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Selection of Actuators and Sensors for Surge Control

Marc van de Wal,¤ Frank Willems,† and Bram de Jager‡

Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

For surge control in compression systems, a suitable combination of actuators and sensors must be selected.
The goal is to identify the combinations for which there exists a controller that locally stabilizes the linearized
compression system model and meets additional control objectives. The latter are quanti� ed in terms of a bound
on an HH1 norm. With this we aim to stay close to the nominal operating point in the face of disturbances, noise,
and actuator limitations. The considered selection method is more rigorous than previously found in literature, in
the sense that multivariable, dynamic output feedback is the focus and that different performance speci� cations
are handled simultaneously. Though the method was originally developed for linear systems, it can be used for the
nonlinear compression system model by linearizing the model on a grid of nominal operating points. Among the
proposed actuators and sensors, the close-coupled valve and mass � ow sensor are identi� ed as the most promising.
The results are sustained by the physics of the problem.

Nomenclature
F = parameter in approximation of 9c

G = generalized plant
NGnl= NG = nonlinear/linear nominal plant model
H = parameter in approximation of 9c

K = controller
KT = throttle area parameter
M = generalized closed-loop system
Pmc = compressor mass � ow
Qt=t = dimensionless/dimensional time
Qte = dimensionless end time of simulation
u = manipulated variables (inputs)
u1=u2 = dimensionless close-coupled/bleed

valve parameter
u3 = dimensionless movable wall velocity
u3max;1 = dimensionless maximum velocity

of movable wall
u3max;2 = dimensionless maximum displacement

of movable wall
V = shaping � lter
W = weighting � lter
Nw=w = unscaled/scaled exogenous variables
w1=w2=w3 = dimensionless inlet pressure/outlet

� ow/compressor pressure disturbance
w4;:::;7 = dimensionless sensor noise
x1 = dimensionless compressor mass � ow
x2 = dimensionless plenum pressure rise
y = measured variables (outputs)
y1 = dimensionless compressor mass � ow
y2 = dimensionless plenum pressure rise
y3=y4 = dimensionless total/static compressor

face pressure
Nz=z = unscaled/scaled controlled variables
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z1 = dimensionless compressor mass � ow
z2 = dimensionless plenum pressure rise
z3;4;5 = dimensionless manipulated variables
®=®cc = stable mass � ow indicator without/with

close-coupledvalve
° = desired nominal performance level
1p = plenum pressure rise
1Qt = dimensionless time between disturbances
µ1=µ2 = magnitude of noise on mass � ow/pressure

measurement
¸1=¸2 = eigenvalue with largest/smallest

absolute-valuedreal part
½1;:::;4;51 ;52 = design parameters in W
N¾ .¢/ = maximum singular value of a matrix
À1;2;3 = steady-state gain of V1;2;3

8T = throttle characteristicor load line
9c = compressor characteristicor speed line
9c0 = parameter in approximation of 9c

Q!=! = dimensionless/dimensional angular frequency
Q!0;:::;5 = break frequencies in design � lters

Subscripts

i = i th (diagonal) entry
kT k1 = H1 norm of transfer function matrix T
0 = nominal value

I. Introduction

C OMPRESSORS are widely used, e.g., to compress air in jet
engines. Toward small mass � ow, the operating envelope of

compressors is hampered by rotating stall and surge. Surge is char-
acterized by large-amplitude� uctuationsof pressureand mass � ow
and results in a limit-cycleoscillation.The aerodynamic � ow insta-
bilitiescan lead to hazardousconditionsbecauseof largemechanical
and thermal loads and loss of thrust.From ef� ciencyand, especially,
safety points of view, it is desirable to enlarge the region in which
stable compressoroperation is possible.Among the variousways to
achievethis, activecontrolis a recent and promisingoption.Surveys
of rotating stall and surge control can be found in Refs. 1–3. This
paper will focus on suppressionof surge in the face of disturbances,
actuator limitations, and noisy measurements.

To act on a system (plant) and to acquire information on the
system’s behavior, suitable variables manipulated by the controller
(plant inputs or actuators) and suitable variables supplied to the
controller (plant outputs or sensors) have to be selected. This pro-
cess is called input/output (IO) selection. A particular combination
of inputs and outputs is called an IO set. IO selection amounts to
selecting an appropriate number, place, and type of actuators and
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sensors.Sensible IO selectionis crucialbecausethe IOset affectsthe
achievableperformanceand expensesof hardware, implementation,
operation,and maintenance.A review of IO selectionmethods,also
related to � ight propulsion,is given in Ref. 4. Here, the IO selection
method proposed in Ref. 5 is employed. It identi� es the IO set(s)
for which there exists a stabilizing controller achieving H1 perfor-
mance speci� cations. For the considered compression system of a
Garrett GT45 turbocharger, three candidate actuators and four sen-
sors are proposed, which are also among those examined in Ref. 6.
All results in the present paper are based on a model of the com-
pression system.

The main contributionof this paper is to perform IO selection for
the surge control problem more rigorously than previously done in
the literature:1) selectionof both inputs and outputs among various
candidates is addressed; 2) performance can be handled in a gen-
eral way, e.g., by simultaneously considering disturbances, sensor
noise, and limitations on mass � ow, pressure, and control inputs; 3)
the controller is of the dynamic output feedback type, for which the
performance requirments can be more easily met than for a more
restrictive controller type. In Ref. 7 only 1) placement of an air
bleeding actuator is considered, based on 2) minimizing the bleed
� ow, using 3) a static state feedback controller. In Ref. 6 only 1)
1 £ 1 IO sets are examined based on 2) their ability to increase the
operating range for which stabilization can be achieved, using 3)
a static output feedback controller. To some extent, the effect of
limited bandwidth and gain constraints on the ability to stabilize
the system is also investigated in Ref. 6, as well as the prospects
for static state feedbackwith single actuatorsunder disturbances.In
Refs. 6 and 7 and here the nonlinearity of the compression system
is only indirectly dealt with by consideringlinearizationsin various
nominal operating points. The IO selection method from Ref. 5 is
developed for linear systems and H1 performance speci� cations,
but it is shown that it can cope quite well with nonlinear systems
and more general performance speci� cations. It is also investigated
which candidate inputs and outputs are preferred under different
operating conditions, and the results are given a physical interpre-
tation. The IO selection results help to decide on the actuators and
sensors to be used for an experimentalgas turbine rig in the Energy
TechnologyLaboratoryof EindhovenUniversityof Technology,the
Netherlands. Various concepts for active surge control are experi-
mentally veri� ed with this rig, but this will be reported elsewhere.

