
1 31ò1 10Ï
2014c 10�

� � n Ø � A ^
Control Theory & Applications

Vol. 31 No. 10
Oct. 2014

¶¶¶666ØØØíííÅÅÅ^̂̂===������ïïï������uuuÿÿÿII:
ÄÄÄuuu���ÊÊÊ$$$���ØØØíííÅÅÅÁÁÁ���������¢¢¢���ïïïÄÄÄ

DOI: 10.7641/CTA.2014.40115

� h1†, i©#1, ©Qä2, Ü²²3, � ]3, ûS²4

(1. uHnó�ÆgÄz�Æ�ó§Æ�,2À2² 510640; 2. ¥Êó�Ê�Äå��XÚïÄ¤,ô�Ãâ 214063;

3. �®�ÆåÆ�ó§�ÆX,�® 100871; 4. �®Ê�ÊU�ÆU�Äåó§Æ�,�® 100191)

Á�:¶6ØíÅ^=��ÚF��JcuÿéuJpØíÅó��ÇÚ½5äk��¿Â.�©±�®
Ê�ÊU�ÆÊ�uÄÅ:¢�¿�$�¶6ØíÅ¢���ïÄé�,Äu(½ÆSnØ9Ä��ª£O�
{,mÐ^=��Ð©6ÄCqO(ï�Ú¯�uÿïÄ.Äk,3ØíÅÅ^9¡±�Ù�õ�Ä�ØåDaì,
¼�ØíÅ��cÚ��kî�Ä�Øå&Ò,Äu(½ÆSnØé^=��Ð©6Ä�SÜXÚÄ�?1ï�;
Ùg,Äu±þï�,|^���Ä�æuÿ�{¢yé^=���l�Ú3�Jcuÿ. ¢�(JL²,�©¤
J�{U
3ØÓ=��¹e,Jc0.3 s∼1 s¢yé^=���¢�3�uÿ.
'�c: ¶6ØíÅ;^=��;F�;�æuÿ;(½ÆS;�ª£O;3�¢�

¥ã©aÒ: TP273 ©zI£è: A

Modeling and detection of rotating stall in axial flow compressors, II:
Experimental study for a low-speed compressor in Beihang University

WANG Cong1†, SI Wen-jie1, WEN Bin-he2, ZHANG Ming-ming3,
WANG Yong3, HOU An-ping4

(1. College of Automation Science and Technology, South China University of Technology, Guangzhou Guangdong 510640, China;
2. Institute of AVIC Aviation Motor Control System, Wuxi Jiangsu 214063, China;

3. Department of Mechanics and Engineering Science, Peking University, Beijing 100871, China;
4. School of Energy and Power Engineering, BeiHang University, Beijing 100191, China)

Abstract: Early detection of rotating stall and surge in axial flow compressors is of great importance for improving
the working efficiency and stability of the compressor. Based on deterministic learning (DL) theory and dynamical pattern
recognition, this paper presents experimental research for approximately accurate modeling and rapid detection of stall
precursors, and then employs a low-speed axial flow compressor test rig of Beihang University for online experimental
verification. Firstly, by installing high response dynamic pressure transducers arranged circumferentially around the casing
of the axial compressor, the dynamic pressure data are collected. Based on deterministic learning theory, the system
dynamics underlying prestall and stall inception patterns are identified. Secondly, based on modeling results, rapid detection
of small oscillation faults is used to perform the detection of stall precursors. Sufficient online experiments are conducted
to investigate the efficiency of the approach. Results show that, in different working speeds, this approach successfully
detects inception signal of aerodynamic instability of the compressor 0.3 s∼1 s in advance to the start of rotating stalls.

Key words: axial compressor; rotating stall; surge; fault detection; deterministic learning theory; pattern recognition;
online experiment
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S�äk�¿Â.

DÚ�F�Ú^=�����{,´(�ØíÅ
ó�:���>.�mkv
�üÝ,¦ØíÅ�l
��>.,±�yuÄÅ3�«ó¹e(X��U
í!�Å\�Úu����)ÑU½ó�,áu�Ä
��.,,É�1G�!uÄÅG�!?�ÆC�Ï
�K�,��>.~~J±O(�½. Ïd,þã�Ä
���{þ±ã+,
5U��d,¦�ØíÅÃ{
3pØ'Úp�Çeó�. 1986c, Epstein�[1]JÑ

ÌÄ��g�:XJU3^=��½F�ÑyÐÏé
Ù6|�\6Ä,O\XÚ{Z,K�³���Ð©
6Ä�uÐ,lí´��½F��u). ÌÄ��
�`:3uU¦ØíÅó�3ØíÅA5��pØ

'«,¿©u�ØíÅ5U. Paduano�[2], Day[3],
Haynes�[4]3$�¶6ØíÅþ?1
^=��Ì

Ä��ïÄ,�´,ù
�{?1ÌÄ���,^=�
�®²u),©z[5]�Ñ^=��u)L§3Î¦þ
?,éDaìÚ�1ì�°�¦ép;¿��1ì�
°Ú�ÚÉ���K�ÌÄ���J.Ïd,é^=
��&Ò�Jcuÿéu¢y^=���ÌÄ��

