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Rotating Stall Control in Axial Compressor
Subject to Wheel Speed Transients

Craig A. Buhr,* Matthew A. Franchek,” and Sanford Fleeter*
Purdue University, West Lafayette, Indiana 47907

A gain-scheduled controller design methodology for rotating stall control in an axial flow compressor subject
to wheel speed transients is presented. Linear robust controllers are designed for a family of flow coefficients in
the spatial domain at specified discrete wheel speeds to regulate nonaxisymmetric flow. The resulting family of
controllers are then gain scheduled with respect to wheel speed in an effort to address the transient wheel speed
condition. To validate the performance of the gain schedule control law, domains of attraction obtained from initial
condition simulated responses of the nonlinear compressor model are used.

I. Introduction

OTATING stall and surge are aerodynamic instabilities that

occur during operation of a compressor near the peak pressure
rise of the compressor. These instabilities degrade performance and
produce large loading effects on the compressor blades. To avoid
the occurrence of these flow instabilities, the compressor is operated
at conditions that are removed from the surge line (stability line),
thus creating a factor of safety defined as the surge margin. The
surge margin required to prevent the occurrence of rotating stall and
surge during wheel speed transients is related to the rate of change
of the wheel speed.! Therefore, a tradeoff is made between the size
of the surge margin and the rate at which the wheel speed may
be changed. The goal of active control is to alleviate this tradeoff
through simultaneously controlling both wheel speed and rotating
stall/surge as shown in Fig. 1. Possible approaches for this control
problem include Lyapunov methods (see Ref. 2) and gain-scheduled
control (see Refs. 3 and 4).

Successful surge and speed control laws have been developed for
one-dimensional centrifugal compressor models with nonconstant
impeller speed using Lyapunov methods (see Refs. 5 and 6). For ex-
ample, Gravdahl’ developed control laws for surge and wheel speed.
The surge control law used a close-coupled valve for actuation. Us-
ing Lyapunov’s method, he was able to prove semiglobal exponen-
tial stability for the surge control law with a proportional—integral
speed control law. The control law was validated through simula-
tion. In Ref. 6, Leonessa et al. proposed a nonlinear switching-based
framework for surge control utilizing a bleed valve for actuation.
Subcontrollers are designed for local set points parameterized by
the equilibrium manifold using equilibrium-dependent Lyapunov
functions. The local set points are chosen such that they are in the
domain of attraction of a neighboring operating point. Therefore, by
appropriately switching controllers, stable transitions are ensured.

Badmus et al.” achieved rotating stall avoidance and surge control
over a range of compressor operation despite inlet/outlet pressure
disturbances and variations in commanded mass flow and com-
pressor speed using a gain-scheduling approach. A two-degree-of-
freedom gain-scheduled controller was designed using a linearized
one-dimensional axial compressor model with a bleed valve for ac-
tuation. The controllers are continuously scheduled based on the
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operating point and achieved rotating stall and surge control over
a range of compressor operation despite inlet/outlet pressure dis-
turbances and variations in commanded mass flow and compressor
speed. Each of control schemes presented in Refs. 5-7 focused on
the control of surge using a one-dimensional compressor model for
the analysis and controller design. In contrast, the focus in this paper
is the control of rotating stall during wheel speed transients. Because
rotating stall is inherently a two-dimensional phenomenon, the one-
dimensional compressor model only captures the effects of rotating
stall as a reduced pressure rise. Therefore, a two-dimensional com-
pressor model is used for this study to represent the rotating stall
dynamics. In addition, two-dimensional actuation in the form of air
injectors will be used for actuation. A gain-scheduling approach is
presented for the control of rotating stall subject to wheel speed
transients. The operating range of the compressor will be parame-
terized by wheel speed. At selected discrete wheel speeds within the
operating range, a robust feedback controller is designed for each
frozen parameter linear model to regulate rotating stall. This set of
controllers will then be interpolated over the operating range and
scheduled with respect to wheel speed. To illustrate the performance
of the feedback system, domains of attraction will be estimated us-
ing initial condition simulations.

