b

340

Temperatures [K]
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300
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Figure 3.7: Figure shows modeled upstream control volundecampressor
inlet temperature and measured inlet temperature.

chosen operating point were

I, =1.85[]

N¢e = 120.000 [rpm]
Wear =0.054[kg/s]
T.; =313[K]

When the Simulink model has stabilized in this operatingipaisurge cycle
is induced by closing the throttle. The model and the measdata shows
good agreement. The bandwidth of the shaft speed sensoiiquset high
enough to fully detect the quick changes in shaft speed. €hengl descend-
ing trend in shaft speed, in the measured data, is brokeruoffigithe surge
cycles and for some of them a small increase in speed can beBee data
also shows a time delay of abdufms] due to the sensor and measurement
equipment. The results are shown in figlitd 3.8. The initigraping point
of the model has a highéY,.. This is due to difficulties attaining the exact
operating point. The model also shows a slower descendafysteed when
closing the throttle. This could be due to a bad compresgaidn model.

To study the effect of a larger compressor friction term datians were
conducted using the developed MVEM Simulink model. To get same
relative decrease in shaft speed the friction term had talsed to a value
15-20 times higher than used in the original model. Greatetidn during
surge could be due to the turbocharger shaking heavily guimge. This
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means that the force acting on the shaftis greatly increastdger (normal)
force, assuming the same friction coefficient, means thafribtional force
increases.

Parameter estimation and sensitivity

The temperature of the air going upstream during a surgedgahainly a

function of the compressor efficiency for reversed mass fldws also of

the downstream efficiency since this gives the temperatutteel downstream
control volume. The effect on the shaft speed variationgdisurge is small
for different compressor efficiencies. A higher shaft fdotcan be used to
smooth out the sharp shaft speed variations during surgerstior example,

in figure[38.

x10° Measured shaft rotational speed x10° Modeled shaft rotational speed
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Figure 3.8: Left: Measured shaft speed variations duringirges period.

Right: Modeled shaft speed showing surge induced from aatiperpoint

close to measured data. In both plots the pressure ratisgsshlown as a
reference.

3.3.3 Surge cycle starting point - surge line

The border line between the stable right side and the urestefilside of a
compressor map is often referred to as the surge line. Foatipg points left
of this line the compressor flow lines are said to be unstaidebaeak down.
The surge line is therefore of great interest when desigaimgpmpressor
system or constructing a control system for a compressa.stinge point is
very close to the peak or at the peak of each speedline|[8]9, 11
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The first question is if such a line exists? To study this theebiped
MVEM Simulink model is used. The shaft speed is locked duthregsimu-
lation as is the engine speed. Wastegate position is keptairand the surge
valve is kept closed. Three different throttle closing gl®jare used. The be-
havior is given in figuré€-319. It is clear that a definition iseded for when
surge is said to start. To see when the mass flow of the conguressiel
changes sign the mass flow equationl(2.6)

dW. 7D?
dt ~ 4L,

has to be investigated. This states that the modeled massftbestime inte-
gral of the difference between compressor pressure buihdghe pressure
in the control volume after the compressor.

When the downstream pressure exceeds the pressure bujd tpp,,
W, decreases. This is valid for all throttle closings in figifd 8nd in fact
for every possiblé¥, decrease. Because of this a surge line can not be de-
fined as a point where the compressor pressure build, iffers from the
downstream control volume pressuyxe One way to define the surge starting
point is whenp, starts to differ significantly fronp.. This is valid for all
plots in figurdZ3P. The figure shows that this in fact happeasrad the peak
of the speed line. The simple surge line approximation is thgood way
to describe a surge line. The real surge starting point careber be any-
where in the compressor map. As soon as the operating pdimwfoa path
along which the pressure build up is ascending more slovely the pressure
downstream the compressor, the mass flow will continue toe@dse. This
implies that surge instability is highly dependent not jostthe compressor
characteristic but also the intercooler/throttle chaastic and the geometry
in between compressor and throttle.

Further onp. is dependent on both upstream temperatiig, as well
as pressurey, ¢, through the SAE-corrections. To study the effect of these
factors surge is produced in the Simulink model and bothembed simulated
variables and not corrected are shown in fiurel3.10. Thedigluwws that the
corrected mass flow is higher than the not corrected. Forhthft speed the
opposite is true. Looking at one of the maps presented inosd2IZ.B both
the V;.-correction and th&V/.-correction shift$. downwards. To stabilize a
throttle closing a big,. is desired since this is the only way to slow down a
decrease in mass flow. This means keegiag..-» high andW, .., close
to the peak of the current speed line where the highe# found for every
speed line. Equatiofi{2.1) shows that this would mean kegpiplarge and
Tor small.

Most of the compressor maps available for this thesis hawsrabing
points left of the peak of each speed line. In the SAE stanflardnea-
suring automotive turbochargers it is stated that the sfiped making up
the compressor map go from choke to surge. The standard si¢fi@surge
line, "Surge is the boundary of an area of severe flow revemabined with

(pc - Pc)
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audible coughing and banging”12]. The definition does reteha specific
line. It is up to the persons, making the measurement, to Iste@suring
when they think "...audible coughing and banging” startsisTcould be one
of the causes for compressor maps having operating poitsdmflict with
the approximated surge line.

Parameter estimation and sensitivity

None of the studied parameter variations have a major effedhe surge
cycle starting point. As discussed in the previous sectigmmore a question
of where to define the starting point. Most of the model patansaffect how
long time it takes before the first surge cycle is starteds T§however more
dependent on how fast the system is able to move around irotheressor
map. The parameters having the greatest effect on this aredimpressor
control volume size and the compressor duct length.

3.4 Dynamic performance summary

In this chapter the phenomenon surge has been describefibredif surge
properties and surge data used was presented. The modelgiaraaffecting
different the surge properties were discussed and surigatiah was also
presented.

The compressor model developed is capable of producingeprdsent-
ing all the surge properties describedIn 3.2.1. It is easynitate one or
two surge cycle properties and to get the good agreementbattihese, see
figurel3D. Itis, however, hard to parameterize the modeht@lyood agree-
ment with all surge properties for all possible cases. Owther hand, a con-
stant parameter approach already shows a correct behaviall the surge
properties, at least as long as exact numerical values lfsuaje variables
are not required.

The lack of data in the surge region makes it hard to develoege
methods for estimating the parameters of the compressogimden it comes
to the surge region. Some of the model parameters need ta@meterized,
e.g. inV,., to give a better agreement for more operating points.

Some manual tuning of the model parameters is requireder@ift model
properties affect different surge properties. The surgssure dip is most
dependent on the compressor length It also shows a small dependence
on the compressor characteristic for negative mass flow. slinge cycle
time 7., shows a high dependency on control volume size. It is aldalhjig
dependent on the design paraméterAs with the pressure difI.,.;. Shows
a small dependency on the compressor characteristic fatimegnass flow.
The temperature of the air going upstream during a surge ¢ggrimarily
a function of the compressor efficiency during surge. Theaskeages of
the modeled shaft speed variations can be smoothed out byasing the
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Figure 3.9:1I, andIl, for different throttle closing speeds. The pressures
almost coincide before the surge period. Once the surgegéas started
the lines differ and it is this that causes the fast changesass flow. Left:
Throttle closing speedai: = =% mid: 94 =
%0%. The initial throttle area wa20% of A;j, mas. The start of the throttle
closing wasT" = 50 [s]. The pressure where the surge cycles can be said to
start is equal, independent of how fast the throttle is close
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Figure 3.10: Left:II, andIl.. Mid and right: Simulated corrected and not
corrected mass flow and shaft speéd. ... < N which gives a lowep,
value. W, .. > W, which also gives a (even) lowegy, value. A lowerp,
decreases the time derivative of the compressor mass flag/nTéans that if
the mass flow was descending prior to the changg ithis descending will
accelerate. If the mass flow was increasing the increasehalt down. The
variation in shaft speed in the right plot is due to the terapee difference
in the upstream control volume.
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Tq¢riction-term. The variations show a small dependency)oduring flow
reversal. None of the studied parameter variations havejar mffiect on the
surge cycle starting point. The compressor charactefistioegative mass
flow has great impact on the mass flow amplitudes of a surge cycl

The question is also raised as to how good the standard [A&]dasuring
compressor maps is.