�'�.3L�ê10c¥,<�JÑ
Nõ^=�
�uÿ�{,�)�ÅFá�Xê{[6–7]!1ÅUþ

{[8–9]!�Å©Û{[10–12]!�m�'{[13]�. 2000
c, Hoss�[9]�éV¶µ÷uÄÅ�ü?$ØØíÅ,
ÏL9¡·ØDaìæ8êâ,^�Å©Û�{�±
JcAz=uÿ���&Ò. 2002c, Dremin�[14]�

é-íÓÅ�ØíÅ,33�ØÓ=�eæ8Øå&
Òêâ,|^õ©EÇ�Å©Û,�±¢y3��
c1 s∼2 s�Ñý´&Ò. 2007c, Tahara�[15]�éü

?$�ØíÅ,ÏLæ8SC3=f�¡c�Å^9
¡�pªÄ�ØåDaìêâ,|^p�'©Û{,
¢y
3��c1 sJcuÿ��. 2008c, Christen-
sen�[16]�éü?p�ØíÅ,ÏLæ8=f�kþ
��Ä�ØåDaìêâ,|^p�'©Û{,¢y

Jc0.07 suÿ���kî.

IS�éØíÅ��Jcuÿ�
�þ¢�ïÄ.
©z[17]é,7?ü¶µ�uÄÅØíÅ�1|Øåÿ
þêâ?1
©Û,ÄulÑFá�C�(fast Fourier
transform, FFT)�{,�½/3ØíÅ�Å��
c0.01 s∼0.05 suÿ�^=��.©z[18]3�©
z[17]�ÓØíÅþ,é9¡·Ø&Ò?1��©Û,
�±Jc0.03 s∼0.07 suÿ���kî. ©z[19]
æ^g�'©Û��{éæ(�¶6ØíÅØå&

Ò?1
©Û,�±Jc0.6 s�muÿ���kî.

µ÷uÄÅØíÅ^=��ÚF��Jcuÿ�

���Ä�æuÿ¯K���',���æ�u
ÿ!©l9�æýÿ´�c�æ�ä+��(J¯

K[20]. �C,�öJÑ(½ÆSnØ[21–23],±9Äu

(½ÆSnØ����Ä�æuÿ��{[24]. (½Æ
SnØ�é�)±Ï½£8;,���5Ä�XÚ,
�±¢yéÙ��XÚÄ��ÛÜO(ï�,ÙÄ�
���): 1)¦^»�Ä¼ê ²�ä; 2)éu±
Ï(½£8)G�;,÷vÜ©±Y-y^�; 3)3±
Ï(½£8);,���S¢yé��5XÚÄ��Û
ÜO( ²�ä%C(ÛÜO(ï�); 4)¤Æ��£
±�ØC��m©Ù��ªL�!±~� ²�ä�

���ª�;,¿�3Ä��¸e^uÄ��ª�¯
�£O.Äu(½ÆSnØ,�öJÑ
�«é��
�Ä�æ�ä��{[24]. T�{Äké�~�¹eÚ
�æ�¹eXÚSÜÄ�?1O(ï�,¿�òï�
(J�;3~�»�Ä¼ê(radial basis function,
RBF) ²�ä¥. 3�ä�,�E�X�i\
~
�RBF ²�ä�Ä��Oì5iÿXÚ,���â
��í��K?1�ä. �Äu�.��æ�ä�{
�'(X©z[25]),Äu(½ÆS��æ�ä�{�
Ì�`:3uU
é�~9�æ�ª�XÚSÜÄ

�?1O(ï�,l~�ï�Ø(½��K�,¿
~��æ¼ê�Ì��¦,¢yé���Ä�æ�¯
�uÿ[24].

Äuþã(J,©z[26]Äu(½ÆSnØ9�
��Ä�æuÿ�{,JÑ
��^=��Ð©6Ä
ï�Úuÿ��{: Äk,Äup�Moore-Greitzer�
.({¡Mansoux�.),|^(½ÆSnØJÑ��
é^=��Ð©6Ä�S3XÚÄ��CqO(ï

��{;Ùg,Äu±þCqO(ï�,|^���Ä
�æuÿ�{JÑ��é^=��Ð©6Ä�¯�

uÿ�{. ©z[26]�éÄuMIT�Mansoux-C2�
.,±9ÏLÿþëê¿í��Ñ��Ê$�¶6Ø
íÅ¢��éA�Mansoux�.,æ^þã�{?1

^=��ï��uÿ��ýïÄ,ÐÚ�y
¤J
�{�k�5. ©z[26]´Äu�.�ïÄ,,�
�9�ý¢ØíÅ¢�êâ.