To this end, the paper contains the following sections. First, the
nonlinear analytic compressor model is developed. Then, the prob-
lem statement is defined. The linearized spatial domain compressor
model is then developed. In the following section the gain-schedule
controller design method using the technique of loop shaping in the
gain-phase plane is presented. An example is provided to illustrate
the design procedure. Finally, the paper ends with conclusions.

II. Analytic Compressor Model: Nonlinear Ordinary

Differential Equation

The development of the analytic compressor model, shown in
Fig. 2, is based on several works appearing in the open literature. To
construct the model, the Moore—Greitzer partial differential equa-
tion (PDE) description of an axial flow compressor developed in
Refs. 8 and 9 is modified to account for nonconstant wheel speed,
unsteady losses, and air injectors as actuators. To account for non-
constant wheel speed, spool dynamics are developed. This results
in the Greitzer B parameter becoming a state of the model as de-
scribed by Gravdahl.> The description of the losses is formulated as
detailed by Haynes et al.'® The air injectors are developed as for-
mulated by Hendricks et al.!'; however, the higher-order nonlinear
terms are retained. The modified PDE description of the compressor
is then reduced to a nonlinear ordinary differential equation using
the method developed by Mansoux et al.'? Fourier series solutions
are used to remove the spatial derivatives. The circumference of
the compressor is then discretized to replace the Fourier series with
discrete Fourier transforms (DFT), thus, making the model finite
dimensional. The number of points in which the annulus of the
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compressor is discretized determines the number of spatial modes,
N, included in the model.

When the following vectors are defined for flow coefficient at the
compressor face ¢;3, the injector flow coefficient ¢;, the nondimen-
sional losses across the stator L, and the nondimensional losses
across the rotor L, as

&3(01) é;01)
3(62) ®;(62)
(753 = . ¢_/ = .
| ¢3(6an +1) Lo (Oan 1 1)
L, (6) M Lg(01) 7]
L,(62) L;(02)
L = L, = (D
LL,(Oan +1) LLs(Oan 1)

where 6, =27n/(2N +1) and N is a power of 2, the real-valued
DFT matrix G that maps the vectors in Eq. (1) into its Fourier
coefficients

G:¢— [y Re(p) Im()) Re(¢,) Im(d,)]"

where W is the nondimensional pressure rise across the compres-
sor, Kr is the throttle parameter, /. is the effective nondimensional
compressor length, /; is the nondimensional compressor inlet duct
length, [, is the nondimensional compressor exit duct length, X is
the rotor fluid inertia parameter, p is the compressor fluid inertia
parameter, B is the Greitzer B parameter, U is the wheel speed, U,
is the desired wheel speed, A, is the ratio between injector area and
compressor duct area, 7, is the actuator time constant, 7, is the
loss time constant for the rotor, 7,; is the loss time constant across
the stator, A is a nondimesional constant inversely proportional to
spool inertia, and I'. is the torque of the compressor. The inputs to
the system are T';, the torque applied to the compressor, and ¢,
the injector command. The steady-state losses across the rotor and
stator are given by

L, (¢3) = (Wisen — Yess) Ry Lss(¢3) = (Wisen — Yess) (1 — Ry)

respectively, where Wi, is the isentropic compressor characteris-
tic, W is the steady-state compressor characteristic, and R, is the
percentage of the losses across the rotor. In addition, the following
vectors and matricies are defined:

1 1
r=m1 --- 17 S=|— ...
2n+1 2n+1

Wi (s, b))

= [Weri(3(01), ¢;(61))
with
Werrl$3(0), ¢, (0)] = Wisen[$3(0)]
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is given by
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When the state vectors in Eq. (1) are used, the variable wheel speed 01 0 L
compressor model is given by |n|
dv ] U 1 -1 ¥ du
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Table 1 Compressor model parameters defined at U =72 m/s

Variable Value Variable Value Variable Value

&3 stall 0.460 R 0.75 I 6.66
oy 0.467 Tyl 0.37 i 2.99
B 0.1 T 0.37 1, 2.38
n 1.29 T, 0.1 A 0.0603
m 2 A 0.68 A, 0.0197
Es =G 'DgsG
2 0
Dps = diag | 1 +1., | > ° Il
E3 — g i es 0 2 3 ey i
|n|
E, =G 'DpG
D di 0 0 1 0 n
E4 = d1ag -1 ol = o
where diag(d, ..., d,) is a block diagonal matrix with dy, ..., d,

on the diagonal.