Chapter 4

Surge control and
performance variables

This chapter describes different control strategies akasdlow the controllers
are implemented in Simulink. Methods to determine perfarceavariables
are described and evaluated. Available actuators for thealters are modeled
and described. Time delays and dynamics in the actuatordiszessed as
well.

4.1 The control problem

A control strategy is needed to avoid the unstable regiorhefaompres-
sor map. There have been many different approaches with & naitge of
controllers investigated in the literature. Everythingifravoidance controllers
to active controllers that stabilize the compressor in threral unstable regionl[3,
8] have been suggested. Some problems that have to be takeroisider-
ation when designing controllers are time delays in senandsactuators,
mechanical delays and dynamics in actuators and sensoessigimal to the
surge valve in today cars is binary so the surge valve is msitttered opened

or closed. Continuous signals from the control systems t@ke remodeled

in the simulations in order to get more realistic simulasion

4.1.1 Controlideas

Knowledge about where surge occurs and when the compresaboit to
enter surge is necessary when control methods are desigdedbidated. A
approximated surge line is a good starting point when suogéral is inves-
tigated. There are three main ideas in surge control andareyescribed
below. The first is based on surge avoidance, the second entiet and
avoidance and the last on stabilizing the compressor in dneal unstable

41
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region [3,8]. The first two control ideas have a performaraéable to cal-
culate the distance to the surge line. These variables wilhbestigated later
in sectioZB. While the last control method stabilizesdbmpressor in the
normal unstable region and is based on more complicatedadonéthods.

Surge avoidance and protection

This strategy is based on keeping the compressor operatinggt the right
side of the surge line and away from regions close to the dirge These
regions are considered forbidden areas for the compre@searway to limit
the compressor operating region is to have a margin betweesurge line
and a so called surge avoidance linel[3, 8]. This avoidamm diets new
restrictions for the compressor. The surge margin dependsany things,
how well known the surge line is, disturbances in the systedsgnsors and
actuators. Since high pressure ratio and efficiency ofésndiose to the surge
line, the performance of the compressor is reduced withaghigoach.

Surge detection and avoidance

This approach is based on that the control system starts ibthe compres-
sor is about to enter surge or if surge is detected. This ndgthbetter than
the above because the drawbacks with a surge margin aresahaiging nor-
mal operating conditions. The drawbacks are that the cbeyiiem needs
fast actuators because when surge is detected the syst&n toeact fast.
Surge has to be detected in an early stage so the controirshste time to
act [3,18]. In an implementation phase the need of fast serestt actuators
can lead to problems because fast sensors and actuatorpansige or may
be impossible to find.

Active surge control

Active surge control works in a totally different way comedto the methods
mentioned above. This method stabilizes the compressheiregion where
the compressor otherwise is in surge. The controller mus tiee possibility

to reject disturbances, else the compressor can enter suggef it has been
stabilized in the normal unstable region of the compressp.nviethods for

this active control approach can be linearization, bifticceand lyapunov
functions, see [8] for more information about active coliérs.

4.2 Available actuators
To implement a surge avoiding controller there is a needdtraors. These

affect the compressor operating point in the map. Actuatugied in this
thesis are the surge valve and the waste gate. The effechthayon the



4.2. Available actuators 43

compressor operating point and how they can be modeled inlBinare
presented in this section.

4.2.1 Surge valve

The surge valve is also referred to as bypass valve or rexychlve. The
purpose with this valve is to quickly recycle the compressiefiom the vol-
ume after the compressor, so that the pressure after thereesgp decreases.
This is needed due to the slow dynamics in shaft speed. Ittipassible to
decrease the shaft speed fast enough when the compressouista enter
surge. Opening the surge valve decrease the pressurevatithe compres-
sor by leading a part of the mass flow that comes from the cosspréack
to before the compressor and mixes this air with the air frioenatr filter.

The surge valve is modeled in Simulink with already avagablocks
from MVEM library. One adiabatic mixer for mixing gases frdhe air filter
and the gas going back through the surge valve. A compressbtriction
to model the surge valve and its opening. When the specific dwestant,
¢p, is the same for the air upstream and downstream from the re@msqr, the
adiabatic mixer is modeled as follows, s=e [6]

T . _stTc+WafTaj'
mix — st T Waf
Wiot =Wy + Wy (4.2)

The equation for the compressible restriction [6] is

Aeffpc
v (11, 4.2

The flow characteristic is representedbyIl,,)

5 2 a+1
— (HQU I ) for gy > sy crit

st =

v (Hsv) =
_2 41
% (H;v,érit - H;v,érit) otherwise
2 \7T
M =29 T, i = <ﬁ) (4.3)
Pc Y

Equation[[4P) gives how much mass flow the surge valve caciedepend-
ing on effective valve area, temperature after the compresxl the pressure
ratio over the valve. The pressure ratio over the surge valtee inverted
pressure ratio over the compressor. Equation (4.2) leadsdesign para-
meter in terms of valve area, for the amount of mass flow thgeswalve can
recycle.
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A maximum effective area of.14-10~* [m?] is suggested in[15]. Under
the conditions that the temperature after the compressamistant and that
there is no flow through the throttle, the suggested area nbnrecycle a
mass flow 0f0.047 [kg/s| at pressure ratio 1.7 and still keep the compressor
from surge for the compressor map shown in fiduré 4.1. At highessure
ratios the valve is unable to recycle the amount of mass fledee to keep
the compressor in the stable region. If the compressorsmanishaft speed
and the pressure that the compressor is allowed to builddgvknthen the
area for the surge valve can be designed so it can recycleybrmoass flow
for the worst case scenario @f;;, = 0.

The amount of mass flow the surge valve can recycle dependent on the pressure ratio over it
3r [ .
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Figure 4.1: Shown here is a compressor map with differeaslthat represent
different surge valve areas. It shows how much mass flow trgesualve
can recycle depending on pressure ratio over the comprasgasurge valve
effective area.

4.2.2 \Waste gate

A turbocharged engine only runs with closed waste gate a3t legr engine
speeds. The waste gate is one important actuator availademtrolling the
compressors performance and the operating point. The \gasteposition
affects the torque that the turbine side gives to the comspreside and ac-
cordingly affects the shaft speed and the mass flow on the @ssqr side.
Figure[Z? shows how the compressor operating point movieeinompres-
sor map for fixed waste gate positions. The throttle is fixetDa¢ open and
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the engine speed goes frarB00 [rpm] to 4000 [rpm]. The operating point
moves further down to the right the more open the waste gatéispressure
ratio decreases for the same mass flow with an increase i \watt open-
ing. The waste gate is important for limiting the shaft spaed compressor
pressure. When the engine operates under normal conditiengaste gate is
important for avoiding surge. If the waste gate is kept alabe compressor
can be forced into surge for higher engine speeds.