This paper is organizedas follows. In Sec. II the basic ideas of the
IO selection method are summarized. Section III then sketches the
control problem and proposes the candidate actuators and sensors,
whereas Sec. IV quanti� es the control objectives. In Sec. V, optimal
controllersare designedto obtain insightinto the importanceof each
actuator and sensor.SectionVI providesthe IO selection results and
shows simulationsfor two promisingIO sets.Finally,Sec. VII draws
the main conclusions. For more details on the IO selection method
and the application to the compression system, see Refs. 8 and 9.

II. IO Selection Method
The model of the compressionsystem to be considered is nonlin-

ear, but the IO selectionmethod from Ref. 5 is essentiallydeveloped
for linear systems. Therefore, the IO selection method will � rst be
explained for linear systems, and later it will be discussed how it
can be used for nonlinear systems.

Consider a � nite-dimensional, linear, and time-invariant control
system in the setup of Fig. 1. Four sets of variables play a role: the
measured variables (outputs) y, the manipulated variables (inputs)
u, the exogenous variables w (like references, disturbances, and

Fig. 1 Control system setup.

noise), and the controlledvariables z that should be small (like reg-
ulation and tracking errors). Suitable u and y are to be determined
by IO selection. The notation fN¢g distinguishes the physical exoge-
nous and controlledvariables related to NG from the design variables
relatedto G. The setupin Fig.1 doesnot explicitlyaccountformodel
uncertaintiesbecause nominal performance (NP) is the focus here.

Many NP problems can be formulated qualitatively as keeping
the controlled variables Nz acceptably small for a class of exoge-
nous variables Nw. Assume that such a problem can be quanti� ed as
keeping a particular norm (“ampli� cation measure”) of the closed-
loop system smaller than a desiredvalue. The H1 norm is the focus
here. This norm naturallyariseswhen shapingthe magnitudeof cer-
tain closed-looptransfer functions,when minimizing the worst-case
response/energy/power of Nz for sinusoidal/energy-bounded/power-
bounded Nw, or when uncertainties have to be characterized. For a
stable system T .s/ the H1 norm is de� ned as

kT .s/k1 :D sup
!

N¾ [T . j!/] (1)

A meaningful control problem formulation accounts for the (rel-
ative) magnitudes of the exogenous variables in Nw, the (relative)
importance of the controlled variables in Nz, and the frequency de-
pendence of Nw and Nz. For this purpose diagonal transfer function
matrices (TFM) V and W are introduced.The shaping � lter V char-
acterizes the (expected or known) energy or power distribution in
the frequencydomain of the components in Nw. The weighting � lter
W indicates which frequencies are crucial to be suppressed for the
components in Nz. Typically, jVi j is large for frequencies where j Nwi j
is large, whereas jWi j is large for frequencies where jNzi j must be
small.

For given V and W the aim of suboptimal controller design is
to � nd a stabilizing K that achieves an H1 norm bound ° on the
weighted closed-loop system: kMk1 < ° , with ° > 0 the desired
NP level (typically, ° D 1). The aim of optimal controller design
is to � nd a stabilizing K that minimizes kMk1 (H1 optimiza-
tion). The IO selection method adopts the suboptimal approach for
two reasons. First, achieving the smallest kMk1 over all IO sets
would imply using (almost) all candidate inputs and outputs. Sec-
ond, checking kMk1 < ° for a single IO set requires less compu-
tation time than computing the minimum kMk1, which makes the
IO selection more ef� cient.

IO selection is based on checking a set of conditions for the ex-
istence of a stabilizing K achieving kMk1 < ° . IO sets passing
all conditions are called viable, the others nonviable. These condi-
tions involve two algebraic Riccati equations that arise in the pa-
rameterizationof all such controllers.10 The IO selection conditions
(or controller existence conditions) are only given an interpretation
here. For mathematicaldetails see Ref. 11 (Chapters 16 and 17) and
Ref. 9, (Chapter 4). Essentially, IO selection involves the following
checks:

1) Check if G is stabilizable(the unstablemodes are controllable)
by u and detectable (the unstable modes are observable) by y. This
is necessary and suf� cient for the existence of a stabilizing con-
troller with no additional requirement on kMk1 . Note that V and
W must be stable because their modes are uncontrollableby u and
unobservableby y.

2) Check if the open-loop direct feedthrough from w to z is not
too large because K can only affect a certain part of it.

3) Check if a controller K with full information on w and the
states of G can meet kMk1 < ° . This can be seen as the situation
with the perfect output set.

4) Check if a controller K with full access to z and the states of
G can meet kMk1 < ° . This can be seen as the situation with the
perfect input set.

5) Based on the results from checks 3 and 4, check if the combi-
nation of imperfect input and output set can meet kMk1 < ° . This
is a kind of coupling condition to check if a suitable combinationof
state estimation and state estimate feedback can meet kMk1 < ° .

The conditions are checked in succession.As soon as one condi-
tion fails, the other conditionsare not checked.With this procedurea
largenumberof IO setscanbe assessedbecausethe time-consuming
process of complete controller design for each IO set is avoided.
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To further improve ef� ciency, IO selection is split into three steps:
1) input selection using the full output set, 2) output selection using
the full input set, and 3) combined input/output selection for the
IO sets made up of the candidates passing steps 1 and 2, except
the full input and output set. This approach can signi� cantly reduce
the total number of candidates to be checked.

For nonlinear systems an equivalent of the linear H1 control
problem can be formulated. This nonlinear H1 control problem is
locallysolvablein a regionaroundanequilibriumif theH1 problem
for the correspondinglinearizationis solvable (Ref. 12, Chapter 7).
Solvabilityof the linearH1 problemis thus suf� cient for local solv-
abilityof the nonlinearH1 problem.Inpractice(as for the compres-
sion system), one is often interestedin a rangeof equilibria(or nom-
inal operating points) rather than in one particular equilibrium.The
IOselectionconditionscan thenbe appliedto multiplelinearizations
for a grid of operating points. IO sets that are accepted for the � rst
operatingpoint are passed to the next operatingpoint, until the com-
plete grid has been handled. The ultimately accepted IO sets may
not be viable for other points than those in the grid because the (un-
known) local regionsof attractionmay not link up or overlap.To in-
vestigate global viability, the attraction regions could be computed,
or, less rigorously, closed-loop simulations could be performed. If
the grid is denser, the chance of incorrectly accepting IO sets will
in general decrease, but the computation time might increase.