�©�é�ÊÊ�uÄÅ:¢�¿�$�¶6

ØíÅ¢��mÐ^=��Jcuÿ¢�ïÄ,Äk,
ÏL3ØíÅÅ^9¡±�Ù�õ�Ä�ØåDa

ì,¼�ØíÅ��cÚ��kî�Ä�Øåêâ;
|^(½ÆS�{é^=��Ð©6Ä�SÜXÚ

Ä�?1CqO(ï�,¿�ïd~�RBF ²�ä
|¤���cÚ^=��Ð©6Ä�ª¥;Ùg,|
^æ8��ØíÅÄ�Øåêâ?1l�uÿïÄ,
Äu���Ä�æuÿ�{é^=��?1Jcu

ÿ;��,|^¿1O�Å9LabVIEW^�¢yþã
^=��uÿ�{,3�Ê$�¶6ØíÅþ?1

õ g ^ = � � J c u ÿ ¢ � 32500 r / min!
2700 r / min!2900 r / minÚ3000 r / min 4�;.=�
e,¢y
Jc0.3 s∼1 sé^=���3�¢�uÿ.
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2 ÄÄÄuuu(((½½½ÆÆÆSSS���������ïïï���ÚÚÚuuuÿÿÿ���{{{(Stall
modeling and detection algorithm based on
deterministic learning)
�!Äk{�0�©z[26]JÑ�Äu���Ä

�æuÿ�^=��Ð©6Äï��{±9Äu�

.��ý�yïÄ.Ùg,JÑ�é¢���^=�
�Ð©6Äï�Úuÿ�{.

2.1 ^̂̂===������ïïï���999���ýýý���yyy(Modeling of rota-
ting stall and simulation)
é^=��ÚF��ï�´��E,�¯K.

PaduanoÚMansoux�3Moore-Greitzer�.í��
Ä:þ,ÏL3Úò� �©�§|(=©z[27]¥�
ª(42)–(43))=z�p�lÑz�Moore-Greitzer~�
©�§(ordinary diffrential equation, ODE)�.[28–30]

(±e{¡Mansoux�.[5]):



Eφ̇ = −Aφ + Ψc(φ)− Tψ̄ψψ,

˙̄ψψψ =
1

4lcB2
(Sφ− ΦT(ψ̄ψψ)),

(1)

Ù¥: φ = (φ1, φ2, · · · , φM)T´ØíÅ±�þ�M

�ÿþ:�6þ,�±ÏL÷±�þÙ3ØíÅ=f
c��M = 2N + 1(N�8��ê)�Ä�ØåDa
ìÿþ��; ψ̄ψψ´ØíÅ�²þØåO�,�±ÏL÷
¶�Ù��ü�ØåDaì¼�;��5¼êΨc(φ),
ΦT(ψ̄ψψ),±9Ý
E, A, T , Së�©z[28].

rMansoux�.(1)#L��Xe/ª:



φ̇ = F(φ, ψ̄ψψ;ppp), φ(t0) = φ0,

˙̄ψψψ = H(φ, ψ̄ψψ;ppp′), ψ̄(t0) = ψ̄0,
(2)

Ù¥:

(F(φ, ψ̄ψψ;ppp),H(φ, ψ̄ψψ;ppp′))T =

(F1(φ, ψ̄ψψ;ppp), · · ·,FM(φ, ψ̄ψψ;ppp),H(φ, ψ̄ψψ;ppp′))T

´^=���SÜÄ�, pppÚppp′´XÚ�ëê�þ. P
dXÚG�φÚψ̄ψψ�¤�XÚ��m;,�ϕ(φ, ψ̄ψψ,

ttt; φ0, ψ̄0),{P�ϕ.

Mansoux��ïÄ(JL²ÏLÀ�ØÓ�XÚ
ëêÚØíÅA5¼ê, Mansoux�.U
CqO(
/�[õ«¢SØíÅXÚ^=���u)L§,Ù
�.��ý(J�¢�ÿþ¼��6|êâ'�¬

Ü[28]. Ïd,dk��ODEXÚ(2)£ã�Mansoux�
.�±�w�´3�½°Ý��SéØíÅ^=�

��Cqï�.

3©z[26]¥,ÏL�ÿþ�Ê$�¶6Øí
Å¢���A5�,,�òTA5�Ú�A�¢
��ëê�\Mansoux�.,�ÑÄu�Ê¢���
Mansoux�.. ã1ò�Ê¢���^=��¢�ê
âÚ�Ê¢���Mansoux�.�)�^=���

ýêâ?1
é',L²Äu�Ê¢���Mansoux
�.�)��ýêâé�Cu�Ê¢���¢�ê

â,U
Ä�O(/£ã¢SØíÅ3^=��u)
L§¥�6þXê�Czª³[26].