This model will be used to perform simulations and evaluate the
performance of the control law developed. The parameters for the
compressor used in this study are listed in Table 1. The compressor
model maps are

Wi (@) = —15.5341¢° +24.1238¢% — 15.0262¢ + 4.6951
\IICSS(¢) =

12.117¢2 — 2.423¢ + 0.221 $<0.1
—49.624¢° + 39.509¢ — 6.413¢ + 0.395 0.1 <¢ <0.4
—10.0695¢> + 9.430¢ — 1.184 04<¢

These parameters are based on the compressor C2 in Refs. 12 and 13.

III. Problem Statement Development

A. Motivation: Influence of Wheel Speed Transients on Stability

Consider the initial condition response of the compressor result-
ing from a step change in desired wheel speed. The stability prop-
erties that is, domains of attraction of the compressor are related to
the rate of change of the wheel speed. To illustrate this, consider the
case where the wheel speed control law is given by

F=r,-T.=K,Us;—U) 3

where K, is the wheel speed control gain, Uy is the desired wheel
speed, and U is the actual wheel speed. The resulting wheel speed
dynamics captured in Eq. (2) subject to Eq. (3) is

u A v° K,(U;—U

dE - Ud w( d )
For comparison, the transient responses are shown in Fig. 3 for two
K, gains, K,, =0.0001 and K,, =0.001, with U; =30 m/s, initial
wheel speed Uy =72 m/s, and an initial first spatial mode pertur-
bation |A || = 0.02 with no rotating stall control. The response with
the larger K, that is, faster wheel deceleration, has a larger flow
transient toward the surge line. As a result of this larger flow tran-
sient, the compressor enters rotating stall. The effect the faster wheel
speed transient has on the stability properties of the compressor is
also shown in Fig. 4. As K, increases, the domains of attraction for
a first spatial mode initial condition decreases. Therefore, a tradeoff
is made between the stability properties of the compressor and the
rate at which the wheel speed may be changed. This gives rise to
the control problem of simultaneously controlling wheel speed and
rotating to alleviate this tradeoff.
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Fig. 3 Transient responses with no rotating stall control for two K,
gains with Uy =72 and U, = 30.
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Fig. 4 First spatial mode domain of attraction with no rotating stall
control for two K,, gains.
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Fig. 5 Block diagram for compressor control system with wheel speed
control law Eq. (3).

B. Problem Statement

Shown in Fig. 1 is the multi-input/multi-output block diagram for
the simultaneous control of rotating stall and wheel speed. In this
study, it will be assumed the wheel speed control law is designed
independently of consideration of rotating stall. With a wheel speed
control law given, the feedback control system shown in Fig. 1
reduces to the system shown in Fig. 5. The objective is to design a
rotating stall control law to improve the stability properties for the
compressor system shown in Fig. 5 subject to wheel speed transients.
Performance of the control law will be based on an estimation of
the domains of attraction obtained from simulated initial condition
responses.

IV. Main Result

The problem of rotating stall control is formulated as a nonax-
isymmetric flow regulating problem. To facilitate the rotating stall
controller design process, the controller design will be performed
in the spatial domain. In the spatial domain regulating nonaxisym-
metric flow is equivalent to regulating the spatial modes.

A gain-scheduling approach is proposed to accommodate the
larger operating range associated with nonconstant wheel speed.
This type of methodology is appealing because it separates the con-
troller design process into manageable parts. In this approach, the
dynamics associated with the transients of the scheduling variable
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are ignored during the design process. Therefore, a family of linear
controllers is designed for the frozen parameter systems at the se-
lected operating points to achieve the desired local performance and
stability. These local controllers are then interpolated over the op-
erating range and scheduled to form a control law for the operating
range considered. Note, because the dynamics of the system asso-
ciated with the transition between operating points is not explicitly
considered, the stability and performance at each operating point
does not guarantee stability and performance during the transition
between operating points. Therefore, performance and stability of
the gain-scheduled control law will be validated through simulation.
Presented in this section is the gain-schedule procedure for the
control of rotating stall subject to wheel speed transients. First, the
linearized variable wheel speed compressor model is presented. The
method for designing the local rotating stall regulating controllers
and the scheduling of this set of controllers is then presented. A
design example is then given to illustrate the design procedure.