III. Compressor Control Problem
A model of a high-speed, single-stage, radial compressor in a

turbochargeris considered.This turbocharger(Garrett GT45) is part
of a gas turbine installation(see Ref. 13). The model is schematized
in Fig. 2, and the main parameters are listed in Table 1. In the
employed Greitzer lumped parameter model,14 the compressor is
replacedby an actuatordisk, i.e., a planeaccountingfor the pressure
rise. The compressorduct is representedby a constant-areapipe that
accounts for the � uid dynamics. The � ow in this duct is assumed
to be one-dimensionaland incompressible.The pressurized � uid is
discharged into a large plenum. Finally, the � uid is delivered to a
process requiring a certain pressure and/or mass � ow, represented
by a throttle in the exit duct across which the pressure drops. The
inertia effects in this relatively short duct are neglected.

Table 1 Main parameters in the compression system model

Symbol Value (range) Meaning

Speed-independent parameters
a 340 m/s Speed of sound
Ac 5:38 £ 10¡3 m2 Compressor � ow-through area
Ap 1.13 m2 Plenum movable wall area
c1 7:65 £ 10¡1 Close-coupled valve capacity parameter
c2 4:84 £ 10¡1 Bleed valve capacity parameter
Lc 1.00 m Equivalent compressor duct length
Nb 6 Number of rotor blades
pa 1:01 £ 105 Pa Absolute ambient air pressure
rT 7:50 £ 10¡2 m Rotor-tip radius
Vp 2.66 m3 Plenum volume
½a 1.20 kg/m3 Ambient air density
!H 15.29 rad/s Helmholtz frequency

Speed-dependent parameters
B [10:27; : : : ; 25:68] Compressor stability parameter
MT [0:92; : : : ; 2:31] Rotor-tip Mach number
!c .2¼=60/ [40 £ 103; : : : ; Compressor rotational speed

100£ 103] rad/s

Fig. 2 Compression system with candidate actuators u and sensors y.

Fig. 3 Compressor map with W c [x1(!c ), !c] for various rotor speeds
!c [rad/s].

Fig. 4 Impression of the compressor characteristic (6) and throttle
characteristic (7).

The state of a compression system is in general determined by
four dimensionlessvariables:the compressormass � ow, the plenum
pressure rise, the rotor speed, and the temperature (or a related vari-
able, like the ef� ciency). The last variable is usually not needed
to characterize the surge region. The compressor mass � ow and
plenum pressure rise are made dimensionless as follows:

x1.!c/ D
Pmc

!crT ½a Ac
; x2.!c/ D 1p

!2
c r 2

T ½a

¯
2

(2)

In steady-state x1.!c/; x2.!c/, and !c are connected via the com-
pressor characteristic or speed line 9c[x1.!c/; !c], as shown in
Fig. 3. So, in steady state only two of x1.!c/; x2.!c/, and !c are
independent.

The original Greitzer model is restricted to constant speeds !c .
Based on conservationof mass and momentum, on the precedingas-
sumptions,and on the assumption,that the (quasi-steady) speed line
is also valid during transients, this model provides two differential
equations in x1.!c/ and x2.!c/ for a given constant speed !c :

Px1.!c/ D B.!c/f9c[x1.!c/; !c] ¡ x2.!c/g (3)

Px2.!c/ D [1=B.!c/]fx1.!c/ ¡ 8T [x2.!c/]g (4)

with

B.!c/ D .!crT =2a/
p

Vp=Ac Lc (5)

In the sequel the dependence on !c is skipped from the notation
because only one speed at a time will be considered. This is also
the reason why a model including the speed dynamics15 is not used.
The � ve speeds in Fig. 3 are used. For � xed !c the compressor
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Fig. 5 Eigenvalues of the linearization ÅG for rotor speed !c3 =
(2¼/60)80,000 [rad/s], without u1 (——) and with u1(¢ ¢ ¢ ¢ ): ¸1 and
¸2 are the eigenvalues with the largest and smallest absolute-valued
real parts, respectively. The linearized system excluding u1 is stable
for x10 >®F (++ ), and the linearized system including u1 is stable for
x10 >®ccF( ¤ ).

characteristics is approximated by a third-order polynomial in x1

(see Fig. 4):

9c.x1/ D 9c0 C H
£
1 C 3

2 .x1=F ¡ 1/ ¡ 1
2 .x1=F ¡ 1/3

¤
(6)

The parameters 9c0 , H , and F depend on !c , and they are deter-
mined from data for the experimental rig (Ref. 9, Appendix C). For
x2 ¸ 0 the throttle characteristic is modeled as (see Fig. 4):

8T .x2/ D KT
p

x2 (7)

The downstreamprocessrequirementsdetermine KT . Here KT is set
such that the intersectionof 9c and 8T yields the desiredoperating
point (x10 ; x20 ), see Fig. 4. For each speed the investigatedrange for
x10 is givenby [F; 3F ], with x10 D 2F the value where 9c.x1/ peaks
and where the ef� ciency is usually highest.1 Mass � ows outside this
range are assumed to be of less practical relevance here. Emphasis
will be on 9c.x1/ corresponding to !c3 D .2¼=60/80,000 [rad/s],
which is close to the highest speed for which reliable experimental
data are available, also in the surge area. Based on the conclusions
in Ref. 6, it is expected that the control goal (formulated below)
is more dif� cult to achieve at high speeds. This will be veri� ed in
Secs. V.A and VI.

The stability of an equilibrium (x10 ; x20
) can be investigated by

linearizing Eqs. (3) and (4). The two eigenvalues (¸1 and ¸2 , see
Fig. 5) have negative real parts, if and only if

@9c.x1/

@x1

­­­­
x10

<

³
@8T .x2/

@ x2

´¡1­­­­
x20

@9c.x1/

@x1

­­­­
x10

<
1
B2

@8T .x2/

@x2

­­­­
x20

(8)

For x10 2 [F; 3F] the left inequality is always ful� lled, but the right
one is not. The part of [F; 3F] corresponding to unstable (stable)
linearizations is called the “unstable (stable) mass � ow range” de-
notedby [F; ®F] [(®F; 3F )]. Parameter ®; 1 · ® < 2, decreases for
decreasing B parameters [Eq. (5)]. Compared to the values of B be-
tween 0.27 and 2.7 found in literature (Ref. 16, Sec. 3.1), the system
consideredhere has much larger values ranging from 10 (for !c1 ) to
26 (for !c5

). As Fig. 5 shows, the linearizations are unstable on al-
most the entirepositivelyslopedpartof9c, because1:9996· ® < 2.

