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Centrifugal Compressor Surge and Speed Control

Jan Tommy GravdahiMember, IEEE,and Olav Egelandvember, IEEE

~ Abstract—Previous work on stabilization of compressor surge a nonlinear CCV control law was designed for the model of
is extended to include control of t.he angular velocity of thg [17] using the method of Lyapunov. By applying backstepping,
compressor. First a low-order centrifugal compressor model is 13] developed nonlinear surge controllers for the same model,

presented where the states are mass flow, pressure rise, an t included disturb both i fl d
rotational speed of the spool. Energy transfer considerations are ut incluae Isturbances both in mass Tlow and pressure.

used to develop a compressor characteristic. In order to stabilize Global stability results were presented. In [14] certain passivity
equilibria to the left of the surge line, a close coupled valve is used properties of the model were utilized in designing a CCV
in series with the compressor. Controllers for the valve pressure control law.

drop and spool speed are derived. Semiglobal exponential stability  one drawback of CCV control is that the valve introduces
is proved using a Lyapunov argument. . . . .
a pressure drop in the compression system as discussed in
Index Terms— Compressors, Lyapunov methods, modeling, [26]. When using the valve as a steady-state device, such as
surge control. in [6], this loss may become unacceptably large. However,
as pointed out in [25] and [26], a time varying valve will
I. INTRODUCTION introduce considerably less pressure drop than a valve with

COMPRESSOR surge is an axisymmetric oscillation chonstant pressure drop.

: : Since compressors are variable speed machines, it is of
the mass flow and pressure rise. Modeling and control of . ; . !
o . . . . . _Interest to investigate the influence of speed transients on
these oscillations is of considerable interest since surge limjts . g . .
e surge dynamics. Models describing this interaction were
the useful range of mass flows where the compressor operates . ; .
. eveloped in [8] and [12] for axial compressors, and in [10]
stably. Large amplitude surge can also damage the compressor . . : .
. : and [15] (a preliminary version of this paper) for centrifugal
Low-order models for surge in compression systems have : .
) compressors. As surge can occur during acceleration of the
been proposed by many authors, and a classical referernce

. . compressor speed, it is of major concern to develop controllers
is [7]. However, the compression system model of [17] h .

. . . fhat simultaneously can control both surge and compressor
been widely used for surge control design. It was derive

X X ; eed.
for axial _compression .systems, but [19] showed that it I In this paper, a surge control law for variable speed cen-
also applicable to centrifugal compressors. The model has tYV?ugal compre,ssors is presented and analyzed. The speed
states, normalized mass flow and normalized pressure, and.he : . )

; . . ; iS _controlled with a Pl-control law. Inspired by [9] and
COmPressor 1S treated as an actuator d.'s.c’ with a thlrd—onf%] we make a departure from the third order polynomial
pogcgmfg Ileic;\;v{jpers;jgrﬁ];lnse ?i?;tc%r\llset;?ﬁ the area of st groximation of the compressor characteristic commonly

y pap 9 ged in the surge control literature. Fluid friction and incidence

control have been published. A review can be found in [16]. .

) : ses, as well as other losses, in the compressor stage are
many possible actuation schemes, closed coupled valve (€ deled, and a variable speed compressor characteristic is
control is considered one of the most promising [6], [18], [21 '

[25], [27]. Experimental results of CCV control is reported |% :Eveslﬁupdeig dbased on this. Both annular and vaned diffusers
[6] and [21]. Surge in a compression system can be explainé : ) . -

‘ : ... Semiglobal exponential stability results for the proposed
by the throttle line crossing the compressor characteristic . .
. " o cpntrollers are given using Lyapunovs method, and the results
in an area of positive compressor characteristic slope. ) . :

: . : are confirmed through simulations.

close coupled valve is placed immediately downstream 0

the compressor (hence close coupled), and active control of

the valve pressure drop is utilized to make the slope of the Il. MODEL
equivalent compressor (compressor in series with the valve)rhe centrifugal compressor consists essentially of a sta-
negative and thereby stabilizing the system. tionary inlet casing, a rotating impeller which imparts a

This approach was used in [21], [25], and [27] for surggigh velocity to the gas, and a number of fixed diverging
control of the model of [17] Linear Stablllty analySiS was Usegassages in which the gas is decelerated with a Consequent
in designing control laws resulting in local stability results. Ifjse in static pressure. The latter process is one of diffusion,
[26] pressure disturbances were included in the analysis, aili consequently, the part of the compressor containing the

diverging passages is known as the diffuser, [2]. Fig. 1 is
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Fig. 1. Diagrammatic sketch of a radially vaned centrifugal compressor. Shown here with a vaned diffuser.
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Fig. 2. Compression system.
Fig. 3. Velocity triangle at inducer.

function is simply to collect the diffuser exit flow, and to guide

it as efficiently as possible to the compressor outlet, without The angular speed of the compressor is included as a

impeding the effectiveness of the diffuser [29]. state in addition to mass flow and pressure rise which are the