A. Linearized Model of the Compressor

Linearization of the variable wheel speed compressor model pre-
sented in Sec. II for the mean flow rate ¢b; and mean injection rate
¢; results in the following linear spatial-domain compressor model
given by

A,
¢lnlt,
X,(1,0) = (F — ATFr)x, (1, 6) + | — [ da(1,6) (4
0
0
$.(,0)=[1 0 0 0]x,(,6)
where
r1u (dqxim A +i A) A U
2 (el A +in _ar Y
{Ud d¢3 (1;3 ! { Ud
0
F= 1 dL,,
Ta d¢3 q_ﬁg
1 dLg
L Tq d¢3 ¢j3
Fr—diag( =L Y
R WPTNTAN T

Xn (l, 9) = [(2;3,1

The model in Eq. (4) represents the relationship between the
nth spatial mode output and the nth spatial mode input. The
input #,(t) =@;. is the commanded injection rate. The output
Iu(t, 0) = ¢, is the nth spatial harmonic of the flow perturbation at
the inlet of the compressor. Note that, if U = U; =const, then ' =0
and Eq. (4) reduces to the linearized constant wheel speed model.

The linearized model given by Eq. (4) will be used for the de-
sign of local linear controllers that will be scheduled. Frequency-
response functions will be generated from this model. These fre-
quency responses are used to graphically design the local controllers
on the gain-phase plane.
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Fig. 6 Block diagram of feedback system.

B. Local Controller Design

With the desired wheel speed U, given, the linearized model given
by Eq. (4) is dependent on two variables, U and ¢. To simplify the
gain-schedule control law, the variations in the linearized dynamics
with respect to flow coefficient ¢ will be treated as uncertainty in
the linear robust control framework. Thus, only wheel speed will be
used to schedule the control law. At each selected wheel speed, the
frequency responses for the family of mean flow coefficients will be
shaped in the gain-phase plane to reduce closed-loop sensitivity. A
review of robust linear robust control and the utility of the gain-phase
plane follows.
1. Robust Feedback Control Structure and Sensitivity Function
The problem of rotating stall control can be classified as the regu-
lator problem in feedback control systems where nonaxisymmetric
flow is to be regulated. Shown in Fig. 6 is a general block diagram
with positive feedback. The closed-loop relationship between the
inputs and system outputs is

Gp(s)

Gr(s, @)Gc(s) R+ T =G5, )G
— Gp(s,0)Ge

N ) = G 6 ) Ge)

D(s)

where « is the plant uncertainty. G p (s, @) is the transfer function
equivalence of Eq. (4), where « is the uncertainty in the system
dynamics with respect to the flow coefficient. For the rotating stall

Bt AG) . 1U 11U
ST e, 7 ‘U,
1
e 0 0
Ta
1
0 <£>in—— 0
Ud T
1
0 0 -
Ta ]

2
—tu
n|

)

regulator design, the reference R(s) is equal to zero, that is, axisym-
metric flow. Therefore,

Gp(s)
1 —=Gp(s,0)Gc(s)

where S(s, @) =1/[1 — L(s, a)] is the closed-loop sensitivity func-
tion, L(s, @) = G p(s, @) G ¢ (s) is the open-loop transfer function to
be designed, and Dy(s) = Gp(s)D(s) is the disturbance from the
control system point of view.