The NP control goal is to guarantee stable compressor opera-
tion under exogenousdisturbances and actuator limitations, locally
around nominal operating points (x10 ; x20

). This is particularly im-
portant for unstable linearizations. To make it possible to impose

that the state trajectory should remain close to (x10 ; x20
), Nz1 and Nz2

represent the deviationsof x1 and x2 from x10 and x20 . The inputs u
to be proposedare limited and also included in Nz. The followingdis-
turbancesare considered:inlet pressuredisturbances Nw1 (caused by
disturbances in upstream processes, e.g., due to aircleaner effects),
outlet � ow disturbance Nw2 (caused by downstream processes, e.g.,
due to pressure pulsations caused by a combustion chamber), com-
pressorpressuredisturbance Nw3 (e.g., caused by local unsteady� ow
in the rotoror diffuser). Finally, Nw includessensornoise correspond-
ing to the outputs y to be proposed.

To manipulate and measure system behavior, the control system
should include actuators and sensors. With one properly chosen ac-
tuator and sensor the � rst IO selection condition can be ful� lled
(Ref. 8, Sec. 3.4), i.e., for all nominal operating points local stabi-
lization can be guaranteedwith a 1 £ 1 IO set. In practice, however,
stabilizationmust be achievedin the face of disturbances,noise, and
actuator limitations,and this may not be possiblewith a 1 £ 1 IO set.
The candidate actuators and sensors in Fig. 2 are also among those
examined in Ref. 6.

The three (dimensionless) candidate inputs are close-coupled
valve parameter u1 , bleed valve parameter u2 , and movable wall
velocity u3 . Fast valves are considered. Input u2 could be inter-
preted as the available � ow-through area while u1 , owing to an
input transformation(Ref. 9, Appendix C) to obtain the input af� ne
model in Eq. (9), is proportionalto pressureloss. The nominalvalues
u10 2 [1; 1) and u20 2 [0; 1] are chosen such that the pressure drop
across the valves can be largeror smaller than nominal, while the ef-
� ciency loss is acceptable:u10 D 1:72 is such that the pressure drop
across the close-coupledvalve is 1% of the maximum pressure rise
9c.2F/ for a fully open valve, i.e., for u10 D 1I u20 D 1:85 £ 10¡3

is such that the mass � ow through the bleed valve is 1% of 2F
(for u20 D 0, the bleed valve is fully closed). Both valves are rather
large. It is dif� cult to compare the relative merits of actuators with
1% pressure or 1% bleed loss in steady state. By increasing the
losses, the actuator constraints become less tight, and the system
might be easier to control. The movable wall has negligible steady-
state losses and is better in this respect. One way to achieve zero
steady-state losses with a close-coupled valve or a bleed valve is
to use one-sided control. This is demonstrated for a bleed valve in
Ref. 17.

With the close-coupledvalve [F; ®cc F] denotesthe unstablemass
� ow range, and (®cc F; 3F] denotes the stable mass � ow range. This
valve modi� es the shape of 9c, resulting in an enlarged open-loop
stable operatingrange (see Fig. 5). So, ®cc is smaller than ® without
u1: for the � ve speeds 1:7448· ®cc · 1:7974. The stable mass � ow
range increases to the left (®cc decreases) for increasing u10 . The
movable wall’s nominal velocity u30 is zero.

The four (dimensionless) candidate outputs are compressor mass
� ow y1 D x1 , plenum pressure rise y2 D x2, total compressor face
pressure y3, and static compressor face pressure y4.

For x2 ¸ 0 the nonlinear compression system model including
all relevant variables is now given by (for details, see Ref. 9,
Appendix C)

NGnl :

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

Px1 D B

µ
9c.x1/ ¡ x2 C Nw1 C Nw3 ¡

³
x1jx1j

c1

´
u1

¶

Px2 D 1
B

[x1 ¡ 8T .x2/ C Nw2 ¡ c2
p

x2u2] ¡
³

½aa2

pa
x2 C 2

M2
T

´
u3

Nzi D xi ¡ xi0 ; i D 1; 2

Nz j C 2 D u j ¡ u j0 ; j D 1; 2; 3

y1 D x1 C Nw4

y2 D x2 C Nw5

y3 D x2 ¡ 9c.x1/ ¡ Nw1 ¡ Nw3 C Nw6 C
³

x1jx1j
c1

´
u1

y4 D ¡x2
1 C x2 ¡ 9c.x1/ ¡ Nw1 ¡ Nw3 C Nw7 C

³
x1jx1j

c1

´
u1

(9)
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In the remainder the main focus is on linearizations of this model.
Unless explicitlynoted, x; Nw; w; Nz; z; u, and y are used to represent
the correspondingvariables of the linearization.

IV. H1 Performance Speci� cations
The control objectives are quanti� ed via the design � lters V and

W (Sec. IV.A). Some design parameters are determined by simula-
tions of the nonlinear plant that is controlled by linear controllers
using the full IO set (Sec. IV.B).

A. Design Filters

The computational effort for checking an IO set is affected by
the order of G. To limit this effort, the diagonal entries in V and
W are restricted to low-order transfer functions. This is justi� ed
if the control objectives can be represented accurately enough, as
assumed here. The Helmholtz frequency is

!H D a
p

Ac=Vp L c (10)

It is the natural frequency of the oscillations of the gas in the com-
pressor duct and the plenum in the absence of the compressor and
throttle. It is used for time scaling: Qt D t!H . In the frequencydomain
the dimensionless frequency Q! D !=!H comes into play, with ! in
radians per second.

The shaping � lters for Nw1 , Nw2 , and Nw3 are speci� ed as follows:

Vi .s/ D Ài=.s= Q!i C 1/ i D 1; 2; 3 (11)

This expresses the low-frequencycharacter of the disturbances.Pa-
rameter Q!i models the frequency beyond which the disturbance is
small, whereas Ài models the typical magnitude of the disturbance.
The valuesof Ài and Q!i are based on experienceand intuition.Some
parameters are chosen as a function of the nominal operating point
(x10 ; x20

). The disturbance Nw1 is assumed to be caused by aircleaner
effectsand is typically10Hz or smaller: Q!1 D 2¼10=!H . In addition,
À1 is � xed at a fraction 0.01 of the dimensionlessambient pressure:
À1 D 0:01[pa=.!2

c r 2
T ½a=2/]. For Nw2; Q!2 is also chosen 2¼ 10=!H ,

while it is assumed that the magnitude of Nw2 is a fraction 0.10 of
the nominal mass � ow: À2 D 0:10x10 . For Nw3 , Q!3 is assumed to be
related to the rotor speed !c: Q!3 D !c Nb=!H . Moreover, À3 is � xed
at a fraction 0.05 of the nominal pressure rise: À3 D 0:05x20 .