We are considering a compression system consisting obtates in Greitzers surge model. The equationgfpfollows

centrifugal compressor, close coupled valve, compressor ddodm the mass balance in the plenum, assuming the plenum

plenum volume, and a throttle. The throttle can be regardedm@®cess isentropic, and the equation farfollows from the

a simplified model of a turbine. The system is shown in Fig. #npulse balance in the duct. In the following, the model (1)

The model to be used for controller design is in the form will be developed in detail. In particular, expressions must be
found for the termg, and .. It will also be shown that an

a3, expression for the compressor characteristic results from this
Pp = ——(m —my) ..
A derivation.
A Incoming gas enters the impeller eye (the inducer) of the
I | i ) K
m= L. (p2 — pp) compressor with velocity”; (see Fig. 3). The mass flom
1 and C; is given by
w = 7 (Tt — Tc) (1) 1
C) = m 2
' por A1 @

where m is the compressor mass flow, is the pressure ) o )
downstream of the compressary is the inlet stagnation sonic Wherepo: is the constant stagnation inlet density. The tangen-
velocity, L. is the length of compressor and duet; is a tial velocity {/; of the inducer is calculated as

reference area/ is the spool moment of inertiar, is the D,

drive torque andr. is the compressor torque. The two first U = o YT DirN 3)

equations of (1) are equivalent to the model of [17], wheregg,qre , is the angular velocity of the impeller andl is the

the whole model (1) is similar to the model of [10]. It should,,mber of revolutions per second. The average diamBier
also be noted that models similar to (1) are used in modelifg 4efined according to

the compressor in IC engine turbochargers, see [11]. In which
case,p, would be the intake manifold or intercooler pressure. D2 (D +Dji) 4)
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Cos which seems to agree best with experiment [2] is that due to
Stanitz:o =~ 1 — 2/n,, wheren,, is the number of compressor
blades.

We are now able to compute the compressor torgue
needed in the model (1). Using the assumption of no prewhirl
and (5), the compressor torque is

h =

- mraCpo = mroolUs, m > 0. (8)

The torque calculated in (8) is for forward flow. However, the
Fig. 4. Velocity triangle at impeller tip. compressor may enter deep surge, that is reversal of flow, and
there is need for an expression for the compressor torque at

. . . egative mass flow. It will be assumed that the compressor
whgreDtl and Dhl are the ghametgrs aF inducer tip and huEorque of a centrifugal compressor in reversed flow can be
casing, respectively. The circle with diametBy, and area

2 . . . calculated by the use of Euler’s turbine equation
A, divides the inducer in two annuli of equal area. The gas y 9

leaves the impeller at the impeller tip with velocity, as
shown in Fig. 4. The diameter at the impeller tipZis and
the tangential tip velocity i€/5.

T =m(r1Ce — 12Ch2) = —mraclls, m<0. (9

(el

Combination of (8) and (9) gives

[ll. ENERGY TRANSFER Te = |ml|rooUs (20)
A. ldeal Energy Transfer which is in accordance with the compressor torque used in
For turbomachines, applied torque equals the change[w]- o ) )
angular momentum of the fluid _ A re5|§t|ve torque is also set up by the rotation of the
impeller in the gas. This can be modeled as the rotation of
7e = m(r2Cs2 — 11Cp1) (5) adisc in a fluid, and is treated in detail in [9].

From (6), and using (7), we have that the ideal specific

wherer, is the compressor torque, = (D1/2), 72 = (D2/2 . o
§ P que, = (D1/2), vz = (D2/2) enthalpy delivered to the fluid is

and Cy- is the tangential component of the gas velodity.
Power delivered to the fluid is
=oU2. (11)

Wc ideal
Ah Oc,ideal = .
m

Wc =WT. = wm(TgCez - 7’16(01)

=m(UzCo2 — U1Clp1) = mAhocideat ©)  Notice that Ahge iear iS independent of mass flow:, and
where Aho.idea1 IS the specific enthalpy delivered to thddeally we would have the same energy transfer for all
fluid without taking account for losses. Equation (6) is knowmass flows (if backswept impeller blade$,, < 90°, were
as Euler's pump equation. For simplicity, the following tweonsidered,Aho. ia.a1 Would decrease with increasing).
assumptions are made. A radially vaned (no backswedpywever, due to various losses, the energy transfer is not
impeller is considered with3,, = 90°, and there is no constant, and we now include this in the analysis. According
prewhirl, that isa; = 90° = Cy; = 0. Itis to be emphasized to [29], [9], [23] and other authors, the two major losses,
that these assumptions are made only to simplify the analygigpressed as specific enthalpies, are the following.
the results to follow can easily be generalized by omitting 1) Incidence losses in impeller and diffuseth;; and
these assumptions. Ahgg.