ã 1 ¢�êâÚ�ýêâé'
Fig. 1 The comparison of the measured flow coefficients

and simulated flow coefficients

(½ÆSnØ�Ñéu�)±Ï½£8;,��

�5Ä�XÚ,$^Ä�RBF ²�ä�±¢yé�
�5Ä�XÚ���XÚÄ��ÛÜO(ï�[21, 23].
,|^(½ÆS�{éXÚ(2)�ÿþ:�A�X
ÚSÜÄ�Fi(φ, ψ̄ψψ;ppp)(i = 1, · · · ,M)?1Cqï�
�,eò�ÜXÚG�φ9ψ̄ψψ��RBF ²�äÑ\,
ÙÑ\�êép(2N + 1�),ò���ê�¿¯K,
I�?1Ñ\ü�(�©z[23]9Ùë�©z). �Ä
�^=��´¶6ØíÅXÚ±�ÛÜ��SÑy

�6ÄØ½y�,ÏdÙÌ�XÚÄ��d,ÿþ
:9Ù��2n�ÿþ:Øå�G����5¼ê

fi(φim)5CqL�,ùpφim�ÿþ:i��G�Ú

�Ù��2n�ÿþ:G��¤�G��þ. Ïd,X
Ú(2)��ÿþ:�XÚÄ�Fi(φ, ψ̄ψψ;ppp)�±L«�
Xe'Xª:

Fi(φ, ψ̄ψψ;ppp) = fi(φim) + gi(φir, ψ̄ψψ). (3)

Ù¥: fi(φim)L«d1i�ÿþ:9Ù��2n�ÿþ

:�G��þ�¤�Ì�XÚÄ�(d?�n = 1);
φir�Ø�φim�	Ù¦XÚG��¤�G��þ;
gi(φir, ψ̄ψψ)L«dφirÚψ̄ψψ�¤�g�XÚÄ�.

555 1 du^=��´¶6ØíÅÛÜ��S�6Ä

Ø½y�,ÙXÚÄ�d,ÿþ:9Ù��2n�ÿþ:G

��¤�fi(φim)5CqL�´Ün�;|^(½ÆSé

fi(φim)?1ï��, ²�ä�Ñ\�φim,Ù�ê�2n+1,

��u2N + 1,ù�;�pÑ\�ê����ê/J¯K.
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�EXe�Ä�RBF ²�ä,±E£��cÚ
��Ð©6Ä�ã�Ì�XÚÄ�fi(φim):

˙̂xi = −ai(x̂i − φi) + Ŵ T
i SSSi(φim) + gi(φir, ψ̄ψψ),

(4)

Ù¥: x̂i´Ä�RBF ²�ä�G�, ai > 0´�O
~ê, RBF ²�äŴ T

i SSSi(φim)^5%Cdÿþ:i

G�Ú�Ù��2n�ÿþ:G�L��Ì�XÚÄ

�fi(φim, pppim)(d?�n = 1).

3E£fi(φim)�L§¥,Ä� ²�ä(4)¥�
 ²�ä�O��ŴWW i�â±eg·AÆSÆ

˙̂
WWW i = −ΓΓΓ iSSSi(φim)x̃i − σiΓiŴWW i, (5)

Ù¥: x̃i = x̂i − φi´G��OØ�, ŴWW i´�`��

WWW ∗
i��O�, ΓΓΓ i = ΓΓΓT

i > 0, σi > 0´���Oëê.

�â(½ÆSnØ[21, 23],�±��

fi(φim) = W̄ T
i SSSi(φim) + εi2. (6)

ª(6)L²,~� ²�äW̄ T
i SSSi(φim)�±3��c

Ú^=��Ð©6Ä�ã¢yéÙXÚÄ�

fi(φim)�ÛÜO(ï�.

3©z[26]¥|^Xã1¤«�Äu�Ê¢��
�Mansoux�.�)��ýêâ,ÏLXe�E�A
�Ä�RBF ²�ä(4): RBF ²�äŴ T

i SSSi(φim,

ψ̄)�¥%:µiþ!�Ù�3[0.4 0.8]× [0.4 0.8]×
[0.4 0.8]«�S,ü¥%:�ål�0.05, ²��°
Ý�ηi = 0.07;Ä�RBF ²�ä���Ð�´
Ŵ T

i (0) = 0,¿�âg·AÆSÆ(5)3�N�. ª(4)
–(5)¥��'ëê©OÀ�ai = 0.5, Γi = diag{1.5,

1.5, 1.5},�±��ã2¤«�(J[26].

ã 2 ��XÚSÜÄ�%C

Fig. 2 Approximation of unknown system dynamics

dã2��: ²(½ÆS�{Ôö¤�~�RBF
 ²�äW̄ T

i SSSi(φim, ψ̄)é�Ê¢��Mansoux�.
�^=��Ì�XÚÄ�fi(φim)UCqO(ï�,
Ï¢y
é¤JÑ�^=��CqO(ï��{

��ý�y[26].

2.2 ���ééé¢¢¢���������^̂̂===������ïïï������uuuÿÿÿ(Model-
ing and detection of rotating stall)
þ�!�30�©z[26]JÑ�Äué�Ê¢�

�Mansoux�.�ïÄ,�y(½ÆSnØ�±¢y
é^=��Ð©6Ä�XÚÄ�?1O(ï�. I�
5¿�´,3(½ÆS�{ª(4)–(5)¥,du�.¤
kXÚG���,�gi(φir, ψ̄ψψ)®�,Ïdæ���-
�gi(φir, ψ̄ψψ)��{±¢yéfi(φim)�CqO(ï
�. ,,3é¢S¶6ØíÅ¢���^=��ï
��uÿïÄ¥,du£ãØíÅ���5Ä�XÚ
�ý¢�.Ã{O(¼�,J±�yþã(½ÆS�
{U¢yéØíÅý¢�.�CqO(ï�.