The exogenous variables Nw also include sensor noise (y noise)
Nw4; : : : ; Nw7 . Experimental results for the laboratory setup with a
mass � ow and pressure sensor are used to estimate the magnitudeof
the noise.More speci� cally, rms values for mass � ow measurements
(µ1 D 1:10 £ 10¡3 kg/s) and pressure measurements (µ2 D 220 Pa)
are used to characterize the magnitude of the y noise. Assuming
white noise, the shaping � lters are taken constant:

V4 D µ1=!crT ½a Ac (12)

V5 D V6 D V7 D µ2

¯¡
!2

cr
2
T ½a

¯
2
¢

(13)

The denominatorsmake the mass � ow and pressuresdimensionless,
as in Eq. (2).

The weighting � lters for the compressor mass � ow Nz1 D x1 and
the plenum pressure rise Nz2 D x2 (x weights) are chosen constant:

W1 D ½1

¯
x10

(14)

W2 D ½2

¯
x20 (15)

The denominators scale the relative magnitudes of the controlled
variables, which serves a better comparison of Nz1, Nz2, and the other
controlledvariables.These scalingsactually apply to the deviations
of the linear versions of x1 and x2 from zero, but these deviations
could be expressedas a fractionof the nominal values x10 and x20 of
the statesof NGnl. Parameters½1 and ½2 are used to obtainsatisfactory
closed-loop responses; see Sec. IV.B.

The controlledvariablesalso includeactuatorweights (u weights)
[Nz3 Nz4 Nz5]T D u: For the close-coupled valve and bleed valve, re-
spectively,

W3.s/ D
³

½3

u10 ¡ 1

´
s= Q!4 C 1
s= Q!0 C 1

(16)

W4.s/ D
µ

½4

min
¡
u20 ; 1 ¡ u20

¢
¶

s= Q!5 C 1
s= Q!0 C 1

(17)

High-frequencyinputscannotbe realizedbecausethe bandwidthsof
thevalvesare limited.A valueof Q!0 D 106 is large enoughfor W3 and
W4 to have the desiredhigh-passcharacter in the frequencyrange of
interest up till Q! D 105 . It is assumed that both valves have a band-
width of 100 Hz: Q!4 D Q!5 D 2¼100=!H . For the nonlinear model
u1 2 [1; 1/ and u2 2 [0; 1]. So, for the linear model u1 2 [1 ¡ u10 ;
1/ and u2 2 [¡u20 ; 1 ¡ u20 ]. A stronger (symmetric) restriction is
used, requiring the same absolute-valued bounds on positive and
negative inputs: §j1 ¡ u10 j for u1 and §min.j¡u20 j; j1 ¡ u20 j) for
u2. The reciprocalsof theseboundsareused in W3 and W4 to account
for valve saturation. For the movable wall

W5.s/ D
³

½51

u3max;1

C ½52

u3max;2

1
s C 10¡6

´
s= Q!6 C 1
s= Q!0 C 1

(18)

This combines limiting the movable wall’s velocity u3 and its
displacement

R
u3.Qt/ dQt , which are both bounded by the phys-

ical construction, into a single controlled variable. If the mov-
able wall is constructed as a moving plate, it is assumed that
Q!6 D 2¼50=!H is suitableto avoid that u3 containstoo high frequen-
cies. It is also assumed that the maximum velocity is 1.0 m/s. With
u30 D 0 the maximum dimensionless velocity in the linear model
is u3max;1

D 1:0=.Vp!H =A p/. The “almost integrator” 1=.s C 10¡6/
in W5 accounts for the displacement limitation. The maximum dis-
placement is assumed to be 0.05 m, giving u3max;2

D 0:05=.Vp=Ap/
as the maximum dimensionless displacement. The reciprocals of
u3max;1 and u3max;2 in Eq. (18) account for actuator saturation. In the
next section ½3; ½4; ½51 , and ½52 are determined.

B. Design Parameters

The NP control goal is stabilization in the face of disturbances,
noise, and actuatorlimitations.The latter involvesboundson the L1
signal norm (i.e., the supremum of the absolute value over time) of
u and of

R
u3.Qt/ dQt . Transforming such requirements into the H1

system norm setting is not straightforward because bounding the
amplitudes of Nz is not directly linked to the frequency domain and
the H1 norm of a TFM. As an approximate solution, H1 opti-
mizations and simulations are performed iteratively to determine
the ½ parameters in the x weights and u weights. This is done for
the full IO set, and !c3 D .2¼=60/80,000 rad/s. The simulations are
performed for both the linear and nonlinear closed-loop systems.
The main focus is on x10 D F : Fig. 5 shows that the eigenvaluewith
the largest positive real part (¸1 ) occurs for x10 D F , and therefore
achieving NP for x10 D F is probably more dif� cult than for other
x10 2 [F; 3F]. It is required and veri� ed that the ½ parameters de-
termined for x10 D F also give acceptable responses for controllers
designed with the same ½ parameters, but for other x10 .

The closed-loop behavior is evaluated as follows. Starting from
a speci� ed nominal operating point (x10 ; x20 ), the following three
disturbances are applied:

Nw1.Qt/ D §0:5v1 expf¡ Q!1 Qtg Qt 2 [0; Qte] (19)

Nw2.Qt/ D

(
0 Qt 2 [0; 1Qt/
§v2 expf¡ Q!2.Qt ¡ 1Qt/g Qt 2 [1Qt ; Qte] (20)

Nw3.Qt/ D
»

0 Qt 2 [0; 21Qt/
§v3 expf¡ Q!3.Qt ¡ 21Qt/g Qt 2 [21Qt ; Qte] (21)
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with Qte the dimensionlessend time of the simulation and 1Qt D 2 the
dimensionless time between the disturbances. The latter is chosen
such that Nw1 . Nw2/ is negligible once Nw2 . Nw3/ occurs. Recall that Nw3

is related to the rotor speed and is much faster than Nw1 and Nw2:
Q!1 D Q!2 D 4:11, while, for !c3 , Q!3 D 3:29 £ 103. In Eqs. (19–21) §
indicatesthe directionof the disturbances:either the case with Nw1;2;3

all havingpositivesignor thecasewith Nw1;2;3 allhavingnegativesign
is simulated. Note that Nw1;2;3 belong to the class describedby V1;2;3,
but they may not be representativefor the disturbancesoccurring in
practice. Sensor noise and input saturation are not simulated.

