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Abstract: Intermittent transonic wind tunnels demand high-precision and stable control of Mach number and
stagnation pressure during the variation of model angle of attack, while the traditional proportional integral derivative
(PID) control strategy fails to achieve the Mach number control error target of 0.001 and is inept at resisting flow
field disturbances caused by rapid changes in angle of attack. Aiming at this problem, this study takes the intermittent
transonic wind tunnel of China Aerodynamics Research and Development Center as the research object and optimizes
the wind tunnel control system for its characteristics of multi-input multi-output (MIMO) , large time delay and
nonlinearity. First, the control system structure is reconstructed by introducing ejection pressure as a controlled
variable to reduce the time lag from the main pressure regulating valve to the test section, and selecting static pressure
instead of Mach number as a controlled variable to weaken the nonlinear coupling between Mach number and static
pressure. Second, based on the first-order plus dead time process model of the wind tunnel, a MIMO dynamic matrix
controller (DMC) for wind tunnel flow field is designed. Considering the predictable nature of angle-of-attack
changes, a feedforward compensation strategy is integrated into the DMC to mitigate the pressure disturbance in the
test section caused by the variation of angle of attack. Third, a complete tuning strategy for DMC parameters
including sampling time, prediction horizon, control horizon and weight coefficients is formulated according to the
wind tunnel model parameters under different Mach numbers. Experimental validations through practical blowing tests
are carried out at Mach numbers of 0.578, 0.675, 0.714 and 0.822 to compare the control performance of the
proposed feedforward DMC strategy with the traditional PID control and DMC without feedforward compensation.
The results show that the proposed strategy stably controls the Mach number error within 0.001, and significantly
improves the stagnation pressure control accuracy and anti-disturbance capability of the wind tunnel flow field.
Moreover, the strategy exhibits excellent repeatability and robustness under different Mach number conditions. This
study effectively solves the problem of high-precision flow field control under the rapid change of angle of attack in
intermittent transonic wind tunnels, and provides a technical reference for the flow field control of complex fluid test
devices such as hypersonic wind tunnels.
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0 Introduction

Wind tunnels are important simulation plat-
forms for investigating the laws of airflow, the aero-
dynamic characteristics of aerospace vehicles and

other fast moving ground objects'"™*. Aerodynamic

*Corresponding author, E-mail address: allwillwell@foxmail.com.

data of scale models are measured at a given Mach
number, stagnation pressure, static pressure, tem-
perature, and angle of attack during wind tunnel
tests'” .

In wind tunnel tests, disturbance is usually

caused by test requirements. For example, chang-

How to cite this article: DU Ning, ZHU Wenjie, YAO Dan, et al. A dynamic matrix controller with feedforward for flow
field in intermittent transonic wind tunnels[J]. Transactions of Nanjing University of Aeronautics and Astronautics, 2026, 43

(1):55-72.
http://dx.doi.org/10.16356/7.1005-1120.2026.01.005



56 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 43

ing the angle of attack of scale models will lead to
the flow fields deviating from their set state. Hence,
the wind tunnel flow field proves to be a highly com-
plex plant. This complexity stems from the coupling

between valves'!"

, including a large lag in the
valves’ effect on the controlled pressure, non-ideal
gas behavior, and uncertainties in the flow character-
istics of the control valves''. Wind tunnel testing
demands that controllers are capable of achieving
high precision and effectively rejecting disturbances
within constrained timeframes. Consequently, ad-
vanced control systems with robust performance
characteristics are essential for wind tunnel applica-
tions.

Some kinds of controllers and control methods
have been studied for wind tunnel flow field. By as-
suming the disturbance of the Mach number is trian-
gular, Soeterboek et al."® proposed the unified pre-
dictive controller for the Mach number in the high-
speed wind tunnel of the National Aerospace lL.abo-
ratory in Amsterdam. Miwa et al.""” used the gov-
erning equations of the tunnel by assuming choked
flow in the control valve of a supersonic blow-down
wind tunnel and nominal values for stagnation tem-
peratures and pressures for a fixed throat setting,
and designed a linear quadratic Gaussian (LQG)/
loop transfer recovery (L TR) controller that is high-
ly robust in compensating for model discrepancies.
Motter et al.""*" put forward a predictive, multiple
model control strategy for the NASA Langley 16-
foot tunnel based on self-organizing map, which
clustered the wind tunnel dynamics and provided the
Mach number by local linear modeling for candidate
control inputs.