The goal of a regulating system is to suppress the transmission of
the disturbance Dy(s) to the system output Y (s, o) through design

Y(s,a)= D(s)=S8(@s,a)Gp(s)D(s) (5)
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Table 2  Sensitivity regions

Region [SGw)| Result

1 <1 Attenuation of | Dy (s)|
2 =1 Attenuation of | Dy (s)|
3 >1 Amplification of | Do(s)|

Open-Loop Magnitude (dB)

-300 -200 -100 0 100
Open-Loop Phase (deg)

Fig. 7 Gain-phase plane with constant magnitude sensitivity contours.

of a stabilizing controller G ¢ (s). From Eq. (5), it can be seen that if
S(s, ) =0, then the external disturbance Dy(s) can be completely
rejected. Unfortunately, realizing S(s, ) =0 requires an infinite
amount of control actuation. Therefore, the control objective is to
make |S(jw, a)| <1 at those frequencies where Dy(s) has signifi-
cant energy.

2. Gain-Phase Plane with Sensitivity Contours

To design a controller in the frequency domain, designers gen-
erally analyze the frequency response of the open-loop system
L(jo,0)=Gp(jw,a)Gc(jw,a). The classical approach to a
frequency-domain design involves a procedure known as loop shap-
ing and is executed on a Bode plot. For our purposes, the open-loop
gain-phase plane will have more controller design utility. The ma-
jor benefit of the open-loop gain-phase plane is that the closed-loop
sensitivity contours can be transparently displayed. Shown in Fig. 7
is the open-loop gain-phase plane with several constant magnitude
closed-loop sensitivity contours. Note that three distinct sensitivity
regions emerge on the gain-phase plane are listed in Table 2. These
regions and sensitivity contours will be used to facilitate the design
process.

Consider the case when L (jw;) exists in the disturbance attenua-
tion region of the gain-phase plane. As the open-loop gain |L(jw;)|
isincreased, |S(jw;)| decreases, leading to better disturbance atten-
vation. This makes intuitive sense because a higher open-loop gain
requires more actuation effort. On the other hand, consider the case
when L(jw;) exists in the disturbance amplification region of the
gain-phase plane. Here, a decrease in |L(jw,)| leads to a decrease
in |S(jw;)|, although |S(jw;)| > 1. Note that closed-loop stabil-
ity is a prerequisite to performance and can be assessed with the
open-loop frequency response by satisfying the correct number of
encirclements of the (n360-deg, 0-dB) point in the gain-phase plane
as defined by the Nyquist contour and the principle of the argument,
where n is an integer. To illustrate the design process an example is
presented for the case of constant wheel speed.

3. Constant Wheel Speed Controller Design Example

Consider the constant wheel speed case where U = U,; =72 m/s.
The objective of the controller is to minimize sensitivity at the dis-
turbance frequencies subject to stabilizing the system. To determine
the frequency content of the disturbance, refer to the response of
the first spatial mode to a throttle input shown in Fig. 8. As shown
in Fig. 8, the amplitude of the first spatial mode begins to grow
slowly for £ ~ 11,380, then abruptly develops in a fully developed
rotating stall cell. During this growth, the phase angle is approxi-
mately a line with constant slope of 0.33. Thus, the first spatial mode
disturbance is rotating at approximately a single frequency of 0.33.
Therefore minimizing the sensitivity at this frequency will attenuate

First Spatial Mode

N
~

Amplitude
<
8]

0 0.5 1 15 2 2.5
Nondimensional Time & 1¢*

8000
6000
4000
2000

Phase (rad)

2000 : : :
0 0.5 1 15 2 25

Nondimensional Time & 1¢*

Fig. 8 Transient response of first spatial mode to ramp throttle input.

20

Open-Loop Magnitude (dB)

-100 0 100 200 300 400 500
Open-Loop Phase (deg)

Fig. 9 Set of uncompensated frequency responses: *, frequency of
0.33.

the disturbance, preventing or delaying the onset of rotating stall.
The design objective is to design G¢(jw) such that the open-loop
transfer function L (jw, o) at w = 0.33 is centered in the disturbance
attenuation region of the open-loop gain-phase plane (unshaded re-
gion, Fig. 8), thus, achieving the largest sensitivity reduction for
the smallest open-loop gain. Knowing the frequency content of the
disturbance also identifies the required bandwidth of the actuator
because the actuator must react to a disturbance frequency of 0.33.