The following iterative strategy is used to � nd suitable ½ pa-
rameters. To start with, the ½ parameters are assigned an initial
value. For x10 D F an H1 optimization is then performed, and
the linear closed-loop system is simulated. Based on the maximum
absolute values of u and

R Qte
0

u3.Qt/ dQt the values of ½3; ½4; ½51 , and
½52 are adjusted, while ½1 and ½2 are kept the same. Even with
½52 D 0, the displacementof the movable wall can be kept within its
limits, and so ½52 D 0 is maintained. However, setting ½1 D ½2 D 0
in the x weights can lead to unacceptable behavior of the nonlin-
ear closed-loopsystem. For disturbances[Eqs. (19–21)] in negative
direction, x may not return to (x10 ; x20 ), but end up in a different
equilibrium of the nonlinear closed-loop system (u nonzero, but
relatively small). Moreover, the inputs can exceed their limits. This
canbe circumventedbyusingnonzerox weights:½1 D ½2 D 0:1.The
values ½3 D 4:48 £ 10¡2 , ½4 D 2:59 £ 10¡3, and ½51 D 7:00 £ 10¡2

are then determined, yielding kMk1 D 0:90.
Some simulation results are depicted in Fig. 6. The left plot in

Fig. 6 shows the limit-cycle behavior of the uncontrollednonlinear
system NGnl. The right plot shows the response of the controlled
nonlinear system. Simulations for other x10 2 [F; 3F ] showed that
the nonlinearsystemsclosedby the controllersobtainedfor the same
½ parameters are stable and that x returns to the nominal operating
point.

The ½ parameters determined for the full IO set will also be used
for the other IO sets, both for the H1 optimizations in Sec. V and
for the IO selection in Sec. VI. The results for the other IO sets may
not be optimal then: iterative H1 optimizations and simulations
for each IO set individually can give other ½ parameters and better
responses.The reason to, nevertheless,use the same ½ parameters is
twofold. First, it would be burdensome to perform the iteration for
each candidate IO set. Second, to compare the IO sets based on the
best achievable H1 norms (not on the best achievable responses)
the design� lters must be the same. They must thus be representative
for all IO sets, which is only guaranteed for control problems that
exactly � t into the H1-norm setting because V and W are then
straightforwardly and unambiguously derived from speci� cations
in the frequency domain. This is not the case here, and the control
objectives are only approximately quanti� ed.

Fig. 6 Responses to disturbances Åw1; Åw2; Åw3 in two directions (indi-
cated with ++w and ¡¡ w) for speed !c3 . The nominaloperating points are
marked by ¤ and the equivalent compressor characteristic W c (x1 ) ¡ ¡
(x1 j j x1 j j /c1)u10 by (¢ ¢ ¢ ¢ ). Left: open-loop response (counterclockwise).
Right: closed-loop response: linear (——) and nonlinear system (– – –).

V. H1 Optimization for Typical IO Sets
To investigate the best achievable NP levels, H1 optimizations

are performed. The design � lters V and W from Sec. IV are used.
SectionV.A is devoted to the full IO set, whereasSec. V.B compares
some typical IO sets.

A. In� uence of Operating Conditions

For the full IO set Fig. 7 shows the optimal values kMk1 for
speeds !c1 ; : : : ; !c5 and 21 nominal mass � ows x10 evenly spaced
in [F; 3F ]. These values decrease for increasing x10 . Achieving
NP is thus easier for larger mass � ows. For !c3 this is made plau-
sible via the pole location of NG (see Fig. 5). The two poles are
real for all x10 2 [F; 3F], except in a range (narrower for higher
speeds) around x10 D ®cc F . The poles are either both stable or both
unstable. Starting from x10 D F , for increasing x10 the largest un-
stable pole ¸1 shifts toward the imaginary axis and then into the
left half-plane.For static output feedback control in Ref. 6 it is also
concluded that stabilization under bandwidth and gain limitations
becomes easier if the slope of 9c decreases, e.g., if x10 increases
from F to ®cc F . kMk1 increases for increasing speeds, at least for
small mass � ows where the linearizationis unstable. Achieving NP
is thus more dif� cult for higher speeds, at least for the full IO set
and in the unstable mass � ow range. More generally, it was ob-
served that in this range achieving NP is more dif� cult for a larger
value of B in Eq. (5), e.g., as a result of a larger !c . This is in line
with the observation in Ref. 6 that, for static output-feedback,sta-
bilizationunder bandwidth and gain limitations is more dif� cult for
larger B.

B. Comparison of Typical IO Sets

By considering IO sets with all four sensors and one actuator on
the one hand and IO sets with all three actuators and one sensor on
the other, insight can be obtained into the importance of each can-
didate actuator and sensor. Therefore, for the nine typical IO sets in
Table 2 the optimal kMk1 values are computed and compared in
Figs. 8 and 9. All results are for !c3 D .2¼=60/80,000 rad/s and y
noise, u weights, and x weights included.The stability of the open-
loopsystemG (theempty IOset) andkGk1 indicatewhethercontrol
is needed or not. The H1 norm is only de� ned for stable TFMs, and
so kGk1 is only computed for the stable mass � ow range, with and
without close-coupled valve. Comparing kMk1 with kGk1 in the
large mass � ow range (say x10 2 [2:4F; 3F]), it appears that control
does not improve NP: the open-loop system is already stable, and
the controllerprovidesonly small actions to keep x1 and x2 small be-
cause limiting u is the dominant control objective.Simulations with

Fig. 7 k k M k k 1 from HH 1 optimizations for the full IO set and distinct
speeds; ¤ indicates x10 = ®ccF where ÅG including the close-coupled valve
goes from unstable to stable.
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Table 2 Nine typical IO sets

IO set Inputs Outputs Typical feature

1 u1u2u3 y1 y2 y3 y4 Full IO set
2 u1 y1 y2 y3 y4 Close-coupled valve
3 u2 y1 y2 y3 y4 Bleed valve
4 u3 y1 y2 y3 y4 Movable wall
5 u1u2u3 y1 Compressor mass � ow
6 u1u2u3 y2 Plenum pressure rise
7 u1u2u3 y3 Total compressor face pressure
8 u1u2u3 y4 Static compressor face pressure
9 —— —— Empty IO set

Fig. 8 Closed-loop norms k k M k k 1 from HH 1 optimizations for IO sets
1–4 in Table 2 (speed !c3

): full IO set 1 (——), IO set 2 with u1 (¢ ¢ ¢ ¢ ), IO
set 3 with u2 (– – – ), IO set 4 with u3 (–¢ –). Open-loop norms k k G k k 1 for
the empty IO set 9 excluding the close-coupled valve (++) and including
the close-coupled valve (o).