�éù�¯K,�©JÑXe)û�{:

Äk,3Ôö�ã,du^=��´¶6ØíÅX
Ú±�ÛÜ��SÑy�6Ä�,�©E,|^,
ÿþ:9Ù��2�ÿþ:Øå� ²�äÑ\,�
EXe�Ä�RBF ²�ä,^uék���c�ª

Ú��Ð©6Ä�ª�S3XÚÌ�Ä�?1ï�:

˙̂xk
i = −ai(x̂k

i − φk
i ) + Ŵ kT

i SSSi(φk
im), (7)

Ù¥: k = 1, · · · , K, x̂k
i´1k�Ä�RBF ²�ä

�G�, φk
im��é1k���c�ª½��Ð©6Ä

�ª�ÿþ:iG�Ú�Ù��2�ÿþ:G��¤�
G��þ, ai > 0´�O~ê, RBF ²�äŴ kT

i ×
SSSi(φk

im)^5%C1k���c�ª½��Ð©6Ä

�ªS3�XÚÌ�Ä�.

Ä� ²�ä(7)¥� ²�ä�O��Ŵ k
i �â

±eg·AÆSÆ:
˙̂

WWW k
i = −ΓΓΓ iSSSi(φk

im)x̃k
i − σiΓiŴ

k
i , (8)

Ù¥x̃k
i = x̂k

i − φk
i .

©z[31]¥�(JL²,?¿ÑÑXÚ(;,�ª
k.�XÚ)�XÚÄ��±d��3�~�©�§�
)±?¿°Ý5%C.ù�(J�±�|^�éNõ
d �©�§£ã�XÚ(Ã¡�©ÙëêXÚ)�ì
?1�©Û¥. ^u£ã6N$Ä1��Navier-
Stokes�§ÒáudaXÚ,ÏdÉ66Ä1���
�XÚÄ��±d��n�~�©�§|�)5C

qL�.£ã¶6ØíÅ¥6|^=��� �©�
§|[27]ÒáuÃ¡�©ÙëêXÚ,Ïdéu?�
ÿþ:�XÚÄ�,�ì©z[31]¥�(J,éÙ?1
{z,=T:XÚÄ��±Cqdù�ÿþ:9Ù�
�2�ÿþ:G��¤�Ä�?1Cq%C.

Ïd,Äuþ�!¤«�(½ÆS�{�±¢y
é^=��Ð©6ÄXÚÄ��CqO(ï�,3ù
pÀ�,�Daì�ÿþ&ÒÚ�Ù���2�Da
ì�ÿþ&Ò�� ²�äÑ\,d��(½ÆS�
{(7)–(8)Ó�¢yé^=��Ð©6ÄXÚÄ��
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CqO(ï�.

555 2 du£ã¢S¶6ØíÅ���5Ä�XÚ�

ý¢�.Ã{O(¼�,þã(½ÆS�{(7)–(8)=¦U¢

yO(ï�,Ùï�(J�Ã{�ØíÅý¢�.?1é',

ÏJ±���y¤J�{�k�5. ��Ñù�(J,�

©æ^±e�{,=ké��c9��Ð©6Ä�ª?1ï

�,2|^ï�(J?1��uÿ,��ÏL��uÿ�O(

5m��yï��O(5.

Ùg,3uÿ�ã,�©|^®Ôö��éK��

�c½��Ð©6Ä�ª�XÚÄ�?1ï��~

�RBF ²�ä,¿^�cØíÅ¢��¼�ÿþ
:iÚ�Ù��2�ÿþ:�G�&Ò� ²�äÑ
\,�EXeK�Ä��Oì:

˙̄φk
i = −bi(φ̄k

i − φi) + W̄ kT
i SSSi(φim),

k = 1, · · · , K, (9)

Ù¥: φ̄k
i´1k�Ä��Oì�G�, φi´�cØí

Å¢���31i�ÿþ:�G�, φim��cØíÅ

¢���ÿþ:iG�Ú�Ù��2�ÿþ:G��¤
�G��þ, W̄ kT

i SSSi(φim)´®Ôö�é1k���

c½��Ð©6Ä�ª�XÚÄ�?1ï��~�

RBF ²�ä, bi > 0´�Oëê.

½Âφ̃k
i = φ̄k

i − φi�í�,±9

‖φ̃k
i (t)‖1 =

1
T

w t

t−T
|φ̃k

i (τ)|dτ, t > T > 0 (10)

�í��²þL1�ê.

(½ÆSnØ¥����Ä�æuÿ�{[24]�

Ñ,í�φ̃k
i����ØíÅ¢����c��c½�

�Ð©6Ä�ª9®Ôö�,��c½��Ð©6

Ä�ª�S3XÚÄ��m��ÉCq¤�'. ù¿
�Xe�cØíÅ?\�^=��Ð©6Ä�ª,é
AuTa��Ð©6Ä�í�×�C���,Ï�
�äØíÅ=òu)��.