Compressor map for different waste gate positions
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Figure 4.2: Shows how different waste gate positions atfeetcompressor
operating point in a compressor map. The throttle is fixed thiedengine
speed goes fror500 to 4000 [rpm] with different waste gate positions.

4.3 Distances to surge

Different methods for determining a distance to the sunge éire mentioned
and discussed here. They are all implemented and testednimiSk. Most
of the them are based on different types of margins to theedimg. Since
the surge line is an approximation of where surge is likelgdour there will
be problems when deciding on how close to the surge line thrgpoessor is
allowed to work. A larger margin gives more safety to the eysbut with
the drawback that the performance might decrease.
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4.3.1 Distance in mass flow direction

If a surge line is given in a compressor map, a simple and usgtad is to
take the mass flow to the surge line as a distance to surge. gimeam then
be decided upon if there is uncertainty where the compressiars surge.
The response time in sensors and possibilities for dishadmin the system
also affects the margins size. This has been been propodddl #among
others.

Figure[Z3B shows a compressor map with a control line and proap
mated surge line. The thick solid line is the surge line amdtitiin solid line
is the control line. The area between these two lines isneddo as the surge
margin. This is later referred to @slV,..; for the controllers.

Compressor map with a control line in positive mass flow added
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Figure 4.3: Compressor map with a surge line and a contrelditdded in
positive mass flow direction. The control line lie91 [kg/s] from the surge
line. The thicker solid line is the surge line and the lessktisolid line is the
control line.

A distance in mass flow direction is a very simple method argdttethod
is of great value in an implementation phase. It is also lublwhen dis-
cussing controllers usingW,..; as performance variable. But also it has
some drawbacks, limiting the stable operating region ottmapressor since
the control system starts to act when the compressor crdssesntrol line
and a negative throttle demand is detected. A consequetticatithe high-
est pressure for a specific speed line never can be reachedthdénrottle
is closed. This is because the highest pressure is at the Bnegand the
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controller avoids this point in the compressor map.

4.3.2 Distance as the length of a normal vector to surge line

Another possible method is a modified version of the one givEd3.1. The
main principle is to decide a distance in the direction of ttoemal vec-
tor of the surge line, the length of the normal vector depesrdsensor re-
sponse time and disturbances. It has the same drawback agral dime
usingAW,..¢, the operating region for the compressor is limited. Thermbn
system starts to act as soon as the distance to the surge Bnwall enough.
It is a different distance compared to the one givenin #.8dlitis harder to
see the distance by directly looking at a compressor map.

4.3.3 Time to surge distance

This section discusses different approaches to determétre it takes for
the compressor to enter surge from every point in the corspresap. The
compressor surge line is known and also that a fast negdtasmge in throt-
tle position makes the compressor go into surge. Assumatglie operating
point follows a speed line into surge, makes this methodiples® investi-
gate.

Basic assumptions

Between the compressor and the throttle there are pipesramdeacooler.
The pipes are modeled as control volumes in Simulink. Thekames and
the intercooler restriction are modeled like one singlairod when a time to
surge is to be calculated using this method. The modeledn®lis assumed
to work as an isothermal model which is an important part isf¢alculation.
The isothermal equation is the same as for a control volum&SEM _lib,
see [6]. Looks like equatioi{4.4), under the assumptioasttie throttle is
closed and no mass flow passes through it. The isothermatiequias to be
used to solve the time it takes for the compressor to entgesur

dp — BTy (p(t), Nye)
{ 550) Z‘;init 9

pinit 1S the initial pressure in the modeled volume, under therapsion that
the pressure after the air filter is constant. T is the tentpegdn the modeled
volume and it is set to a constant temperature. V is the margiedne of the
pipes and the intercooler between the compressor and tbilehrR is the
air constant in the modeled volume. The time for the comprgssreach the
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surge line is now calculated with a rearrangement of eqn##al) to

d
d_;l; = %Wc(p(t)ath)
surge

psurge — Pinit = ]%/T f W (p(t)7 Ntc)dt (45)
0

The parameters with subscrigtirgeindicates the mass flow or pressure
on the surge line for the speed line the compressor operptirg are fol-
lowing on the way into surge. The subscripit stands for the operating
point the compressor is at initially. The easiest way to apipnate V" =
W (p(t), Ni) is to use a triangle with edges (i ;. ge , Hgurge ) to the upper
left, (Winit, ILinit) to the lower right and the third edge @V ge , init ).

In figure[Z3 the triangle is shown.

Compressor map, with distance from operational point to surge point
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Figure 4.4: Compressor map that shows the path from thaliigerating
point to the surge point, when a shortest time to surge isutztled with the
help of an isothermal model.

tsurge Will give a time to surge for the shortest distance to the sirge.
This time is a minimum time to surge. It will be a better appnaation the
closer the compressor operating point is to the surge luneg tvorse approxi-
mation far away from the surge line. From the compressorattaristic it
follows thatt,.,q. is smaller than the actual time the further away from the
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surge line the poin{iW;,,;+, I1;,,::) is. But the actual time and calculated time
gets better agreement closer to the surge line. In figule ¥ time to
surge is shown for two different compressors and a cleaviithaal behavior
is noticed in the figures.

Different solving strategies and implementation issues

The first and the most obvious solution is to havg.,. as a function of
the current pressure after the compressor. This works vetlyfar simu-
lations when the surge valve is closetl,, 4. passes zero when the com-
pressor crosses the surge line in the compressor map. Withteotstrategy
based on the surge valve as actuator, this approach doesrioasintended.
This implemented,.4. Never passes zero when the compressor passes the
surge line if the surge valve is opened.

An explanation for this behavior is that the differentiabiatjon is very
sensitive around the surge line. Opening the surge valvddvmake the
calculations more inaccurate than with a closed surge vdlkies is because
the pressure after the compressor suddenly drops whenre\salves opens
and the equationk{4.4) afld{¥.5) do not model this effeds Miodel is based
on the compressor having a fixed shaft speed on the way inge sund this is
not the case in reality. The speed is decreasing slowly winegative change
in throttle has been done. Thus the real pressure at the lfugge lower than
what the model has assumed.

A second and more successful method to use is the differenoess
flow between the surge point and the mass flow from the commre$his
method works as intended showitig,.,. = 0 when the compressors operat-
ing point passes the surge line, both with and without an egenrge valve.
Instead of taking the pressure at the surge line and the tipg@oint when
equation[(4b) is solved, the pressure at the two pointslisiizaed from the
mass flow and the shaft speed at these points. The differeqtiation then
can be solved,.,4. can now be used as a performance variable when control
algorithms later on are investigated. Figlrd 4.5[anH 4.8/staw the time to
surge depend on the compressor characteristic.

4.4 P-controllers

P-controllers are one option when methods for avoiding esang investi-

gated. In this section different P-controllers are desttiblrhe performance
variable will either beAW,.. ; from sectiollZ.3]1 of,,,,¢. from sectiofZ:313.