Shown in Fig. 9 are the frequency-response functions in the open-
loop gain-phase plane with the frequency of 0.33 denoted by aster-
isks. Notice that, for Gc(jw) =1, L(jw,a) =Gp(jw, o) resides
in the disturbance amplification region of the open-loop gain-phase
plane. By inspection of G p (jw, «), it can be seen that the design ob-
jective of achieving the largest sensitivity reduction for a given open-
loop gain can be achieved by shifting the open-loop frequency re-
sponses into the sensitivity reduction region of the gain-phase plane.
This can be achieved with a complex gain, G¢(s) = K; exp(jBi).
The required phase shift that moves L(jw, ) such that S(j0.33, «)
is minimized for a given open-loop gain is B; = 154 deg. The gain
K is chosen to be 20 for this example. The resulting L(jw, &) is
shown in Fig. 10.

Because a complex gain control law evolved from the design pro-
cess, it is simple to compare the results of the controller design with
the set of controllers G¢(s) =20exp(jB1), where B, € (0,360 deg).
The comparison is made by performing an exhaustive search over
the range of possible controller phase shifts. To validate the con-
troller, simulations were performed with controller phase angles
from B, =0 to B; =360 deg at 10-deg increments. Each simulation
had a ramp throttle command. The results are shown in Fig. 11.
From the simulations, the optimal controller has a phase angle of
B1 =~ 150 deg. The predicted optimal phase angle selection correlates
well with the simulated results. Therefore, the use of sensitivity in
the gain-phase plane provided a method in designing a controller
for rotating stall control.

Also note in Fig. 11 the phase angles 8; ~ 62 and f; =~ 240 deg
have no increase in performance over the uncontrolled case. The
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Fig. 10 Set of compensated frequency responses for predicted best and
worst performance: *, frequency of 0.33.
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Fig. 11 Contour plot for amplitude of first spatial mode for various
controller phase angles 3.
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Fig. 12 Compensated frequency responses corresponding to no gain
in performance: *, frequency of 0.33.

frequency responses with controllers for these two phase angles
are plotted in Fig. 12. Notice the proximity to the 0-dB sensitivity
contour (|S(jw)|=1). This shows the transition from increase in
performance to decrease in performance as the frequency responses
move toward larger magnitude sensitivity contours

Figure 11 also shows that the controller with B, ~ 330 deg ex-
hibited the worst performance. The frequency responses L (jw, o)
with this controller are in Fig. 10. This result is expected because
the controller maximizes S(j0.33) in the disturbance amplification
region. This method will be utilized to design controllers for the
frozen parameter compressors models during the gain-scheduling
procedure.

C. Scheduling the Local Controllers

With the set of local controllers designed, the gain-scheduled con-
trol law is obtained by interpolation between the set of local con-
trollers with respect to wheel speed. The performance and stability
of the gain-schedule control law will be validated with estimated
domains of attractions obtained through initial condition simulation
of the complete nonlinear model.

20

Open Loop Gain (dB)

—-100 0 100 200 300 400 500
Open-Loop Phase (deg)

a) Open-loop plants

20k o ..

G =20 eim’
c

Open Loop Gain (dB)
|
[
[=3

—-100 0 100 200 300 400 500
Open-Loop Phase (deg)

b) Open-loop plants with controller

Fig. 13 Open-loop system for ¢3 = 0.49, 0.48, 0.47, 0.463, 0.46, and 0.45
with U =30 m/s and K,, =0.001: ——, stable and ———, unstable.

D. Design Example

To illustrate the gain-schedule design process, consider the case
where the wheel speed control law is given by Eq. (3) with
K,, =0.001, Uy=72 m/s, and U, =30 m/s. The compressor pa-
rameters used for this example are defined in Table 1 and in the
model maps. The operating range to be parameterized by wheel
speed is U € [30, 72] m/s. Selecting several operating points in this
range is the next step in the procedure. For this example, four points
are chosen: U =30, 44, 58, and 72 m/s. At each of these discrete
operating points, a local control law is designed to regulate the first
spatial mode for the linearized spatial-domain compressor model
Eq. (4). When the method developed for the constant wheel speed
case is used, controllers will be designed to reduce the sensitivity
for the closed-loop system at each of the selected wheel speeds.