However, those methods are unsuitable for an
intermittent transonic wind tunnel in China Aerody-
namics Research and Development Center
(CARDC) due to different control targets, wind
tunnel structures and characters of the flow field.
This wind tunnel cannot meet the assumed condi-
tions in Refs.[3, 12-13] and the methods proposed
in Ref.[ 2] cannot be employed to regulate this wind
tunnel due to different control targets. This wind
tunnel is required to have the control precision of
Mach number of 0.001, especially for designing the

large planes.

This paper focuses on realizing high-precision
results in intermittent transonic wind tunnel flow
field which include the following contributions:

(1) We design a novel wind tunnel control sys-
tem architecture that introduces ejection pressure to
mitigate the significant time lag between stagnation
pressure and the main pressure regulating valve. Ad-
ditionally, to address the nonlinear relationship be-
tween Mach number and static pressure, we select
static pressure as a controlled variable instead of
Mach number.

(2) The multi-input multi-output (MIMO) dy-
namic matrix controller (DMC) with the feedfor-
ward of the angle of attack is used to regulate the
flow field and improve the ability of the wind tunnel
to resist disturbance. The related controller parame-
ters are discussed and selected based on first-order
models and previous experience.

(3) The real wind tunnel experiments are car-
ried out to compare the proportional integral deriva-
tive (PID) controller, the simple DMC and the pro-
posed controller, and verify the validity and repeat-
ability of the controller.

The rest of this paper is arranged as follows.
Section 1 describes the researched wind tunnel, the
control problem, and the process model of the wind
tunnel. Section 2 introduces the original control sys-
tem structure and an improved system. Section 3 de-
scribes the proposed MIMO DMC with the feedfor-
ward after introducing the traditional dynamic ma-
trix controller and the MIMO dynamic matrix con-
troller. In Section 4, practical experiment environ-
ment, the DMC tuning strategy, and experimental
results are provided. The conclusions of this article

are presented in Section 5.
1 Description

1.1 Intermittent transonic wind tunnel

In this wind tunnel, the Mach number, the
stagnation pressure and the static pressure specify
the experimental conditions and should be constant
throughout a series of measurements while the angle
of attack varies. However, changing the angle of at-

tack influences the Mach number and the stagnation
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pressure. The variation in the Mach number would
be as high as 0.01 without control. However, wind
tunnel tests require the variation of Mach number
within 0.001 over the range of the angle of attack.
Due to the lack of an accurate aerodynamic model,
a well-tuned PID controller'*'is implemented large
number on a large number of experiments. This is
used for relatively slow changes of the angle of at-
tack. The control precision of Mach number can on-
ly be within 0.003—0.004. Furthermore, in order to
improve the efficiency of the wind tunnel, the rate
of change of the angle of attack must be increased,
which will cause a larger deviation of the Mach
number.

The main body of the wind tunnel is a pressure
shell (Fig.1). Evacuation is used to achieve high
Mach numbers with limited power. In contrast,
pressurization increases the Reynolds number,
thereby reducing the influence of model factors on

the measurements.