For an ideal radially vaned impeller, the whirl or tangential 2) Friction losses in impeller and diffusekh ;; and Ah ;4.
componentCy, of the gas velocity leaving the impeller tip  The incidence losses and fluid friction losses play an impor-
should equall/;. However, due to the inertia of the gasant role in determining the region of stable operation for the
between the impeller blades, the tangential gas velocity tengsmpressor. Other losses, such as back flow losses, clearance
to be less thart/;. This effect is known aslip. The flow is |osses, and losses in the volute will be taken into account
deflected away from the direction of rotation of the impel'eWhen computing the eﬁiciency of the Compressor. There also
which it leaves at an angle smaller than the vane angle. Thgist other losses such as inlet casing losses, mixing losses

slip factor is defined as and leakage losses, but these will be ignored in the following.
A Cgo For a further treatment on this topic, some references are [1],
=T (") [20], [32], and [3].

which is a positive humber less than unity. The slip factor .

depends largely on the number of impeller blades, but alSo Incidence Losses

on the passage geometry, the impeller eye tip to exit diameteiThe losses due to incidence onto the rotor and vaned diffuser
ratio and mass flow rate. There exists many approximations filay an important role in shaping the compressor characteristic.
the slip factor, the one appropriate to radial vaned impellethere exists several methods of modeling this loss, and a
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comparative study is given in [31]. The two most widely used Co1
approaches are the following.

1) The so called “NASA shock loss theory” reported in [29]
and [31], which is based upon the tangential component
of kinetic energy being destroyed.

2) A constant pressure incidence model reported by [31]
where it is assumed that the flow just inside the blades
has adapted to the blades via a constant pressure process.

For centrifugal compressors, the differences between the mod- _ _

els are small [29]. According to [31], the main difference lig§'9- 5 Incidence angles at inducer.
in the prediction of the incidence angle at which zero loss
occurs. For model (1) zero loss is predicted when the flow
angle at the inlet equals the blade angle. This is not the case
for model (2). Based on this, and the simplicity of (1), the
NASA shock loss theory is used here.

Depending on the mass flow being lower or higher than
the design flow, positive or negative stall is said to occur.
The use of model (1) leads to a loss varying with the square
of the mass flow, symmetrical about the design flow. In [9]
it is stated that the incidence loss in practice increase more
rapidly with reduction of flow below design flow, than with
increase of flow above the design flow. This would lead to a
steeper compressor characteristic below the design point than
above, but for simplicity this will not be treated further here.
According to [28], such a characteristic is said to be right skew. U,

1) Impeller: The velocity of the incoming gas relative to Coo
the inducer is denoted’; . In off-design operation there will be
a mismatch between tHixedblade angle3;;, and the direction
of the gas strean®, = /3, (U/1,C4), as shown in Fig. 5. The

Ca

Fig. 6. Incidence angles at diffuser.

angle of incidence is defined by and the incidence loss (13) can be written
2 _ 1
Bz — Blb /31. (12) Ahi — 5 (Ul _ 001 — cot ﬁleal)Q
As the gas hits the inducer, its velocity instantaneously changes 1 cot Bum 2
its direction to comply with the blade inlet anglg,. The =3 <U1 - 7;;’) (17)
Po141

direction is changed fron®; to /3, and the kinetic energy

associated with the tangential compon#; of the velocity \here the second equality if found using (2). Similar results
is lost. That is, the incidence loss can be expressed as 5. presented in [9, ch. 5].

Ahs — W2 2) Diffuser: According to [29], the losses in the vaned
hii = 9 (13) diffuser can be modeled with friction/incidence losses in a

The incidence loss model in (13) is a simple one-dimensiorgMilar manner as in the impeller. Similar to the inducer
model. According to [9], it approximates the loss owingnmdgnce Ios;, it is qssumed that the velocity of the flu!d
to boundary-layer build-up for low angles of incidence angntering the diffuser is instantaneously changed to comply with
the increased losses resulting from flow separation at highBg fixed diffuser inlet anglev,,. The direction is changed
angles of incidence. As [9] points out, the term shock loss @M @2 10 a2, and the kinetic energy associated with the
misleading as nothing akin to shock occurs in practice, bighgential component; of the velocity is lost, see Fig. 6.
the simple notion of shock is used to explain the shape of th8at is, the incidence loss can be expressed as

compressor characteristic. From Fig. 5 it is easily seen that o2
Uy — Coy Cut Ahig = = (18)
cos i =~ and sinf = o (14) 2
! Using Fig. 6 and (7) it is seen that
Furthermore,
sin(By — A Ahig = L (0Uy — cot g, Cuo)?. (19)
W =S W, 2
— (cos 1 — cot By sin f1)Wi. (15) For simplicity the choick C,; = C,, is made. The diffuser

inlet angleas,, is now designed such that there is minimum

Combining (14) and (15) gives
1This is a design choice, and other choices will lead to different expression
War = Uy — Co1 — cot B15Co1. (16) for the diffuser anglevyy.
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incidence loss in both impeller and diffuser for the same makserting (2) and (29) in (24) gives

flow m. For 3; = 0, we have that
Ahpe—Onl g2 (30)
Ul = Cal cot /31(, = Cag = Ul tan /31(,. (20) s 2Dp%A% Sin2 ﬁlb fi '
From Fig. 6 and (20) it follows that As can be seen from (30), the friction losses are quadratic in
C Uy tan 3 mass flow and independent of wheel spéédequation (30)
tan agp = 0“2 = % (21) represents the loss due to friction of a mass fiewthrough
o2 e a pipe of hydraulic diameteD.
and The loss due to fluid friction in the diffuser can be modeled
Dy tan By in a similar manner as in the impeller
(rgp = atan D, (22)
72 Ahfd = k‘fde. (31)
and consequently the diffuser incidence loss (19) can be . . - .
written d y (19) In the vaned diffuser a pipe friction loss is calculated for each
diffuser passage.
Ahid _ % <O’D2U1 _ m cot C)égb)' (23)
Dy porAy D. Efficiency
C. Frictional Losses The isentropic efficiency of the compressor is defined as