With these variables the control error can be calculatede dVailable ac-

tuator for the control system is the surge valve. The colet®hre only de-

scribed in the ideal case with zero time delays, dynamicsattiocontinuous

signals. The effects of such time delays and dynamics aceisked later.
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Compressor map, with time to surge
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Figure 4.5: Compressor map that shows the time in secondkestfor the
compressor to enter surge if it follows a speed line on the inap surge.
Shown is al/ (&) compressor pressure build up model. The thicker line is the
surge line for the compressor.
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Figure 4.6: Compressor map that shows the time in secondkestfor the
compressor to enter surge if it follows a speed line on the inayp surge.
Shown is an Ellipse compressor build up model. The thicker i the surge
line for the compressor.
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The controllers are activated when a fast negative chanteattle posi-
tion is noticed. They are deactivated with a positive changhrottle posi-
tion. The throttle is used instead of demanded mass flow ternig&ée. This
is because that signal is not available in the Simulink moldi¢he controllers
are active all the time there are limitations in the presbuilel up. Activating
the controllers under short periods of time also lead to lerob if a negative
change in throttle is noticed very close to the surge linee @dntrollers are
most likely unable to keep the compressor from surge if tirekays and dy-
namics are introduced in the system.

4.4.1 P-controllers based odAW,..,

The mass flow controllers are based on the equation in sé€fD to esti-
mate the control error. The control error is calculated ediog to

€(t) = AWT@f - (WC - Wsurge) (46)

AW,y is the reference mass flow from sectlon4.31¥. is the compres-
sor mass flow and,,,¢. is the mass flow at the surge line for a specific
speed line. The value cAWW,..; depends on different things like the ac-
tuator response time, noise in the system and the uncertittie surge line
approximation. In the ideal case those factors are not dgmandAW,..;
can go toward zero.

P-controller that opens the surge valve

A normal P-controller looks like equatiob(#.7) with the tah error esti-
mated according to equatio (K.6).(¢) is the control signal to the surge
valve and is limited between zero and one. This controlktsto open the
valve when the mass flow passes the reference mass flow.

u(t) = Kpe(t) 4.7)

P-controller that closes the surge valve

A modified version of the controller above one is equatiom@)(4vith the
control error [£F). The difference compared to equatiai)(é that this
controller closes the valve the more negatife) becomes. AW, is
passed it keeps the surge valve fully opened.

u(t) =1+ Kpe(t) (4.8)

4.4.2 P-controllers based o4

The controllers presented here are very close connected s that were
based onAW,..r. The controllers are based on the performance variable
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suggested in sectidn 4.B.3, where the control error is e according

to equation[(Z).t,. is the reference time and same as in the mass flow
description this value depends on things like response itinagtuators and
uncertainty in the surge liné,,,4. is the compressor’s time to the surge line.
The division witht,.. ¢ is only a scale factor to give better error values.

tre _tsur e
eft) = e (4.9)

This controller will use equatiofi{4.7) with the errB_{4iBi is wanted that
the surge valve shall open aftgy,4. has passetl..;. If the controller shall
close the surge valve the further away from the referencedhgressor op-
erating point, is equatiofi.{4.8) an option.

4.5 Open loop system and forward control

In the following two different controllers based on forwarahtrol and open
loop systems are presented. The first uses the knowledgée titwosurge
valve and the throttle characteristics. The second is basedpressure dif-
ference that opens the surge valve and is similar to whaedd imsproduction
cars of today.

4.5.1 Open loop mass flow controllerV,-controller

This controller combines the knowledge about the surgeevdigcussed in
sectionlZZ11 and the knowledge about how long time it takeshie com-
pressor to enter surge when a negative step in throttle isathsection 24.31 3.
From the surge line in a compressor map it is known where thgcessor
enters surge. This gives how much mass flow between the soegarid zero
mass flow there is, given a shaft speed. The throttle is mdde&same way
as the surge valve, using a compressible restriction, eou@2) from the
MVEM library. This gives how much mass flow that passes thithg throt-
tle into the engine. The difference between the surge massfiol the mass
flow passing the throttle, gives the amount of mass flow thgesualve shall
recycle to avoid surge. The surge valve is then opened sagihieamount of
mass flow passes through it. This is seen in equaionl(4W¥0).is the mass
flow the surge valve needs to recycl,, 4. is the mass flow at the surge
line andWy,, is the mass flow through the throttle.

Wy :Wsurge - Win (410)

The signal to the surge valve from the controller is given Qyation [Z.111).
When the surge valve shall open depends on the delays ananéysmn
the system. In the ideal case the valve can open near the kuegeThe
opening of the surge valve is delayed wiilt — T') = u(t) whereT =
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max (T — tsurge,0). 7 is the sum of the time delays and the dynamics time
constants in the surge valve ang, ;. is time to surge given from sectibn4.B.3.

u(t) =min (AMEdEd , 1)
Acyy

Wsuv/ RT,
pc\I/ (Hsv)

Aneeded = (411)

WhereV (11, ) is given from equatiorl {41 3).

4.5.2 Pressure difference open loop controllefp-controller

This is a modified version of systems currently used in prtdocars. The
idea is to give a fail safe controller that avoids surge. Theepis that the
performance is limited more than necessary. The controdles the pressure
after the throttle, the intake manifold pressure, knowp;gsand the ambient
pressurep,mp». The pressure difference is calculated®s = pamp — Dim,
from this pressure difference it is decided if the surge @advto be opened
or closed. The valve starts to open if the pressure differémng;,,, and the
valve is fully opened at a difference of ; .

Ap < piow =u(t)=0
Plow < Ap < phign = u(t) = —2L— — _Plow (4.12)

Phigh —Plow Phigh —Plow

Ap > phigh = u(t) =1

Where0 < prow < Dhigh < Damb-

4.6 Pulse Width Modulating, time delays and dy-
namics

When trying to make a more realistic case that representy/#iem in a pro-
duction car, time delays for pressurizing the surge valvktha hose must be
modeled in Simulink. The dynamics in the surge valve has tmbdeled as
well. The surge valve is not a continuous actuator, so PuldéiWlodulating
(PWM) of the continuous signal from the control system givessurge valve
a binary signal. Figule-4.7 shows how these are implememgdwdeled in
Simulink. The signal goes through the PWM and then througma telay
followed by the dynamics for the surge valve.

4.6.1 Time delay and dynamics

Time delays and dynamics in the surge valve can easily be ledoheSimulink
with the help of common blocks. The time delay is modeled withhelp of
a transport delay. The dynamics in the surge valve is modeiibdthe help
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Figure 4.7: Pulse Width Modulated signal to the surge valite time delay
and dynamics, as implemented in Simulink.

of a first order transfer function. In_[15] a time constant foe dynamics
of 25 [ms] and a time delay o25 [ms] is suggested. These numbers are
adopted for the surge valve characteristics that will bel ls&r when these
are introduced in the Simulink model.

Time delay in the actuator

Time delays is a problem when the compressor is in regiorsiwjt ;. less
than the time delay. The surge valve is not opened beforedtm@iessor has
passed the surge line and thus enters surge. All suggesigdicpproaches
have this problem. Controllers that are based.n,. has a straight forward
method to tell if the controller is able to handle the delayot, t4,,4. can
always be compared to the time delays.

Dynamics in the actuator

The surge valve dynamics leads to the same problem as witheadelay.
The difference is that here the valve will start to open buwtehaot opened
enough to recycle the requested amount of mass flow beforthpressor
enters surge. This effect can be slightly compensated fibr avbigger surge
valve area or with a largek, value in a feedback controller.