Ejection pressure
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regulating valve
Diffuser
{ Stilling Main exhaust sectio 1
hamb Test section Choke finger
g 4 Ne Main exhaust
— I\ valve
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Fig.1 Schematic of temporary punching ejection type tran-

sonic wind tunnel

The wind tunnel is driven by a storage bottle
with an air compressor unit. The main pressure reg-
ulating valve is used to ensure that the gas entering
the wind tunnel forms the air flow in the tunnel. Af-
ter leaving the ejector, the air passes two corners,
expanding and flowing in the settling chamber.
Then the potential energy of the air is translated to
kinetic energy by a contraction section before it
reaches the test section. In the test section, the
scale model which should be tested is mounted.
Most of the gas continues to circle in the tunnel,

while the rest is exhausted through the main exhaust

valve. The choke finger in the test section and the
main exhaust valve in the exhaust section are em-
ployed to guarantee a uniform Mach distribution in

the test section at transonic speeds.
1.2 Control problem

The model angle of attack will change accord-
ing to test requirements after the stable flowing field
is established, leading to the stagnation pressure
and Mach number deviateing from set points. It is
important to keep the Mach number constant at a
predefined set point because most measured aerody-
namic variables are a function of Mach number, for
the given test conditions of static pressure and tem-

perature 3,13,15]

. The Mach number is influenced by
many factors, but the pressure drop in the test sec-
tion caused by the varying angle of attack is the
most significant. During measurements, the Mach
number and the stagnation pressure are needed to be
controlled. In order to ensure the Mach number and
the stagnation pressure constant, a PID controller is
designed. The major disadvantage of the PID con-
troller is that only small speeds of the angle of attack
can be used without violating the accuracy require-
ment for the Mach number. For improving efficien-
cy, it is desirable to increase the speed of the angle
of attack. This speed can be adjusted between 1 (°)/s
and 2 (") /s.

Therefore, how to design a control structure
and method for high-speed changing angle of attack
tests is the control problem which should be solved

urgently.
1.3 Process model

The physical model of the wind tunnel is com~-
plicated and in high-order, while for developing a
controller, a simple low-order model is shown as

ylp) K.
w(p) Teptl

(1)

where y,( p) is the system output; u,( p) the system
input; K, the process gain;z,, the time constant; @,
the dead time; and p the Laplace operator.

To construct this model, we apply step inputs
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at various set points to both the main exhaust valve
and the choke finger. Subsequently, we use curve
fitting to derive transfer functions for the displace-
ments of these actuators as functions of the stagnation

and static pressures. It has been shown in Ref.[16]

that this complicated process can be represented,
reasonably and approximatively, by a simple first-
order model with time delay. The parameters K,,
7., and 0, depending on the Mach number are shown
in Table 1.

Table 1 Parameters of the wind tunnel models at different Mach numbers

Controlled variable(y) Mach number Control signal(u) K, T, 0.
0.578 —0.014 8 1.374 2 0.702 0
0.714 Displacement of the main exhaust valve ~ —0.054 3 1.968 2 0.559 4
Stagnation pressure 0.822 —0.059 5 2.252 8 0.528 3
() 0.578 0.001 6 1.8752 2.834 6
0.714 Displacement of choker finger 0.003 5 2.103 7 2.5427
0.822 0.003 7 2.976 3 2.7023
0.578 —0.014 9 1.5755 0.843 0
0.714 Displacement of the main exhaust valve ~ —0.041 2 2.7879 0.9850
Static pressure 0.822 —0.040 3 3.682 3 1.269 5
(»s) 0.578 0.030 7 1.696 2 0.8320
0.714 Displacement of choker finger 0.069 6 1.732'1 0.704 8
0.822 0.1015 2.985 4 0.861 4

2 Structure of the Control System

The flow field in the tunnel is regulated by
three actuators, the main pressure regulating valve,
the exhaust valve, and the chock finger. The stagna-
tion pressure and the Mach number are the con-

trolled variables in the flow field, while the air

Stagnation

source pressure and the attack angle of scale model
are considered as disturbances. The wind tunnel is a
typical three-input two-output system.

The structure of wind tunnel control system is
shown in Fig.2 and the generalized wind tunnel flow

field is in the dashed box.
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Fig.2 Structure of the wind tunnel control system

The reduction of the air source pressure during

the test experiment is the main factor of time vary-

ing. The main pressure regulating valve fills the

high pressure gas to the wind tunnel body and ejects
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the air forming annular flow. Based on the distance
between the main pressure regulating valve and test
section of tunnel (about 100 m) , there will be a
large lag when the stagnation pressure is regulated
using the main pressure regulating valve directly.
Therefore, another controlled variable, the ejection
pressure, is introduced. The control function is di-
vided into two parts:

(1) The ejection pressure control, the main
pressure regulating valve is used to control the ejec-
tor pressure, which is a single-input single-output
system for maintaining the ejector pressure constant.