Ïd,Äu©z[24]����Ä�æuÿ�{,�
©JÑXe��Ð©6ÄuÿüÑ:�k�,�^=

��Ð©6Ä�ª,eé¤k�r ∈ {1, · · · ,K}/{k},
�3��k��mtk,¦�‖φ̃k

i (t
k)‖1 < ‖φ̃r

i (t
k)‖1,

K�±�ä^=��=òu).

3 ¢¢¢���������(Experimental equipments)
3.1 ¢¢¢������(((���(Structure of the test rig)
�Êü?$�¶6ØíÅ¢��Ì�d$�¶6

ØíÅ!ÿÁXÚ!ÄåC�9Ù��XÚÚø>X

Ú4�Ü©|¤. ¢��(�{ãXã3¤«,ã4(a)
Úã4(b)K�Ñ
¢���m9¢�ã(ØíÅ)�¢
Ôì¡. T$�ØíÅ¢����[(�!¢�^�
9ÿÁXÚ��©z[32]. ¢��Á�5§!��Ù
�þUìI[IO�1.

ã 3 $�¶6ØíÅ¢��(�{ã

Fig. 3 Sketch of low-speed axial compressor’s structure

(a) ¢�� (b) ¢�ã

ã 4 $�¶6ØíÅ¢��¢Ôã

Fig. 4 Pictures of low-speed axial compressor test rig

¢��ÌN(�d5�Ì�Ü�|¤,�)?�8
6ì!¢�ã!üí+�!6þN!×I!ÄåC�9

Ù����. Xã3¤«, 1�?�86ì,¦í63Ø
íÅ?�cïáåþ!��Ý|ÚØå|,�±�y
?í±�þ!±9~�6§��; 2�?ílí| 
�¡; 3Ú4©O�ØíÅ=fÚ·f�¡ü; 5�¢�
�ÄåC�–ÉÚ�6>ÄÅ; 6�ØíÅüí+�;
7�¢�Ñ�6þN!z,^u��ØíÅ6þ��
Cz[32].

¢��íÄ5Uëê: NÈ6þQd = 2.4m3/s,
oØ,∆P ∗ = 1500 Pa,ý9�Çη∗d = 85.0%,Ù{
Ì��Oëê�L1¤«[32]. =f�¡Ú·f�¡þ
æ^C4�.. 3�OL§¥,<�O�=f�¡��
.��,Ù∆β∗/∆βmax����
0.95. æ�ù��
�OÙÌ�83u�r¦6Ä©lJc,±´u3¢
�¥ÓP��ºÝ©l^µøáy�,¦�U/ü$
¢�ïÄ�JÝ[32].

L 1 $�¶6ØíÅÌ��Oëê
Table 1 Main design parameters for low-speed

axial compressor

�Oëê ÎÒ9ü  ëê�

	» D2/(mm) 450
�O=� nd/(r·min−1) 3000

=f�k���Ý ut/(m·s−1) 70.7
ÓÚ' d̄ 0.75

=f�¡ê8 zr 19
·f�¡ê8 zs 13

=f�kmY�é� δ̄t = δt/h/% 0.89
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3.2 ÿÿÿÁÁÁXXXÚÚÚ(Testing system)
�âØíÅÁ�IO,3íÄÿþþ÷ØíÅ?

í�����
5�ÿþ�¡,Xã3¤«,ÿÁ�
¡Aÿ:´�íëêÿÁ:; O-O�6þÿþ�¡,d
ÿþÕ uØíÅ�üc,åØíÅ?�86ìc÷
²�ã0.25D?; I-I�?�oØÿþ�¡, uØí
Å?�| �¡c���50% �,±�Ù�
2�
oØÎSC�; II-II�?mÄ�6|ÿþ�¡; III-III
�Ñ�oØÿþ�¡, u·fÑ��20% �;
IV-IV�Ñ�oØsÿþ�¡[32].
¢�æ^Kuliteúi)���.p(¯ÝØåD

aì(XCS–190Ø{ACÄ�ØåDaì),ÿþÄ�
9¡·Ø.duÄ�ØåDaìÑÑ�>Ø,ÙÑÑ
�é�,éJ��^u©Û.Ïd3©Û�c�?1
&Ò��.¢�¥À^'�~^�&ÒN�ì–16´
PRESTON8300AUêi&Ò��ì[32].

4 ¢¢¢���ïïïÄÄÄ(Experimental studies)
�©|^12.2!��{3�Ê$�¶6ØíÅ

¢��þ©O?1
^=���ï�!l�uÿÚ3

�uÿ¢�ïÄ.