FigurdZB shows how the controllerin secfiond.4.2 acts tit, g < tres
when a negative change in throttle area is done. The plotetdett has an
effective surge valve area af6 - 10~ [m?] and the right has an area of
2.4 -107* [m?]. Assuming the same dynamics in the surge valve, the smaller
surge valve area can not prevent the compressor from egtsuirge while
the larger area can. In the ideal case both of the suggested sihould have
been able to avoid surge according to sedfion#.2.1.

4.6.2 Pulse Width Modulation, PWM

The control signal to the surge valve is not a continuousatign todays
production car’s, but a binary signal. Therefore the cardirs control signal
must go through a PWM in the Simulink implementation to sthdyv the
different suggested controllers can handle the more tafiguation. The
Pulse Width Modulating takes the continuous signal fromatrol system
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Figure 4.8: The left compressor map has a smaller surge eabaethan the
right. They both have the same surge valve dynamics. Thesigle valve
area setup is able to avoid surge while the left setup is not.

and gives the surge valve either zero or one. If the PWM getméraious
signal of 0.3 the PWM set30% of the PWM period to one and the remaning
70% of the period to zero. The pulse frequency is choosebOtQH z], as

is suggested irL[15]. The PWM updates the continuous sigithl0 [H z]
and decides how much of the PWM period the binary signal shbelhigh.
Compared to a continuous signal this leads to problemselkst part of the
PWM period is set to zero for a longer period of time, the coespor may
enter surge. For example the PWM set the 5&$t, 0.01 [ms], of the period

to zero and there is only.005 [ms] to the surge line when the PWM changes
from one to zero, the compressor enters surge.

4.7 Surge control and performance variables sum-
mary

There are many different approaches to handle the probléemsurge. It
can either be simple controllers like P-controllers andmlpep controllers
or more advanced controllers as described in seEfionl4.1.1.

The most promising performance variable is a mass flow metiesd
scribed in sectioR 23.1 or a time to surge method describeddtior2.313.
These variables are used by the P-controllers presentegctios[Z2 for
estimating the control error. Two open loop controllers presented in
sectiofZb, where one is based on the amount of mass flow the galve
can recycle and the other on a pressure difference.

The time to surge method in sectibn413.3, is based on aneisoti
model, similar to the ones used for control volumes in MVHDN In the
control volume there are in and out flows, but this method iclams the throt-
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tle to be closed and zero mass flow through it, so there is only ifito the
volume. Further on, when designing this time measuremestassumed
that compressor operating point follows a speed line intgesand that the
temperature in the control volume is constant.

The actuators for changing the compressor operating poithite map is
modeled in sectiof4.2. The purpose with a waste gate on thiméuside is
discussed and the effect the waste gate has on surge aveilathimitations
in compressor mass flow is investigated. The more open thiewase the
further down to the right the compressor operating point @&vimg in the
compressor map.

The surge valve and how the effective surge valve area dffe@mount
of mass flow the surge valve can recycle is investigated itisdd.2. Under
the assumption that the temperature is constant, the safge ig only able
to recycle a limited amount of mass flow depending on the #¥fearea and
the pressure ratio over it. So the surge valve area can berisideoed as a
design parameter, if it is known how much pressure the cosspras allowed
to build.

Time delays between the controller and the surge valve andrdics in
the surge valve are introduced in sectiod 4.6. The surgevalproduction
cars is not able to handle continuous signals, so the sigowad the imple-
mented controllers in Simulink have to be made binary withhblp of Pulse
Width Modulating. This is described in sectibnl4.6 as well.
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Control performance

This chapter presents how the different controllers suggeim chaptefl4
handle a specific test case. Time delays, dynamics and Putith Wodu-
lated control signals are introduced in the system to seeffeet of these.
The main signals used for performance comparison are tHfe gteed and
the engine net torque. These are natural measurements waleating the
performance of the different controllers. The shaft spaegbiod because it
shows how much pressure the compressor can build later on thieegear
change is over. The higher speed, the more mass flow from theressor
and a faster pressure build up. The engine net torque is aggréarmance
comparison variable since it shows how much the compressfonmance
affects the engine.

5.1 Testcase

To quantify the performance a test cycle has to be determiffdgt most
obvious way would be a case where the compressor can enggr isusome
part of the test cycle since this is what the controllersisiadid. A car in
an acceleration phase, including a gear change, is therafgood test case.
The compressor enters surge easily due to a rapid negatveetin throttle
mass flow, i.e. when the throttle closes fast.

5.1.1 Quantified case

The test case is based on a car in an acceleration phase afopkxwhen
the car is accelerating from zero to hundfkah /1. Since a full car model is
not available in the simulations, this case is tested usiagvailable engine
model. In figurd 51l an acceleration phase with fast geargdwis done
in a real car. It shows a gear changes that are suppose to liake @5

57
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seconds. The simulated test case can then be modeled assfadigive a
good approximation of the measured acceleration.

The engine is run at000 [rpm| for one second with the throttl&0%
open. The first second is to stabilize the mass flows and trssgres in the
simulation. This is followed by an acceleration phase wliscmodeled as a
ramp in engine speed up 6000 [rpm] over four seconds. The next phase is
a gear change of 0.5 seconds. During this period the engeetlsp ramped
down to 3000 [rpm]. When the gear change is completed, the engine goes
up to 6000 [rpm] in 4.5 seconds. The throttle is fully opened during the
accelerations and during the gear change it is fully shué Whole test case
is ten seconds long where the time around the simulated gaage decides
if the compressor will enter surge. Figdrels.2 shows theqttbsition and
engine speed during the ten seconds of simulation.

This test cycle is an extreme case since there is no thrgttiardics. The
throttle has dynamics in a real engine. This test can be seanarst case
scenario for the controllers.

The drawback with tuning the controllers to this case is thay can be
too aggressive in less extreme cases, so the engine perfoensmreduced
for other situations. The pressure ratio over the comprasseduced too
much under a longer gear change so the controllers have mificiant effect
at the end of the gear change. Also that the performanceeliftes of dif-
ferent controllers may be less obvious for a faster gearghamere a higher
pressure ratio and shaft speed may be maintained becausbafiespeed
have not been reduced enough. Because of these possiblerpsdiwo other
test cases are studied. One with a faster gear change tal&isg&nds and
another with a gear change taking 2 seconds.

Limit shaft speed and pressure ratio

The compressor has in reality a limitation in speed becaespassibility for
the compressor to break down at high shaft speeds. Due ta $iisple PID-
controller is implemented in this test case engine modebtdrol the maxi-
mum shaft speed and pressure after the compressor. Thelemtises the
waste gate as actuator and the pressure after the inter@sofeerformance
variable. The reference pressure is seti0 [K pa).

A surge valve effective area @f6 - 10~ [m?] is used. This effective area
is able to recycle enough mass flow to keep the compressorsuoge up to
a pressure ratio around 2.2, in the ideal case, accordireptms[Z.211.

5.2 Control performance of suggested controllers
With the test cases setup the controllers described inosd&id and 415 can

be tested and evaluated. First it is done with no delays atidardontinuous
surge valve signal. After these simulations are done a PWiMrabsignal,
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Figure 5.2: Throttle position and engine speed for the tasewsed in the
simulations. The simulated gear change takes 0.5 seconds.
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time delays, and dynamics are introduced in the system.eStacontrollers
with AW,.; andt,.; as reference variables are very similar there are no
discussions around mass flow controllers, is a more intuitive variable to
use when time delays are introduced in the system.

5.2.1 Control systems with continuous control signal

The continuous case is studied to see if the controllerseaid aurge and if
not, what modifications of the control parameters are nesdéuk controllers
can avoid surge with a continuous control signal. Then timlays and dy-
namics are introduced and the effect of these are discussed.