According to [9], loss due to friction in the impeller can(see' e.g. [3)

be calculated as Ahgg ideal

i(m, Ur) = 32
| W2 K (m 1) AhOc,ideal + Ahjoss ( )
15
Ahy =Cy — —(*2 (24) L
D 2 where, in this paper
whereC}, is the surface friction loss coefficieft,is the mean Alitoss = Ahis + Ahy; + Ahgp + Ahg;. (33)

channel length and is the mean hydraulic channel diameter.

This friction loss is actually calculated for constant area pip&sirthermore, the efficiency will be corrected with losses in
of circular cross section. The friction loss coefficigfif is the volute and the additional losses arising from clearance and
defined as [29] backflow. The efficiency is also dependent on the ability of the
diffuser to convert the kinetic energy of the flow into pressure.

Ch = 4f (25) Collection the various losses, the isentropic efficiency from
where the friction factorf depends on the Reynolds numberéquation (34) is adjusted to
Many different formulas for the friction factor have been APoe ideal
published (see, e.g., [9] or [30]). Here we will use Blasius’ ni(m, Ur) = Ahos idea17+ N -
formula — Amy— Ane— An, — Ang. (38)
f =0.3164(Re)™%° (26)

According to [24], theclearance lossA7,. of a centrifugal
which was found empirically for turbulent flow in smoothcompressor can be approximated &y, = 0.3({;/b), where
pipes with Reynolds numbdre below 100 [30]. The mean /. is the axial clearance aridis the impeller tip width. The

hydraulic channel diameteb is defined as backflow lossArn,; occurs because the compressor has to
reprocess the fluid that has been reinjected into the impeller

4A ) S ) . )
D= e (27) due to pressure gradients existing in the impeller tip region.

] ] Due to the lack of accurate modeling of this loss, [29] suggest
where the cross section ardaand perimeter are mean values g |oss of three points of efficiency as typicaln, ; = 0.03. In

for the passage. The mean hydraulic diamé#ecorresponds  the yolutea loss will take place mainly due to the inability of
to a circle with areal and perimeter. Although the passagesine volute to use the radial kinetic energy out of the diffuser.
between the blades in the compressor are neither circular no[rpf[3] this loss is assumed to lie within two to five point

constant area, [1] reports of good agreement between theefyefﬁciency: 0.02 < An, < 0.05. This loss is likely to

and measurement using (26). be higher for compressor with a vaned diffuser than with an
Using Fig. 5, it is seen that annular diffuser, as a larger part of the total kinetic energy
Wi Wy (28) at the outlet of the vaned diffuser is in the radial direction

[3]. A more comprehensive treatment of loss in volutes can be
found in [22]. The deceleration in théffusercan be achieved
more or less efficient depending on the construction of the
Cy (29) diffuser. The efficiency drop\n, due to inadequate diffusion

is dependent on the pressure recovery coefficient, see, e.g., [3]
) . e . _ or [29], but for simplicity An, will be considered constant
According to [29] diffusion losses in the impeller are small compared t di 29 d diff ff
impeller friction losses, but they may be included in the analysis by choosiﬁﬁere' According to [29], vane Ifusers offer a two to seven

C, 1o suit. points increase in efficiency compared to annular diffusers.

sinf;  sin

and usingsin 8y = (Cy1/W1), we get

Wi = ——.
1 sin /31(,
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Fig. 7. Efficiencies for compressor with (a) vaned and (b) annular diffuser.

In Fig. 7, the efficiencyn; is plotted. In the upper plot, that is
the compressor is equipped with a vaned diffuser and in the
lower plot with a annular diffuser. As can be seen, the vaned?<(U1,m)

diffuser offer a higher efficiency, but a narrower range of flow cnm? + Pe0(Ur), m<0
compared with the annular diffuser. = 7:(m, UL Ahog iear N 7771 (37)
1+ T : , m>0
01Cp

IV. ENERGY TRANSFER AND PRESSURERISE where the choice

The total specific energy transfer can be calculated by 1
subtracting (30), (17), (23), and (31) from (11) Peo(U1) = <1 n ni(m, Ul)Ahoc,ideal)

T01 CT‘ m=0
Ahoe(Ur,m) = Ahocideal — Ahjp — Ahy; — Ahgp — Ahg;.