Fig. 9 Closed-loop norms k k M k k 1 from HH 1 optimizations for IO
sets 1 and 5–8 in Table 2 (speed !c3

): full IO set 1 (——), IO set 5
with y1 (¢ ¢ ¢ ¢ ), IO set 6 with y2 (– – –), IO set 7 with y3 (–¢ –), IO set 8
with y4 ( ¤ ). Open-loop norms k k G k k 1 for the empty IO set including the
close-coupled valve (o).

disturbances Eqs. (19–21) show that the excursion from (x10 ; x20
)

is very small for both the uncontrolled and controlled system.
The actuator preferenceis studiedvia the optimal kMk1 with IO

sets 2–4 (see Fig. 8). The close-coupled valve u1 is the best actua-
tor, which is also found in Ref. 6. There it is stated that actuators
close to the compressor are the most effective (an air injector in
the compressor duct would also be promising). This is made plau-
sible by studying the two eigenvalues and eigenvectors of NG . For

Fig. 10 Optimal k k M k k 1 for IO sets 2–4 and speed !c3 when the actu-
ator bandwidths and maximum input magnitudes are varied by “Fac-
tor.” Left: in� uence of u10

(——) and Ä!4 (¢ ¢ ¢ ¢ ). Middle: in� uence of u20
(——) and Ä!5 (¢ ¢ ¢ ¢ ). Right: in� uence of u3max;1

(——) and Ä!6 (¢ ¢ ¢ ¢ ).

small mass � ows and speed !c3 the eigenvector corresponding to
the largest unstable real pole ¸1 (see Fig. 5) almost entirely points
into the direction of x1, whereas for the eigenvector corresponding
to ¸2 the contributions into direction x1 and x2 are about the same.
For stabilizationactuatorsdirectly acting upon the fast “compressor
dynamics”[u1 , see Eq. (9)] are thus preferredto thosedirectlyacting
upon the much slower “plenum dynamics” (u2 and u3 ). Section VI
will show that other speeds can lead to different conclusions. The
movable wall u3 is the second best actuator, and the bleed valve u2

is worst. This is caused by the large plenum volume Vp and small
allowablemagnitude of u2 . For a smaller Vp , kMk1 with u2 and u3

decreases, whereas kMk1 with u1 remains almost unaffected.
The in� uence of the u weights on the achievableNP level is stud-

ied for IO sets 2–4. These weights account for the limited actuator
bandwidths(via Q!4, Q!5 , and Q!6 ) and the maximuminputmagnitudes
(via u10 , u20 , and u3max;1

). The movable wall’s maximum displace-
ment u3max;2 is not considered,and the weight is set to zero: ½52 D 0.
The original design parameters are multiplied by a factor logarith-
mically spaced between 0.1 and 10. For the close-coupled valve
this factor must be larger than 1

1:72
D 0:58 because the valve must

be between fully open (u10 D 1) and fully closed (u10 D 1). Only
one parameter at a time is varied, and the optimal kMk1 values are
computed (all for x10 D F and !c3 ). In line with physical insight,
Fig. 10 shows that kMk1 decreases for increasing bandwidths and
input magnitudes. Variation of the magnitude has a larger effect
than variation of the bandwidth. In all cases the bleed valve u2 is
worst. The effect of actuator bandwidth was also studied in Ref. 6,
leading to the conclusion that it strongly affects the possibilities for
surge control by static output feedback. Clearly, the achievable NP
level (and hence the IO selection results) can be strongly affected
by the design parameters. On the one hand, the speci� cations must
thus be accurately represented by the design � lters to avoid erro-
neous results. On the other hand, if particular speci� cations are not
� nal or � xed they could be modi� ed until the desired H1 norm is
achieved, while keeping the other speci� cations � xed. In this way
the engineercould decide on properties like actuatorbandwidthand
sensor noise levelsby manipulatingthe appropriateparameters in V
and W .

The sensor preference is studied via the optimal kMk1 with IO
sets 5–8 (see Fig. 9). The mass � ow sensor y1 and the static com-
pressor face pressure sensor y4 are the best. The total compressor
face pressure sensor y3 is only slightly worse in the small mass � ow
range, whereas the plenum pressure rise sensor y2 is clearly the
worst. In Ref. 6 it was also found that y1 , y3 , and y4 are better than
y2. There it is stated that sensors in the compressor duct (especially
y1) are the most promising, but that conclusion is based on static
output feedback without y noise. For the dynamic output feedback
consideredhere, it appears(no resultsdepicted) that the optimalH1
norms with IO sets 5–8 become the same and equal to kMk1 for the
full output set if the y noise is reduced.This is explainedas follows.
For a control problem with no open-loopdirect feedthroughfrom w
to z, as for the problem at hand, full information feedback (see the
third IO selection condition) becomes equivalent to state feedback
(Ref. 11, Sec. 17.8). With an uncertainty-free model and observ-
ability with a single sensor (Ref. 8, Sec. 3.4), the observer-based
H1 controller (Ref. 11, Sec. 16.8) employs perfectly reconstructed
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states if there is no y noise. In this case adding sensors or using
other ones does not improve the achievable NP level.

VI. IO Selection Results
In Sec. V.B, a subsetof all candidateIO setswas subject to optimal

controller design (minK kMk1). In this section the H1 controller
existence conditions are used to identify which IO sets among all
candidates are viable, i.e., for which IO sets there exists a stabiliz-
ing controller achieving kM1k < ° . This is done according to the
IO selection procedure discussed in Sec. II. The design � lters V
and W , as determined in Sec. IV, are � xed for all IO sets. For the
three candidate inputs and four candidate outputs there are seven
candidate input sets, 15 candidate output sets, and (maximally) 106
candidate IO sets, including the empty one. The effect of different
speeds and differentNP level requirements° is investigated,as well
as the in� uence of skipping y noise, u weights, and x weights. The
open-loopsystem is stable for x10 2 .®F; 3F]. Figures 8 and 9 show
that kGk1 is relatively small there. Because the unstablemass � ow
range [F; ®F] is more dif� cult to control (the empty IO set is al-
ways nonviablethere), IO selectionis only performed for this range.
A grid of 11 evenly spaced points x10 2 [F; 2F ] is used, starting
with x10 D F and working toward x10 D 2F . Table 3 summarizes
the results.

To start with, the focus is on rotor speed !c3 and ° D 2 that is
more than twice the optimal kMk1 D 0:90 for the full IO set at
x10 D F . IO selection is � rst performed without y noise, u weights,
and x weights.AchievingNP then reduces to achievingnominal sta-
bility. All 105 nonempty IO sets are accepted because G is always
stabilizableanddetectablefor a singleinputandoutput,respectively.
All nonempty IO sets are still viable if y noise is added. In case of y
noise and u weights, but no x weights, six candidates are accepted
in the input selection step: the single bleed valve u2 is rejected.
In the output selection step 14 candidates are accepted: the single
plenum pressure sensor y2 is rejected. It was alreadyobserved from
Figs. 8 and 9 that u2 and y2 are the least promising input and output.
From the remaining 84 nonempty IO sets, two are eliminated in the
third combined input/output selectionstep:u1u2=y3 and u1=y3 . This
might not be expected because Fig. 8 suggests that the accepted IO
set u3=y3 is worse than the rejected IO set u1=y3. The opposite is
true, and failure of the last IO selection condition indicates that it
is the combination of the input sets u1u2, u1 and the output set y3,
which does not work well. If x weights are also included, the same
24 IO sets are rejected. Figures 8 and 9 show that for the typical IO
sets the largest optimal H1 norms occur at x10 D F , where NG has
the largest unstable pole. For other x10 2 [F; 2F ] no additional
IO sets are eliminated. This holds throughout this section, and so
traversing the operating grid for x10 is not necessary for this partic-
ular problem. The reason is that the slope of the compressor char-
acteristic in the range [F; : : : ; 3F] is maximal for x10 D F . In the
remainder y noise, u weights, and x weights are always included.