P-controllers

There are no problems for the P-control systems to avoideswgth both
versions of the 4. controller it is possible to let..; go toward zero and
allow the compressor to operate closer to the surge line.coh&ollers are
able to keep the compressor from surge with only a propaatioart, but with

the drawback that the control signal starts to oscillateetbe smallet... s
gets or the larger th&’, value gets. This behavior can be seen in figurk 5.3,
wheret,..; = 0.1 [ms] and differenti,, values are used. Only the interesting
part in the beginning of the controller’s active period o ttycle is shown.

Figure 5.3: Differenti, values in a P-controller and the effect on the control
signal from the different values. A largéf,, gives a more oscillative control
signal.
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Open loop mass flow controller,W,,-controller

In the continuous case with no delays afigl....q for the surge valve it is im-
possible to avoid surge in most cases. A small modificatich@®quations
in section’Z51 makes the controller avoid surge. Increpdi,ccqeq With

50% directly gives an increase of the amount of mass flow the sualye is

able to recycle, according to equati@n(4.11). This giveafatg margin to
the system when the suggested area to open is larger thanttlzd meeded
one. In figurd 5} an increase in needed area is tested. Thedltse shows
that the compressor has gone into surge without an increasea while the
solid line has &0% increase in area and is therefore able to avoid surge.
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Figure 5.4. A 50% increase id,.q.q keeps the compressor from surge
for the W, -controller. The solid line shows a non surge behavior witite
dashed has clearly gone into surge. The solid has the 50%r Ismgge valve

area.

Comparison between continuous controllers without time costants

To see how the continuous controllers behave and to inagstighich is the
better one a couple simulation are needed. Those simusaticnlater ref-
erence cases when time delays, dynamics and a PWM are in&ddiu the
system. The reference case lass = 15 [ms] and K}, = 1 for the P-
controllers. An increase if,,c.q.q With 50% for the W,,,-controller is im-
plemented. The P-controllers can be better tuned toghéteawand D part,
to get better performance but this can be very time consun8ite the in-
teresting part is to see if the controllers can handle timlaydeand dynamics
in the surge valve a proportinal part is enough for this case.
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In figure[&5 the engine torque and compressor shaft speddtiegfor
different ideal controllers and figufeb.6 shows the corgighal to the surge
valve. Seen in the figures is1#.5% difference in shaft speed at time 5.5,
between thé¥V,-controller flow and the P-controller for closing the surge
valve. At time 5.7 the difference 6.1% in engine net torque an@l8% in
shaft speed. With a 0.5 second gear changéithecontroller is the most ef-
ficent keeping shaft speed and therefore geting a highenengrique after the
gear change. The worst controllers arefhecontroller and the P-controllers
that close the valve. These two are equally bad.
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Figure 5.5: Engine torque and shaft speed for differentredliets in the ideal
case with a 0.5 second gear change. Thg-controller is clearly the better
controller, seen in the higher shaft speed and higher emgihrque.

The same situation is studied for the 0.3 second gear champphiz case
shows a difference between the different controller$.2¥ in shaft speed at
time 5.3 and).6% at time 5.5. Engine torque ha®)@% difference at time
5.5 shown in figur€Xhl7. This case, as with the 0.5 gear chagpsys that
theW,,-controller keeps the highest shaft speed and engine tahayirgg the
gear change.

At the 2.0 seconds long gear change the difference at timé7.95% in
shaft speed. Attime 7.2 there i8a.9% difference in shaft speed and.5%
in engine torque. Figufed.8 shows the engine torque and seéd for this
simulation.

From these simulations some observations are doneJi.hecontroller
is clearly the better controller, while thiep-controller keeps the surge valve
open during the whole gear change and is the worst togetharthé P-
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Figure 5.6: Control signal to the surge valve with differeantrollers, in the
ideal case with a 0.5 second gear change.

x10° Shaft speed Engine net torque
l4rp 300
P-controller for opening the surge valve|
— — — P—controller for closing the surge valve
135 — - —- W~ controller
250
“““ + A p- controller
13
125k 200
T 12f
s F 150
- Z
3 =
§ 115 %
& 2 100
& 11f
1.05F sol
1k
ok
0.95r
0.0l I I | _solL I I ]
5 5.2 5.4 5.6 5 5.2 5.4 5.6
Time [s] Time [s]

Figure 5.7: Engine torque and shaft speed with differentrodlers in the
ideal case with a 0.3 second gear change. Here the diffelmtoeen the
controllers are smaller, but th&,-controller is still the best choice.
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controller that closes the surge valve. One of the reasogstveP-controllers
are not better can be that, ; in this case is set very high so that they can be
compared to simulations later when time delays and dynaanécimtroduced.
Figure[5.® and 210 show the improvements made with a rederéme of
0.1 [ms] instead oflL5 [ms], with K, = 1 for the P-controller that opens the
surge valve. The improvementis2% in shaft speed an6.1% in torque at
time 5.7. Another possible reason for the bad performanttetive feedback
controllers is badly tuned parameters.
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Figure 5.8: Engine torque and shaft speed with differentrodliars, in the
ideal case with a 2.0 seconds gear change. Clearljithecontroller is the
better one.

Impact on control performance with time delays and dynamicsin the
system

The introduction of time delays in the continuous contrghsil to the surge
valve and dynamics in the surge valve lead to some probleres wltomes
to control of the compressor. In sectionl4.6 are those prablescribed and
some common thoughts around the subject are given. Thifqmarses on
how the specific controllers behave and what problems theraaen using
the test case.

In [15] a time delay of25 [ms] is suggested and in the simulations is
tsurge much smaller when the gear change happens. Time delays lbrage
tsurge at the gear change makes it impossible to avoid surge foriathg
controllers except for thé\p-controller. With time delays the system can
handle, the performance is reduced with abiditin engine torque and shaft
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speed for the different controllers. This is a small deedasperformance
compared to the difference between the controllers.

Dynamics in the surge valve when the control signal to thgewalve
is continuous decreases the performance of the controlldrs effect is in
the same range as with time delays. If the dynamics time aohst large the
compressor will enter surge because the surge valve caaayatle mass flow
fast enough. It is of great value to reduce the dynamics aadirtine delays
as much as possible even if the surge valve is continuoubtaromaximum
performance.
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Figure 5.9: Engine torque and shaft speed with differgpt for the P-
controller and a 0.5 second gear change. A smalgr increases the per-
formance.

5.2.2 Pulse Width Modulated control signal

In sectionZGR it is described how the PWM is implemented lagre the
consequences of this implementation will be investigateder. First is a
PWM implemented without delays and dynamics, later are tielays and
dynamics introduced. When a PWM is implemented and the oatis sig-
nal gives zero to the PWM at the gear change the surge vallessd for
the whole period 020 [ms]. The compressor enters surge during this time if
u(t) = 0 and ifts,g. < 20 [ms] at the gear change.

Without dynamics or to fast dynamics there are problemsaretid of the
PWM period when the surge valve is closed. The compressarigtesurge
if tsurge IS l€SS then the remaining time of the PWM period.
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Figure 5.10: Control signal with differenf.; for a P-controller and a 0.5
second gear change.