(2) The flow field control, the main exhaust
valve and the choke finger are employed to control
the stagnation pressure and the Mach number,
which is a two-input two-output system to realize

high precision control of the flow field.

According to the subsonic one dimensional is-
entropic flow theory, the air velocity expressed in
Mach number (Ma) is calculated from the stagna-
tion pressure (p,) and the static pressure (pg) in the

test section''"

Considering the nonlinearity between the Mach
number and the static pressure, the static pressure,
instead of the Mach number, and the stagnation
pressure are selected as the controlled variables
which express the flow field in the test section of the
wind tunnel. The flow field can be regulated by de-
signing the controllers of the stagnation pressure and
the static pressure. The restructured schematic of

the wind tunnel control system is shown in Fig.3.
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Fig.3 Restructured schematic of the wind tunnel control system

The generalized controller of the wind tunnel,
which is described as the dotted box in Fig.3, con-
sists of the set point formula, the main ejector and
the flow field controller. The ejection pressure set
point and the static pressure set point can be easily
calculated by the subsonic one dimensional isentro-
pic flow theory. The main concern in this wind tun-
nel is how to improve the flow field controller for

the high precision requirements.

3 Predictive Control

The dynamic matrix controller is based on the
predictive control concept that is introduced in the

U781 Predictive controllers are based

late seventies
on prediction of the future behavior of the process to
be controlled. These predictions are based on a mod-
el of the process that is assumed to be available.
Many papers have shown that not only “simple” pro-

cesses (e.g., first without time delay) but also “dif-
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ficult” processes (e.g., processes with a large time
delay, non-minimum phase and unstable processes)
can be controlled by predictive controllers"*”.
Moreover, predictive controllers have shown strong
robustness with respect to model mismatch.

Fig.4 indicates the way predictive controllers
operate for a single-input single-output system. Sup-
pose the current time is /=4, u(k), y(%), and
w (%) denote the controller output, the process out-

put, and the desired process output at =4, respec-

tively.
Output
.
2
k1| k+1 u k+P  Time
Pa;‘_ Future

Fig.4  Predictive control concept

Further, define u =[wu( k), u( b+ 1), ul( b+

P—1)], 5=[5(k+1).5(k+2),~ 5(k+P)],
w:[w(k+1),w(/e+2)---,w(/e+l’)]T, where
P is the prediction horizon and the symbol “~” the

prediction. The function of a predictive controller is
to calculate such a future controller output sequence
u that can ensure the predicted output of the process
y accurately follows the desired process output w.
This desired process output is often called the refer-
ence trajectory and it can be set according to process
requirements. The first element of the controller out-
put sequence u( %) determined in this way is used to
control the process. At the next sample time, the
whole procedure is repeated by optimizing the latest
measured information, which is called the receding
horizon principle.

Predictive controllers are especially suitable for
controlling processes with time delay. It can inte-
grate process information subject to control and dis-
turbance information, and this advantage leads us to

select this control strategy.
3.1 Dynamic matrix controller

DMC is a widely used industrial model predic-

tive control (MPC) method dependent on plants’
step responses which was developed in the early
1970s and is a practical control system design, par-
ticularly in the oil and petrochemical industries'* %"
In this section, single-input single-output (SISO)
formulation of the DMC is briefly reviewed.