4.1 ������ïïï������(((JJJ©©©ÛÛÛ(Modeling and analysis
of rotating stall)
Äk,3ØíÅÅ^9¡±�Ù�5�Ä�ØåD

aì,ÏLÅì'4!6×I¦ØíÅ�6þü$,
�uÄÅ(Ñdkb�	(=��r�$�(��

?\^=��,d�ò!6×Imé¦ØíÅ¡E�
½G�. 32500 r / min, 2700 r / min, 2900 r / minÚ
3000 r / min 4�;.=�e¼�ØíÅ��cÚ��
kî�Ä�Øå&Ò;¿ÏL$ÏÈÅ?1cÏ?n,
±ÈØpªD(.
|^Ù¥3����Ä�Øå&Ò�� ²�ä

Ñ\,éz��=�À���c20%(prestall)!��
c70% (prestall)!±9��Ð©�ã(stall inception)
��ª,æ^12.2!¥�(½ÆS�{(7)–(8)é��
cÚ��Ð©6Ä�SÜXÚÄ�?1ï�,¿�ï
d~�RBF ²�ä|¤���cÚ^=��Ð©
6Ä�ª¥.

RBF ²�äŴ T
i SSSi(φim, ψ̄)�Ù�Xe: ¥%

:µiþ!/Ù�3[0.4 0.8]× [0.4 0.8]× [0.4 0.8]«
�S,ü¥%:�ål�0.05, ²��°Ý�ηi =
0.07;Ä�RBF ²�ä���Ð�´Ŵ T

i (0) = 0,
¿�âg·AÆSÆ(8)3�N�; ai = 0.5, Γi =
diag{1.5, 1.5, 1.5}.
�12.1!(©z[26])ØÓ�´,�,|^(½Æ

S�{(7)–(8)k�U¢yé^=��Ð©6ÄXÚ
Ä��CqO(ï�,�du£ã¢SØíÅ���
5Ä�XÚ�ý¢�.Ã{O(¼�,þã�{J±
�y´ÄUéØíÅý¢�.?1CqO(ï�. �

d,�©e¡|^��ï�(J?1���l�uÿ
©ÛÚ3�uÿïÄ,Ù8�Ø=3u¢y3ØÓ=
��¹eé^=���Jcuÿ,��ÏL��uÿ
�O(5m��yï��O(5.

4.2 lll���uuuÿÿÿ���(((JJJ©©©ÛÛÛ(Off-line detection and
analysis)
l�©Û�¹3��!: i)éÿþ&Ò?1$ÏÈ

Å,ÈØpªD(,�� ²�äÑ\; ii)|^���
Ä�æuÿ�{é^=��?1l�uÿ; iii)él
�uÿ(J?1©Û.
òz�=�e��c20% (prestall)!��c70%

(prestall)!±9��Ð©�ã(stall inception) 3��ª
À�1|,�é1|��c½��Ð©6Ä�ª?1Ô
ö,¼�3�d~�RBF ²�ä|¤���cÚ^
=��Ð©6Ä�ª¥.
|^ù3�~�RBF ²�ä,Uìª(9)�E3�

Ä��Oì. Ä��Oì¥�bi = 0.5, ²�ä
W̄WW

kT

i SSSi(φ)(k = 1, 2, 3)�¤këê�ï��ã��
��Ó.
3z�=�eÀJ1|�®Ôö�ªØÓ�!�)

�Ü��c9���ã�ÿÁêâ. Xã5(a)þ¡ã
¥L«1|2900 r / min=���¢�êâ,�ßw«
ÑÏLÅì'4!6×I¦ØíÅ�6þü$�)

^=����L§. ã5(b)w«�í�φ̃k
i (k = 1, 2, 3)

�,�)��c�ªéA�í��Ú��Ð©6
Ä�ª¤éA�í��.Xã5(b)¤«,�ØíÅX
Ú?u½G��,��c�ªéA�í��?u
�e�;�XÚ?\^=��Ð©6Ä�,^=�
�Ð©6ÄéA�í��m©e1,�A�í�×
�C���. �âÄu��í����uÿüÑ,�
�äØíÅ=òu)��,Ï�Ñý´m'&Ò,
Xã5(a)e¡�ã¤«. dã5�±wÑ,î�IL«
�m¶,�â��í��K?1uÿ,314.44 s�Ñ
ý´&Ò.ØíÅ314.92 sØíÅ?\��G�,Ï
dJc0.48 suÿ���=òu),ù�?�Ú�Ì
Ä��Jø
�½�ý´�m.

(a) �ÿ6þ&Ò9��ý´&Ò
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(b) í�

ã 5 2900 r / min=�eØíÅ^=��uÿ(J

Fig. 5 Detection result of 2900 r / min for stall inception

ã6(a)þ¡ã¥L«1|3000 r / min=���¢�
êâ. ã6(b)w«3000 r / min=���í�φ̃k

i (k = 1,

2, 3)�,�ØíÅXÚ?u½G��,��c
(prestall)�ªéA�í��?u�e�;�XÚ
?\^=��Ð©6Ä�,^=��Ð©6Ä(stall
inception)éA�í��m©e1,�A�í�×�
C���. �âÄu��í����uÿüÑ,�±
�äØíÅ=òu)��,Ï�Ñ��ý´m'&
Ò,Xã6(a)e¡ã¥¤«.