(35) of the shut off valua).o ensures tha¥’.(U;,m) is continuous
Ahg. is a second-degree polynomial in, and as opposed in m. According to [33] and [4], the back-flow characteristic
to the ideal case, we see that energy transfer to the fluiddgfines the resistance which the rotating blades offer to flow
varying with mass flown. This is shown in Fig. 8. in reversed direction. In [4] it is stated that in reversed flow
To find an expression for the pressure rise we now needh& compressor can be regarded as a throttling device with
relation between pressure rise and energy transferfofeard a positive pressure bias. A compressor characteristic for both

(38)

flow, the pressure rise is modeled as positive and negative flow is shown in Fig. 11.
- A quadratic characteristic for reversed flow is also used in
(14 ni(m, U1) Ahocjdeat \ [19]. It is widely accepted in the literature (see, e.g., [18]) that
Pz To1¢p the compressor characteristic has a negative slope for negative
por = V.(Ur,m)por (36) mass flow. This slope depends on the choice of the constant

We now have an expression for the pressyraeeded in the
where the losses have been taken into accountlaft;,m) model (1). Notice that for each spe&d both the pressure rise
is the compressor characteristic. In order to model the co(®6) and the efficiency (34) reach maximum for the same value
pressor pressure rise for negative mass flow, which will leé mass flowr. Thus, the maximum efficiency is reached on
encountered during deep surge, it is assumed that the pressiieesurge line, stressing the need for active control in order to
rise is proportional to the square of the mass flowsfok: 0, be able to operate safely in the neighborhood of the surge line.
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Fig. 9. Centrifugal compressor characteristic. The left plot is for a annular diffuser, and the right for a vaned diffuser.

The inlet stagnation temperatufg;, specific heat capacity, but with a steeper slope du to the incidence losses at the
and~ are assumed constant. The ideal energy transfer and diffuser. The curves are calculated for a compressor speed
losses are shown for a compressor with annular diffuser @f V= 35000 r/min. The compressor pressure characteristic

Fig. 8. In the case of vaned diffuser, the curves look similaas calculated from (36) is shown in Fig. 9.
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In Figs. 8 and 9 the numerical values for the compress@t3), and inserting (36) and (40) in (1), we get the following
parameters are taken from [10]. The surge line is the line dynamic model for the compression system
the compressor map that divides the map into an area of stable 9
compressor operation and unstable (surge) operation. The linep, = @(m — ky \/M)

passes through the local maxima of the constant speed lines r
in the map, and is drawn with a solid line in Fig. 9. . _A 1+ 7:(m, U1) Ahoe ideal v/v=1 B
When the flow reaches sonic velocity at some cross section " = Toic, bor — Pp

L
of the compression system, the flow chokes. Assuming isen- D
tropic flow, [5] calculated the choking flow for the components {7, = —l(rt — Te). (45)
most likely to choke in centrifugal compressors, the impeller T
eye (the inducer) and at the entry of the diffuser. In this paper
it is assumed that choking takes place in the impeller eye.
The effect of Choking can be seen in F|g 9, where a Chokelt is well known that the reason for equilibria to the left of
line, also known as a stone wall [23], has been drawn. fie surge line being unstable, and causing the compressor to
this paper, the effect of choking is treated in a approxima@ into surge, is the positive slope of the characteristic in this
manner. Due to sonic effects, the pressure rise would fall gffea. From Fig. 8 it is seen that the positive slope is due to the
more gradually when approaching the stone wall than showisidence losses at low mass flows. From the expression for

VI. SURGE CONTROL IDEA

in Fig. 9. The choking flow is given as the incidence loss, (17), it is clear that a variable blade angle
£1, would make it possible to minimize the incidence losses
Mehoke(U1) over a range of mass flows. Thus variable inducer blades might
U\ 2 (r+1)/2(v=1) be used as a means of surge stabilization.
24 (v - 1)<a—01> On the other hand, the maximum energy transfer and

(39) minimum incidence loss do not occur for the same mass flow.
This is due to the friction losses. The friction shifts the point
of maximum energy transfer, and consequently pressure rise,

gto the left of the point of minimum incidence loss. From this

ao1 = 7RTo is the inlet stagnation sonic velocity. It isWe conclude that the friction losses in fact have a stabilizing

seen that the choking mass flow is dependent on blade Spggact, _and introc_iucing additional fluid friction would move
i imu y .
We point of maximum energy transfer to the left. The effect

U;. Thus the impeller can accept a greater limiting mass flo o ; i i
rate at higher rotational speeds. of this is that the surge line will bg shq‘ted to the left, and the
area of stable compressor operation is expanded.
This motivates us to introduce a valve in series with
compressor. The pressure drop over this valve will serve as
To complete the dynamic model (1), an expression for thge control variable, and it will be used to introduce additional
throttle mass flow is needed. The mass flow through the friction at low mass flows in order to avoid surge. The CCV

throttle is modeled as will be regarded as a idealized actuator, a device which can
my = ku\/Pp — por (40) produce a desired pressure drop.

yvherekt is a parameter proportional to throttle opening apd ~ VII. CONTROLLER DESIGN AND STABILITY ANALYSIS
Is the plenum pressure. The momentum balance of the spool SFhe equivalent compressor characteristic for compressor