The focus is now on the same speed !c3 D .2¼=60/80,000 rad/s,
but on a tightenedNP level requirement° D 1. In the input selection
step only the full input set and u1u3 , using the close-coupledvalve
and the movable wall, are accepted. In the output selection step
all candidates but y2 are accepted. The remaining 28 nonempty

Table 3 Overview of IO selection results

y u x Viable Viable Viable
Case ° Speed noise weights weights I sets O sets IO sets

1 2 !c3 ¡a ¡ ¡ 7 15 105
2 2 !c3 Cb ¡ ¡ 7 15 105
3 2 !c3 C C ¡ 6 14 82
4 2 !c3 C C C 6 14 82
5 1 !c3 C C C 2 14 28
6 2 !c1 C C C 4 14 56
7 2 !c2 C C C 6 14 80
8 2 !c4 C C C 4 14 54
9 2 !c5 C C C 4 14 54
10 2 !c1 ; : : : ; !c5 C C C 2 14 28
11 3 !c1 ; : : : ; !c5 C C C 4 14 49

a¡ D excluded. bC D included.

candidate IO sets are all accepted in the combined input/output
selection step.

Consider again ° D 2 and !c3 , for which 82 IO sets are viable.
IO selection is now performed for ° D 2 and the other four speeds.
For !c1 D .2¼=60/40,000rad/s, 49nonemptyIO sets are eliminated:
u1u2=y1 y2 y3 y4 and its 44 subsets,and four IO sets usingonly y2. For
!c2 D .2¼=60/60,000rad/s, 25 nonemptyIO sets are eliminated:the
15 IO sets using only u2 , six IO sets based on the single y2 , the three
IOsetsu1=y3 y4; u1=y3; u1=y4 basedonu1 andcompressorface pres-
sure measurements, and � nally u1u2=y3. So, for !c1 and !c2 more
IO sets are eliminated than for !c3 . This contradicts the conclusion
for the full IO set in Sec. V.A that control is easier for lower speeds
(for smaller B). H1 optimizations with the full output set show
that the close-coupled valve u1 does not work as well for !c1 as
for !c3 , whereas the bleed valve u2 and the movable wall u3 per-
form better; u3 is even better than u1. For lower speeds the unstable
compressordynamics becomes slower (easier to stabilize), whereas
the unstableplenum dynamics becomes faster (more dif� cult to sta-
bilize). Using u3 , which directly acts upon the plenum dynamics,
becomes more effective than using u1 , which acts more directly
on the compressor dynamics. For both !c4 D .2¼=60/90,000 rad/s
and !c5 D .2¼=60/100,000 rad/s, 51 nonempty IO sets are elimi-
nated: u2u3=y1 y2 y3 y4 and its 44 subsets, u1u2u3=y2 and three sub-
sets, u1u2=y3 , and u1=y3 . So, for !c4 and !c5 more IO sets are elim-
inated than for !c3 .

To examinewhich of the IO setsare acceptedfor° D 2 and all � ve
speeds !c1 ; : : : ; !c5 , in each of the three steps of IO selection the
� ve speedsare investigatedin succession:startingwith !c1 , accepted
candidatesare checkedfor speed !c2 , and so on. The 28 accepted IO
sets all employ both the close-couplevalve u1 and the movable wall
u3 and at least one of the sensors y1; y3 , or y4. These are the same
IO sets as accepted for ° D 1 and !c3 . IO sets u1u3=y1; u1u3=y3, and
u1u3=y4 are the smallest accepted candidates.The IO sets accepted
for ° D 2 and all � ve speeds use at least two actuators. To � nd out
which IO sets with one actuator are most promising, IO selection
for all speeds is performed for a relaxed NP level ° D 3. The only
viable 1 £ 1 IO set is u1=y1.

VII. Conclusions
For active surge control IO selection was performed for a nonlin-

ear compression system model with a Garrett GT45 turbocharger.
The close-coupledvalve u1 and movable wall u3 combined with the
compressor mass � ow sensor y1 yields the best, smallest (2 £ 1) IO
set.Pressuresensors y3 and y4 canbe substitutedfor a small decrease
in performance, being more cost effective. This conclusion can be
tied to the particular plant and performance speci� cations. Among
the 1 £ 1 IO sets, u1=y1 is the most promising, as also concluded
in Ref. 6. For most IO sets good performance is more dif� cult to
achieve for higher rotor speeds or, more generally, for a larger B
parameter.This does not hold for IO sets basedon the close-coupled
valve u1 because of the plenum dynamics (which is not directly af-
fected by u1) becoming relatively more dif� cult to control for lower
speeds. This conclusioncan be tied to the choice of working-point-
dependent weights.

Though the IO selectionmethodwas originallydevelopedfor lin-
ear systems, it appeared to be useful for the nonlinear compression
system as well. Based on linearizationsfor a grid of nominal operat-
ing points (equilibria), the localviabilityof IO sets is assessed.Their
globalviabilityremainsundecided.To assess this, additionalstudies
(simulations, computing the attraction regions) must be performed
after IO selection.

To quantify the control objectives, the IO selection method em-
ploys design � lters. These must be chosen properly to obtain useful
results, which can be problematic if the performance speci� cations
are not exactly known or not � xed. For the compression system lit-
tle information on the disturbances is available, and there is some
freedom in the choice of the actuator bandwidths and maximum
input magnitudes. It was shown that the achievable performance
level is sensitive to the actuator speci� cations. Varying the design
parameters that representactuatorand sensor limitationscan be use-
ful to obtain insight into the desired instrumentation. The control
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objectivesshouldalso match theH1-norm setting.For the compres-
sion system this does not hold for the inputs that must stay within
bounds.To � nd suitableweights, an iterativeprocedureof controller
design, simulation, and design � lter adaptation for the full IO set
was used. Though the transformationinto the H1-norm setting was
only approximate, the IO selection results � t in with the problem’s
physics.
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