Comparison of Pulse Width Modulated controllers

When the continuous signal is Pulse Width Modulated theeepaoblems
when there is no dynamics in the surge valve. Controllersdtiaid surge
with a continuous control signal can not avoid surge wherctirgrol signal
is a PWM. The control signal starts to oscillate after a whiten the PWM
closes the surge valve in the end of the PWM periods. Thissléa@n os-
cillative mass flow and pressure. In the worst case the systenenter deep
surge. Figur&ER11 shows the oscillations during a 0.5 skgear change.

The only controller able to avoid surge during all length egchanges,
among the suggested in sectlonl 4.4 4.5, istheontroller. The PWM
for this controller does not cause problems since the cbsigoal demand
fully opened surge valve during the whole gear change.

Impact on performance from time delays in the control system

A time delay between the binary signal from the PWM and thgeswalve
makes the compressor enter surge at the beginning of thecgaage if the
time delay is larger than,,,.. Figure[5.IP shows the shaft speed and the
mass flow for a P-controller that opens the surge valve atéhechange. The
dashed control signal in the figure is delayed v@ish[rn.s] while the solid is
not. It shows that the compressor enters deep surge whemtt®lcsignal

is delayed before it starts to follow the oscillations the PWM is causing.
The compressor enters deep surge for a few surge cycles aetiening
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Figure 5.11: Pulse Width Modulated control signal that gigesurge like
behavior after a while. when the PWM starts to oscillate sTigiseen in the
shaft speed where the solid line start to oscillate.

of the gear change. This is much more serious than the dgmiltathat the
PWM itself is causing.

Impact on performance from dynamics in the surge valve

The effect of dynamics is also interesting to study and aeafijgavhen the
control signal to the surge valve is binary. A large time ¢ansin the dy-
namics does not open the valve fast enough so the compress®irgsurge
when a gear change is done. A smaller time constant in thendigganakes
the system more oscillative as mentioned above.

In figure[2.IB is théV ., -controller shown during a 0.5 second gear change,
with a time constant in the dynamicsif [ms]. This constantis large enough
to avoid surge under this 0.5 second gear change shown irgtive fiThe de-
crease in shaft speed and engine net torqesi% at time 5.7 compared to
a continuous case. A smaller constant or a longer gear chaogkel have
made the compressor gone into the oscillations mentiondidrea

The P-controllers can handle a smaller time constant in theamhics
under a short period of time. But larger constants is notiptesbecause the
compressor enters surge at the beginning of the gear chémdigure[5. 13
it is shown that a large constant in the dynamics causes age sycle with
the small increase in shaft speed at time 5.06. A time conefald [ms] in
the dynamic can avoid surge but with a decrease in enginaearg4.4% at
time 5.7 compared to the continiuous control signal.
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Figure 5.12: A time delayed Pulse Width Modulated contrghai from a
P-controller makes the compressor enter deep surge for ayfelss in the
beginning of the gear change. The compressor then goes intlder surge
like behavior, like the non delayed PWM control signal.
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Figure 5.13: The figure shows a PWW,,-controller compared to the con-
tinuous case. A surge valve dynamics time consta@bdfns] is used.
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The compressor enters surge with the large time constaet, inghe small
increase in shaft speed at tird [s].

5.3 Handling of time delays and dynamics

With the knowledge from the discussions above and from sitioris it is
noticed that effects of time delays, dynamics and the birantrol signal
limit the possibilities to control the compressor from seirg

Instead of the approach to activate the controllers whergative throt-
tle change is noticed, a better solution to use is Ayecontroller to open
the surge valve. After the surge valve has opened, anotimérodier tries to
close the surge valve to get the compressor operating psiotoge to the
surge line as possible. This because an increase in perfioem@mpared
to keeping surge valve open during the whole gear change mayglieved.
This approach gives a safety to the control system sincedtigallers closes
the valve after it has been opened. The problem with timeydedlad dynam-
ics in the system are also reduced. Instead of the contsdiiging to just
avoid surge, they also try to increase the performance. 8sirgy the surge
valve instead of having the surge valve open during the wiritieal period
when surge is avoided.

A similar solution was presented in sectlonl4.4 but this ler opens
the valve when a negative changes in throttle position i€adt the problems
with time delays and dynamics was still a problem. Now thenamgpis done
with the help of theAp-controller and this new control approach for closing
the surge valve is active wherft) # 0, seen in equatiofi {411 2).

This method is tested in the same test cases as previoutigatems with
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a W;,-controller and with a P-controller with,, = 1 and¢,.; = 15 [ms].
A time delay of25 [ms] and a constant in the dynamics2if [ms] are used.

Figure[EIb shows how the controller decreases the perfarenaom-
pared to the reference cases in sedfion’b.2.1. The probléntlvéi compres-
sor entering surge is avoided even with large time consiaritse system.
This was not possible with the previous approaches that tingetthrottle po-
sition to decide when the controllers should be active.
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Figure 5.15: Reference continuous controller and a comtppiroach that
handles time constants are compared. Both a P-controliéraai/,-
controller have been compared. The latter controller isehet

The difference between the continuous P-controller arsdténw approach
of P-controllers in the 0.5 second gear change is lesst3hin shaft speed
and engine torque. For thi&,,-controllers the decrease 1s2% in shaft
speed and .9% in torque at time 5.7. These decreases are not so bad since
these controllers have a Pulse Width Modulated signal \iritle delays and
dynamics in the surge valve, compared to a continuous daignaal.

This is an interesting approach since it is robust to delayksdill has a
good performance compared to the reference cases. In figifiét®£an also
be seen that th&@/,,-controller is clearly the better choice for maintaining
shaft speed and also gives a higher engine torque in the ringinf the
acceleration after the gear change.
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5.4 Control performance summary

To see if the suggested controllers given in sedfich 4.4 38w good ap-
proaches to avoid surge a test case is developed. The tessdassed on a
gear change during an acceleration phase, see sgcflon 5.1.

With a continuous control signal, no time delays and dynanmcthe
system, the controllers avoid surge without any problesesn in section5.211.
These simulations act as reference cases when the corgnal $6 Pulse
Width Modulated and when time delays and dynamics in theesuafye are
introduced.

When a binary signal to the actuator is introduced, in sa§Bi@_2, the
compressor often goes into surge. With time delays and digsamitro-
duced it is difficult for the investigated control structsit® avoid surge, if
the control signal to the surge valve is binary. Another apph, presented in
sectiof5.B, similar to a P-controller that closes the suadjee is tested. This
method works relatively well compared to the reference dhsedecrease in
performance is acceptable.

The conclusions of this chapter is that delays in the systakesisurge
control very complicated since there are only small timentea to act in. If
it is possible to have a continuous surge valve the perfocamanthe best
achievable and the impact of time delays and dynamics inytbies are not
as serious as with a binary signal. The most critical parthemthe surge
valve shall open. Conditions leading to surge have to bectitevery early
so there is time for the surge valve to open before the corepresters surge.
As mentioned in sectidi 3.3 there are ways to manage thebéeprs.

The approach to close the surge valve, after it has been djgree pres-
sure difference instead of being opened by the controlieesgsafety to the
system. This approach reduces the problem with time detBysmmics and
PWM signals. The drawback is a small decrease in performzoropared to
the continuous case.

The best suggested controller both in the continuous catetherwise
is an open loop controller that controls the mass flow needéxe trecycled
through the surge valve.