= Aiporao1 P

where po1 = po1/RTp; is the inlet stagnation density an

V. DYNAMIC MODEL

Jo=m7 —1. (41) and close coupled valve is defined as
Using (3) it is seen that Ve (m,Up) = We(m, Up) — ¥y (m) (46)

2U, .U whereW,,(m)po; is the pressure drop across the CCV and

W= —=>w=— (42)
Dl Dl 777(7774 UI)AhO(’ ideal v/l
and thus we get a differential equation ftit We(m, Uy) = <1 + = T, ) . (47)
P
U, = %(Tt —Te). (43) Assumepg, mg to be the equilibrium values of pressure and

mass flow as dictated by the intersection of the throttle and
The drive torquer; may be delivered by a turbine, and will becompressor characteristics, afig to be the desired spool
used as a control variable for speed control. The compressgeed. Define the following error variables:

and spool can only rotate in one direction, and the speed is

A

assumed upper bounded p=p—po, m=m—mo, U=U —U, (48)
31t is worth noticing that a time varying is equivalent with a time varying
0=t (t) < Un. (44) B-parameter [10]. Greitzer'sB-parameter as defined in [17] is given by

. . T . - = (U1/2a01)\/Vp/A1 L., whereV}, is the plenum volume and.. is
Assumption (44) is a technicality needed in the stability prooﬁe length of the compressor and duct. Using (43), a nonlinear differential

and is not crucial to the derivation of the model. Using (10) andjuation forB can be found.
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The equations of motion (45) are now transformed so that the Proof: Define

origin becomes the equilibrium under study. Notice that no . 27

assumptions are made about the numeric valuesqofndpo, 22 <U> and P2 <D_1 u) (58)
so that the equilibrium can be on either side of the surge line. 1 ©wo ok

By including the CCV (46), the model (45) can be written Ir\1Nhere/¢b > 0 andk; > 0 are design parameters. Consider the

the form following Lyapunov function candidate:
2
s an PN NS
b=y (i =1 ()) V(p, .U, 1) = (Vi + Vi + Vepool) (59)
p
s A s s - . where
m= f((\lfc(m, U) — W, (m))por — P) v I
2 Dy Vi= 525", Vm=-——m* and Vi =2z Pz
U=22(3—4%) (49) a1 P01 Arpor
2.7 (60)

where a hat denotes transformation to the new coordinatbollows that V' is positive definite and radially unbounded,
(48), and(p 7 1T = (0 0 0)T is the equilibrium. From (10) provided that. is chosen such tha? > 0, that is

it is known that 2Tk,
D2 D2 n<\ 5 . (61)
To = —2— |m|U; = Z2= sgn(m)mU;. (50) !
2D, 2D, Calculating the time derivative of (59) along the solutions of

To avoid additional difficulties regarding continuity, a scalef*9) and accounting for (56) gives

hyperbolic tangent function is used in place of the signum_. . = . A 1 ..
V= (W, U) = W ()% — e () — I, U?

function in the analysis fo1 pol
D2 o /Jk‘iDl 2o Nkal ~a N NDl SR
1 <

where 0 is a sufficiently large constant. The torqaeis .
- ylarg aae The last term in (62) can be upper bounded as

defined as
Dy ., D2o m\ . A
T = Te — Teo (52) _N2J1 I7, = — “4; <tanh <?>mU + m0U>I
D3 (U, {m? . .n
and calculated as < s 20( <m_ +771[2> +m0UI> (63)
Dio oun (™ 0+l 0 oAz Am
o = ta - 7 7 7 H H 1
Te= 9p, < S >(m mo)(Fll + lly + mol/) using (10), (44) and Young’s inequality. The parameger> 0
Y can be chosen freely. THé7.-term can be upper bounded as
D3 o D3 . A -
+ 25? tanh <%>m0Ud. (53) —Ut. = — —212)? tanh <%> (i + mo)UV + mlig)U
- - 2
Te0 < — % tanh m ml/?
. 2D1 (9
By choosing ) .o
Do (T iy (64)
’?t =Tt —Teco (54) 4Dl T2 2 ¢ )
the last equation in (49) follows from the last equation in (45). Now, (62) can be upper bounded as
Theorem 1: The surge control law V <, (m, 07) - \if,,,.(m))pﬂ
- N Po1
U, = k. (55) Do m o
— —=— tanh | — |mU
and the speed control law 2D, <
. A N auD%Um D%a "D
i o A_ kpU N kZI < 8]7’]1 4D17’]2 m
I=U (56) 1 ...
— —prin(p) — 2" Rz (65)
where po1
o . where
V. (1, U
ky >0, k>0 and k, > sup (77 ) + 6 I _ D3oUjnn (g _oDime
U,ﬁl am P 4D1 4J 1hp
2

o _ (57? k= b oD5mg 7 o D5Um
andé; > 0, makes the origin of (49) semiglobal exponentially 17 Diky,— 2 27 /fz‘Dl—?
stable. (66)
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Fig. 10. Transient response of centrifugal compression system with annular diffuser. Without surge control, the compressor goes into supiettddis is
with a solid line. The dashed lines are the system response when the CCV surge controller is in use.