(a) �ÿ6þ&Ò9��ý´&Ò

(b) í�
ã 6 3000 r / min=�eØíÅ^=��uÿ(Jã

Fig. 6 Detection result of 3000 r / min for stall inception

dã6�±wÑ,î�IL«�m¶,�â��í
��K?1uÿ,314.37 s�Ñý´&Ò.ØíÅ
314.92 sØíÅ?\��G�,ÏdJc0.55 suÿ
���=òu).

Ød�	,�©�?1
�þ��l�uÿ¢�,
�)©Ou2012c4�!9�!11�!12�92013c3
��y|¢��c?1�l�uÿ¢�,(JL²
32500 r / min!2700 r / min!2900 r / min,93000 r / min
;.=�e,¤J�{�±Jc0.3 s–1 suÿ���
=òu). Ø=Xd,þãÄuí��l���uÿ
©Û(J��±m��y12.2!¥�Äu(½ÆS
�^=��ï��{UéØíÅý¢�.?1Cq

O(ï�.

4.3 333���uuuÿÿÿ999(((JJJ©©©ÛÛÛ(Online testing procedu-
res and related analysis)

dl�uÿ©Û(J��,Äu���Ä�æu
ÿ�{Ué^=��?1Jcuÿ¿O(/�Ñ�

�ý´&Ò.�!æ^p5UõØO�Å�O�²�,
æ^LabVIEW^�?1¿1O�?§,3�¢yþã
^=��uÿ�{. LabVIEWäk�éõØ?nì�
¿1?§�ª,U
¿1¢yÄu(½ÆS����
Ä�æuÿ�{,Ï^u¢yé^=���¢�3
�uÿ.

��Ê$�ØíÅ¢���k�&Òæ8XÚ�

þ Å,�©|^LabVIEWmu�¶6ØíÅ^=�
�uÿXÚ�e Å,�mu
þ ÅÚe Å¥�
¢�ÏÕ§S.Ïd,ÄuLabVIEW�¶6ØíÅ^
=��uÿXÚ�)&ÒÏÕ�¬!ÈÅ�¬!3�

��uÿ�¬±9ëê���¬. Ù¥,3���u
ÿ�¬�¹,�=�e�1|��c20%(prestall)!
��c70%(prestall)!9��Ð©6Ä(stall inception)
�ªéA�®Ôö�3�~�RBF ²�ä,±9|
^§��E�3�Ä��Oì. Ä��Oì¥�¤k
ëê�l�uÿ�ã����Ó.

¶6ØíÅ^=��uÿXÚ.¡Xã7¤«. T
XÚÏLÃ�DÑ�Âþ Å�¢�êâ��RBF
 ²�ä�Ñ\,éi\
~�RBF ²�ä�Ä�
�Oì?1¿1O�)¤í�,,��â��í��
K?1��¢�uÿ.

ã7´TXÚ3ØíÅ¢���3�uÿ�Jã.
3z�=�eÏLÅì'4!6×I¦ØíÅ�6

þü$�)^=��,Xã7¥þ¡�ã¤L«1|
3000 r / min=���Ü©¢�¢�êâ.

dã7�±wÑ,XÚ337.679 s�m�Ñý´m
'&Ò,�ù��,ØíÅ338.370 s�m?\^=�
�,ÏdTXÚJc0.691 s¢�uÿÑ��=òu).
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ã 7 3000 r / min=�e�^=��3�uÿ(Jã

Fig. 7 Online detection of stall at 3000 r / min speed

Uì±þÚ½,3�Ê¶6ØíÅ¢��©O
u2012c4�!9�!11�!12�±92013c3�c�
?1
5gy|¢�,Á�(JL²32500 r / min!
2700 r / min!2900 r / min!3000 r / min;.=�e,¤
mu�¶6ØíÅ^=��uÿXÚþUJc

0.3 s∼1 sé^=��?13�¢�uÿ,�y
TX
ÚØ=¢y
�l�uÿ�{�Ó�3ØÓ=�e

é^=���Jcuÿ,�ÏL3�¢���uÿ�
O(5m��y��ï��O(5.

5 (((ØØØ(Conclusions)
�©±�ÊÊ�uÄÅ:¢�¿�$�¶6Ø

íÅ¢���ïÄé�,mÐ
^=���ï��3
�uÿïÄ.Äk,JÑäN¢��Y,ÏL±�Ù�
�5�Ä�ØåDaì,ÓP��Ð©6ÄDÂL§;
|^æ8�¢�êâ,éØíÅ?1ï�;Ùg,�â
ï��(J,3Á��?13�uÿ. �y
¤Ju
ÿ�{U
3ØÓ=��¹e,Jc0.3 s∼1 s¢yé
^=���¢�3�uÿ,äk�½�ó§A^d�.

������ a�¥I-íµÓïÄ�±~ÍBoó§

��G%��,±9uHnó�ÆgÄzÆ�a¬ï
Ä)�©�!�w�!N\�!ù�Ô!åâù!�®

Ê�ÊU�Æa¬)�ñ!�®�ÆÆ¬)Â�·

��^=��uÿ¢�¤GÑ�"�ãå.
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