1. Local Controller Design

Consider the case for U =30 m/s (Fig. 13). Shown in Fig. 13a
are the first spatial mode frequency responses for ¢; =0.49, 0.48,
0.47,0.463,0.46 and 0.45 for U = 30 m/s. Notice that the open-loop
stable frequencies responses reside in the shaded area (Fig. 13), the
region where closed-loop sensitivity is greater then one. In addi-
tion, the frequency responses of the unstable plant do not encircle
the positive one point. The objective of the local control law is to
shape the frequency responses into the unshaded area, the region
where the closed-loop sensitivity is less then one. Also in the case
when the open-loop dynamics are unstable, the control law must
also shape the frequency response to encircle the positive one point
to satisfy the Nyquist encirclement condition for a positive feedback
system. As shown in Fig. 13b, the gain-phase plane simplifies the
design process by graphically revealing that the complex gain con-
trol law, i1, =20 exp(j 174 deg) 31, is sufficient to reduce the closed-
loop sensitivity for the uncertain plant set by shifting the stable
open-loop frequency responses into the unshaded area. In addition,
this control law stabilizes the unstable plants by encircling the pos-
itive one point. Similarly, the control law #; =20exp(jB)y; with
B(U =44 m/s)=170, B(U =58 m/s) =166, and B(U =72 m/s) =
164 deg achieves sensitivity reduction for the other selected wheel
speeds, respectively. These values are summarized in Table 3.
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Table 3 Controller phase at each selected
wheel speed

U, m/s B, deg
30 174
44 170
58 166
72 164
0.1

0.08

0.06

A

Gain Schedule
0.04 Controller p
No Control

0.02 Constant Complex ]

Gain Controller

0
044 045 046 047 048 049 05

Flow Coefficient, ¢3

Fig. 14 First spatial mode domain of attraction with gain-schedule
controller, constant complex gain controller, and without rotating stall
controller for K,, =0.001.

2. Scheduling the Control Laws

With the local rotating stall controllers designed for the discrete
operating points, the next step is to interpolate these control laws
over the entire operating range. Notice that the only parameter in
the rotating stall control law that varies with will respect to wheel
speed is 8. Therefore, B is the only variable to be scheduled. The
controller phase is interpolated by fitting a polynomial using least
squares. For this example, a third-order polynomial was chosen. The
resulting scheduled control law is i; =20 exp[jB(U)]y;, where

B(U)=0.000121U° — 0.0160U> +0.396U + 173.27

3. Assessing Performance

To assess the performance and stability of the design, the follow-
ing domains of attraction are shown in Fig. 14 for K,, =0.001. The
control law improved the stability of the compressor subject to wheel
speed transients. Also for comparison, the domains of attraction for
the constant complex gain control law &#; =20exp(j174 deg)y, is
designed for U; = U =30 m/s. Both the gain-scheduled law and
the constant complex gain control law improve the compressor sta-
bility properties; however, the gain-scheduled law achieves better
performance at the cost of using an additional feedback signal for
scheduling.

V. Conclusions

Presented in this paper is a gain-scheduling approach for the con-
trol of rotating stall subject to wheel speed transients. The benefit of

the gain-schedule approach is that it simplifies the design process by
separating the controller design process into manageable parts. This
allows for the utility of using linear robust design techniques such as
loop shaping on the gain-phase plane. To reduce the complexity of
the scheduled control law, ¢s is treated as uncertainty. The method
of linear robust spatial-domain control of rotating stall is used to
design the local control laws.

In the design example, a simple complex gain controller was
shown to be sufficient to reduce the closed-loop sensitivity at each
of the selected discrete wheel speeds. In addition, the control struc-
ture resulting from the local designs were the same. This simplifies
the scheduling of the control law. These complex gain control laws
are then scheduled through interpolation to form the gain-schedule
control law. The resulting rotating stall control was shown to ex-
pand the domain of attraction and achieve better performance then
a constant complex gain control law.
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