DemandingR > 0 gives the following conditions o#k,, 7,

it will always be possible to chos® small enough for (72) to
hold for |5(¢)| < Pmax. Now, the CCV pressure droy ()

and p:
2 119 is to be chosen such that for the first term in (65), the condition
, > D2oUin: (67)
P ~ N ~
01 —i(E (i, O) = B, ()L >0 Vi (74)
4k, D1 Po1
m < (68)
UDQUnl . = . . . -
is satisfied. Sincépo1/po1) > 0, sufficient conditions for (74)
and to hold is
< min{pe, po} (69) . X
_(\Ij(’(ma U) - \Ijz (m)) =0 and (75)
where =0
D3cU? 9 I (h. U
4D,
and It can be recognized that
2 2 ~ ~
<kp - %) (w - %) §,(0,0) = Wo(mo, Us) = Welmo, Us) =0, (77)
fy = L 5. (71) W, () =k, = ¥,(0) =0 (78)
LD 0D2Um771 <D k 0D2m0>
L1 T 1
PR Y] and thus (75) is satisfied. From (76), we get
It is assumed thath, satisfies the sector condition o . X
- n,U)+k, >0 79
P (p) > ap? (72) o, Lol U) (79)
that is, the throttle is assumed passive as in [26]pAg(p) and it follows that choosing, according to
is of order% in p, (72) does not hold globally. However for
(80)

a given .. such that
16O < P

Vit>0

b (i, U7
kﬁm%%%Q}

(73) U,
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Fig. 11. (m(¢),p(t)/po1)-trajectories plotted together with the compressor characteristiés the compressor speed in r/min.

guarantees that (76), and thereby (74) is satisfied. Moreovier,(59) and (83), it can be recognized that if the following

if k, is chosen as inequalities are satisfied for some > 0:
AV (i, U
k, > sup {%} + 61 (81) 81 — D5 Umpor. . D5apou >« L (86)
U m 8Jm1po1 4D1n2po1 Apor
whereé; > 0, we get W, (/) > §172, and (74) is modified by > a— (87)
to Gp1Po1
A e = o\wPor | Polg .2 2 1(4D1ky — o D3mo) < J H )
—m(V.(m,U) — ¥, — > YU. 82 kp —p— >l — + — 88
(W, U) () or pop o1 (82) p— 1 27, D; o, (88)
. 2 .
Consequentlyy” can now be upper bounded as ki — “(4D1kp4}gD2m0)774 > a(l];—z + %) (89)
< (Pug _onD3Un D30\ ., .
= " \por ' 8JIq  4ADin the following holds:
1
~2 T BTSN .
—6op” — 52 Rz Vi 2. (83) V< —aV = V() < V(0)e ™. (90)

We now set out to compare the coefficientsioind V. The ¢ i chosen according to (68), afidis chosen according to
cross terms inl/ and I are upper bounded using Young's

inequality 5 > O'NDgUmpOI D%O’p(n (91)
o [U? . ' 8Jmpor 4D11m2p01
pUL <5 | =+l (84) . .

3 andk,, is chosen so that, > supy . {0V.(,U)/Om} +
_u(4D1kp — o D3my) i < pu(4D1ky, — 0 D3my) 61, and 1 is chosen according to (61) and (69), then the

2J - 47 inequalities (86)—(89) are satisfied for some> 0. By (90)
02 . the origin of (49) is exponentially stable. Due to assumption

AT nal (85) (73), the stability result holds whenevigk0)| < p,.., and thus

the origin is semiglobal exponential stable. [ |

wherens > 0 andn, > 0 are constants that can be chosen Notice that the parametercan be used to calculate a lower
freely. Using (84) and (85) and comparing the coefficientsound on the convergence rate of the system.
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Fig. 12. Transient response of centrifugal compression system with vaned diffuser. Without surge control, the compressor goes into surgettddhis is pl
with a solid line. The dashed lines are the system response when the CCV surge controller is in use.

VIIl. SIMULATIONS equilibrium, well over 200 kPa this seems little when taken
The two cases of annular and vaned diffuser are ndifo account that the compressor now is operating in an area
simulated with and without surge control. of the compressor map previously not possible. The CCV loss