Chapter 6

Future work

Different proposals for future investigations are givethis chapter.

e Surge line: Investigations of the stable operating points left of the
surge line seen in the available compressor map data. Thiiztd
operating point to the left of the point of zero slope of thenpoessor
characteristic (the approximated surge line) seen in moteocom-
pressor maps available to this thesis would be interesbimyestigate
further.

e Tuning of the P-controllers and introducing a full PID-controller:
The goal with this thesis was not to tune the best controlietdstudy
the effect from time delays, dynamics in the actuators and/iPdlg-
nals. It would thus be interesting to study the performaraiaggfrom
a perfectly tuned PID-controller. Even the possible pen@nce gains
from more advanced controllers, e.g. MPC, would also beéstag
to study.
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Chapter 7

Summary and conclusions

Modeling and control of automotive turbo chargers are stdising experi-
mental data and simulation.

The sub models making up a surge capable compressor modglane
in chaptefR. The equations presented are valid both forahmal operating
region as well as the surge region of the compressor map.hEatationary
region of the compressor map methods are found to autortipfieaameter-
ize the compressor model. This is however harder for theestagjon of the
compressor map.

The developed compressor model is certainly capable obdeming most
of the surge properties described in secfion 8.2.1. Themetienough mea-
sured data available for developing scripts for paran@tegithe surge region
of the compressor model automatically. As seen in sedfi@ntt® surge
representation of the model is capable of showing good awgatwith mea-
sured data. When tuned for a specific surge property the mepliedsentation
shows very good agreement. However, it is difficult to tune thodel to
handle all different surge properties simultaneously.

Some hand tuning of the model parameters is required to getdhired
surge behavior. Different model properties affect différeurge properties.
The surge pressure dip is most dependent on the compresgtrie. It also
shows a small dependence on the compressor charactesistiegfative mass
flow. The surge cycle timé&,.,. shows a high dependency on control vol-
ume size. Itis also highly dependent on the design parameteks with the
pressure digl,.;. sShows a small dependency on the compressor characteris-
tic for negative mass flow. The temperature of the air goirgjnéam during a
surge cycle is primarily a function of the compressor efficieduring surge.
The sharp edges of the modeled shaft speed variations candated out
by increasing th€ qs,i.tion-term. The variations show a small dependency
onr,. during flow reversal.

The compressor characteristic for negative mass flows hesad ignpact
on the mass flow amplitudes of a surge cycle. The parametsitigén is
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also studied more thoroughly in the subsections of seEfi@n 3

Surge avoidance poses a complicated control problem beoétrse small
time frames. A method to determine the minimum, worst cases to surge
from different operating points is presented. This shows ithis only a mat-
ter of milliseconds, after a sharp negative change in tlerptbsition, before
the compressor enters surge. ltis, therefore, a big clyslenget the desired
control performance with time delays, dynamics and the tlaat the surge
valve only takes binary signals.

The two available actuators, that are investigated, aresho be able
to construct good controllers. The investigation of thegewalve gives a
method for estimating the needed surge valve area. A coémtitblat uses
the information gained from the surge valve investigat®déveloped. The
controller uses the surge line and the shaft speed to detefmoiwv much the
surge valve should open.

It is hard to construct a robust control system that openstinge valve
due to the small time frames. Therefore, instead of operfiagtirge valve
with the help of the control system, it is better to open thegswalve as
soon as surge may occur. This method is similar to what tedegntrol
systems do. The opening can be done with the help of a predsigence,
e.g. the difference,., — pim- The closing of the surge valve is thereafter
controlled by the surge controller. The difference is that here developed
controllers try to keep the compressor operating point@sedo the surge line
as possible to maximize the performance whereas the clyrtesgtd systems
wastes too much pressure. The system can be made to handitaimtes
in time delays and various dynamics in the actuators anidirstitease the
performance compared to the currently used productioesyst

Among the suggested controllers, one approach shows a pettr-
mance compared to the other suggested controllers. Thisotienis based
on the mass flow through the throttle and the amount of masstfiewsurge
valve can recycle. The drawback is the need for sensitivdastdnass flow
sensors, that are not an option today.
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Appendix A

Simulink model
Implementations

This thesis uses three different Simulink models. A briefaliption of these
three is given in this appendix.

A.1 Original MVEM model with non surge capa-
ble compressor

A non surge capable MVEM model was provided for the thesigs Triodel
is developed in the Ph.D. thesis written by Per Andersson THis origi-
nal MVEM model is parameterized to behave like the turbogediSI engine
mounted in the engine lab at Vehicular Systems, ISY, Link@p Universitet.
This model uses sub models from the mean value engine mgdgilinulink
library MVEM _lib. This library consists of standard engine componehts{t
tle, cylinders, exhaust manifold etc.). These componeatshe connected
using control volumes in between. The original MVEM modetsisome
simplifications that need development for this thesis. Thestnimportant
limitations are

e All compressor and intercooler flows run in forward direntio

e No surge valve is introduced since the test lab engine ailyitacked
one.

e No surge capability.

These limitations are handled by extending the provided MMiEodel as
described in the next section. FiglireJA.1 shows an overviaiweoSimulink
implementation. For more detailed information about thislel and MVEM
in general see [1].
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78 Appendix A. Simulink model implementations

A.2 Developed MVEM model with surge capa-
bilities

For the original MVEM model described in the previous settio be useful,
it needs to be expanded with a surge valve and surge handipabdity. The
surge valve is described in sectibn412.1. During surge tassnflow is re-
versed. In this developed MVEM model it is assumed that thig needs to
be modeled between the closest control volumes upstreard@mistream
of the compressor. A better model would incorporate reversass flow
capability even further downstream of the compressor. Agrdew of the
developed MVEM model with a surge valve and flow reversal bdipais
shown in figuréAR. For a more detailed view of the compressmdel con-
nections and the sub models making up the compressor matifigjsedA%.
Apart from the changes described the developed, this MVEMetis a copy
of the original MVEM model.

A.3 Surge test rig model

Some of the available data are measured in a surge test rige dble to simu-
late and validate different compressor sub models agdiissiata a Simulink
model is constructed to imitate the test rig. This Simulinkd®l has much
lower complexity than the full MVEM engine models. This ischese the
surge test rig uses a constant shaft speed. The compregsawésed by a
separate electric/hydraulic engine. This Simulink modelsinot have a surge
valve because this is never used in the supplied data sethe I8imulink
model different inputs can be chosen depending what to stidyverview
of the surge test rig Simulink model is shown in figlrelA.3. Hiféerent sub
models making up the compressor model are shown in fguie A.4.
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Appendix B

Nomenclature

Listed here are the variables and their subscripts useé ithésis. A short ex-
ample:W,.. W means mass flow,means compressdi/, = Compressor mass flow.

Variable Parameter

Unit

Efficiency

Head parameter
Valve area

e OS2 >

9]
=

Inlet diameter
Shatft inertia
Duct length
Rotational speed
Mass

Pressure ratio

Pressure
Temperature

Time
Torque

THIO® BHI 2SN D

S
L)

Rotational speed
Mass flow

> = €
%%

Normalizing factor
Ratio of specific heats

Normalized air mass flow

Normalizing factor

Specific heat constant

Pressure build up ratio

Estimate matrix elements
Specific gas constant

Impeller tip speed

Mass flow difference

3

|5 g 3= |

Subscript Name

af Air filter

amb Ambient

c Compressor
corr Corrected

crit Critical

eff Effective

high High

m Intake manifold
nit Initial

low Low

max Maximum
mergedCV  Merged control volume
mized Mixed

needed Needed

ref Reference

std Standard
surge At surge line or to surge line
SV Surge valve

t Turbine

tc Turbocharger
th Throttle

tot Total
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