is dependent on the controller gakf. In this simulation the
gain was set td,, = 0.5 to dominate the maximum positive
slope of the compressor characteristic. The resulting trajectory
In Fig. 10 the response (solid lines) of the compressiaf this simulation in also plotted in Fig. 11. The equilibrium
system during surge is shown. The set point for compresssiocated somewhat below the intersection of the throttle line
speed wad/;y = 150 m/s = N = 50.000 r/min and the and theN = 50000 line of the compressor characteristic. This
speed control law (56) parameters were sekjo= 0.1 and is due to the pressure drop over the CCV.
k; = 0.07. The throttle gain was set th, = 0.0003 which
gives an unstable equilibrium to the left of the surge line. .
Notice the oscillations in spedd;. These variations in spool B- Vaned Diffuser
speed was first described in [8]. The limit cycle arising from The response of the compression system with speed control
this simulation is shown in Fig. 11, where the pressure rigmly is shown in Fig. 12 (solid lines). The speed control
pp/po1 has been plotted versus the mass flow together witlarameters were setig = 0.1 andk; = 0.07, and the throttle
the compressor characteristic, the throttle line and the sumggn was set aty = 0.00075. As the vaned diffuser gives a
line. As can be seen, the compressor undergoes deep swstgeper and more narrow characteristic, the amplitude of the
oscillations. pressure oscillations is larger than for the annular diffuser. This
Now, the surge controller (55) is used wik) = 0.5. The is also the case for the speed and mass flow oscillations.
speed set point, speed controller parameters and throttle gaikVhen the surge control is in use, we get the response plotted
are as before. The results are shown in Fig. 10 (dashed linegth dashed lines in Fig. 12, and as can be seen the oscillations
The desired speed is reached and the surge oscillations ameavoided at the cost of a pressure loss over the CCV. Since
eliminated. As previously mentioned there is a loss associatbe positive slope of the compressor characteristic is larger in
with the CCV control approach. The pressure drop over thigis case compared to the annular diffuser, this pressure drop
valve is shown in the lower right corner of Fig. 10. At equiis also larger. However, a pressure drop of 35 kPa over the
librium the pressure drop for this particular case is at 5 kPaalve is still less than the pressure rise of 180 kPa over the
Compared to the pressure rise over the compressor at tiasnpressor.

A. Annular Diffuser
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By comparing the in-surge response of the two cases, it[i$] , Compressor Surge and Rotating Stall: Modeling and Control
seen that the frequency of the surge oscillations is lower f;?[ Advances in Industrial Control. London, U.K.: Springer-Verlag, 1999.

7] E. M. Greitzer, “Surge and rotating stall in axial flow compressors, Part
the vaned diffuser (3 Hz), than for the annular diffuser (7 Hz). " | heoretical compression system model,"Eng. Powervol. 98, pp.

This is in accordance with [18] and [33] where it is shown that  190-198, 1976. _
the surge frequency depends on the slope of the Compres[éa’ , “The stability of pumping systems—The 1980 Freeman scholar

L. lecture,”J. Fluids Eng, vol. 103, pp. 193-242, 1981.
characteristic in such a way that a steeper slope leads to loWw@f k. E. Hansen, P. Jargensen, and P. S. Larsen, “Experimental and

frequency, and a less steep slope leads to higher frequency, theoretical study of surge in a small centrifugal compressarFluids
Eng, vol. 103, pp. 391-394, 1981.

[20] J. P. Johnston and R. C. Dean, “Losses in vaneless diffusers of
centrifugal compressors and pumps. Analysis, experiment and design,”

A surge control law and a PI speed control law for 'ﬁlﬁé J. Eng. PowerJan. 1966, pp. 49-62.

if | . h b d | d W. M. Jungowski, M. H. Weiss, and G. R. Price, “Pressure oscillations
centritugal compression system have been developed. occurring in a centrifugal compressor system with and without passive

modeling of the compressor characteristic was based on energy and active surge controlJ. Turbomachineryvol. 118, pp. 29-40, 1996.

losses in the compressor stage Incidence and friction |OS% J. A. Lorett and S. Gopalakrishnan, “Interaction between impeller and
) volute of pumps at off-design conditions]” Fluids Eng, vol. 108, pp.

in the impeller and the diffuser were considered in addition t0  15_1g8 Mar. 1986.
other losses. A close coupled valve was chosen as an actué8ir A. E. Nisenfeld,Centrifugal Compressors: Principles of Operation and
; Control. Instrument Soc. Amer., 1982.
for the _surge control. Using Lyap_unovs method, t_he syste ] R. C. Pampreen, “Small turbomachinery compressor and fan aerody-
equilibrium was shown to be semiglobal exponentially stable. * namics,”J. Eng. Powervol. 95, pp. 251-256, July 1973.
Through simulations it was confirmed that the compressor cB3l] J. E. Pinsley, G. R. Guenette, A. H. Epstein, and E. M. Greitzer, “Active

stabilization of centrifugal compressor surgd,”Turbomachineryvol.
operate stable and reach desired speed in the previous unstable113 Dp. 723-732, 1991,

area to the right of the surge line in the compressor map. [26] J. S. Simon and L. Valavani, “A Lyapunov based nonlinear control
From a surge control point of view, the main difference  scheme for stabilizing a basic compression system using a close-coupled
. control valve,” inProc. 1991 Amer. Contr. Confl991, pp. 2398-2406.
between the annular and Va_ne_d diffusers are the stee_pe_r 5'@9}‘“‘ J. S. Simon, L. Valavani, A. H. Epstein, and E. M. Greitzer, “Evaluation
of the compressor characteristic. A consequence of this is that of approaches to active compressor surge stabilizatidnTurboma-
if a CCV is used to control surge, a greater pressure drop m Sﬁ chinery vol. 115, pp. 57-67, 1993.

b d h Ive in th f d diff 28] H.-H. Wang and M. Krsfi, “Control of deep hysteresis compressors
e accepted over the valve in the case of a vaned diffuser tha under limited actuator bandwidth,” ifProc. 1997 Int. Conf. Contr.
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