In the wind tunnel, the flow field is a typical
open loop stable plant with relatively slow and sim-
ple dynamics. For such plants, the finite step re-
sponse (FSR) models are adequate. FSR models
which are readily employed by DMC can sufficiently
capture the plant dynamics'® . Assume that y(z) is
u(z—1)1s

the control signal and is the control increment.

the controlled variable, Au(z)=u(z)—

Then, the system step response can be described as
z‘)ZZaIAu(z‘*i) (3)
i=1

where a, is the sampled step responses. Let /() be
the disturbance, then the predicted values will be

described as(starting predictions from instant 7)

(A= adult+k— i)+ (e k)=

za,Au(zf—O—k—i)-F
i=1

S aduletk— i)+ fetE) @)

i=k+1
Considering constant disturbances, y, () is the

measured output value.

Fl+k)y=7(t)=yalt za Au(z—1) (5)
Then
j}(tJr/e\l):zk:a,Au([Jrk*i)Jr

S adulet k= i)+ ya(e)—

i=ht1
Za,Au(t—i) (6)
i=1

Rewrite the second item as

2 a;bdu(t+r—1) za,, ADu(e—1d) (7)

i=k+1

Then

/3
St M= adu(t+k— i)+ y. () +
i=1

z(a,?k,* a;)Au

i=1

(t—1) (8)
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If the process is asymptotically stable, coeffi-
cients of step response @, will tend to be a constant
value after sample periods, so

gy —a;~0 i>N 9)

The output prediction values along the finite

horizon will be

y(z+1) Au(t)
- | y(et2k) Au(t+1)
y . , u— . )
y(t+Pl)] Au(t+M—1)]
[ a 0 0 ]
a, a, 0
ay—1 dy—2  °*° a, 0
A= A Ay —1 as a s B
[5V R [45; as a;
ap—1 dp—» aAp—M+1 ap—m
L dp ap—1 Ap—m+2 Ap—m+1dpyy

where M is the control horizon (M<<P) ; A the dy-
namic matrix. The quadratic objective index in the

DMC structure is

J= 2[ (14 ) —w(t+j)] +

ZAZ[Au(zﬂ—l)]z (13)

where A* is the move suppression coefficient, which
1s an important tuning parameter in DMC.
The vector form of the quadratic objective in-

dex is
w)+ XAu"Au (14)

1)

2)

J=(3—w) (5—
w(z+
w= wlet ) (15)

w(t+ P) o

In a problem without constraints, the opti-
mized control efforts vector is obtained by solving
dJ
dAu
The control signal is calculated as

u :(AIA + Al)ilAT(w - BAupe\s\ -

=0 (16)

yu) (17)
Consequently, the SISO DMC tuning parame-

3
ZZa,vAu(l+k*i)+

i=1

2(41 i a

In the vector form we have

V(24 Hr)

DAu(z—1)+ vy, () (10)

y=AAu + BAu,,+ y. (11)
Au(t—1) ym](z‘)
Au(r—2 (1)
Nup—=| " "=l ' (122)
Au(Z*N) NX1 yml(t) Px1
a; — a az — dz an+1 7~ dn ]
as;— a; Ay — dz ANn+2 7 AN
(12b)
ap— dy Ap+1 7~ Az Ap+N—1— AN
Ldp+1— A1 dprz— Ay Ap+N AN dpun

ters can be listed as A*, P, N, M and T, where T is

the sampling time.
3.2 MIMO dynamic matrix controller

The SISO DMC can be easily extended in mul-
tivariable systems by a set of linear difference equa-
tions**"'. For a SX R MIMO system (S inputs, R
outputs) like the intermittent transonic wind tunnel,
outputs of a SX R system using its step response

model can be represented as

S
9.1+ k) zza ANu(r+k— i)+ ya )+

s=1i=

—_

N

YT

li=

r=1,2,--- R (18)

Mw

VAu,(t—1i)

—-

s

where u, and Au, are the sth input and its increment,
respectively; a;” is the step response coefficients ob-
tained by the sth input acting on the rth thoutput at
sample time 4 and N the sample time at which the
step response reaches steady state.

The future predictions of the system outputs
for the P based on the M, can be written as

y=AAu+ BAu,.. + y., (19)
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yi(2+1) Au,(1) [ Au(r—1) ]
y(t+2) Au(2+1) Au(1—2)
y(t+P) Au(t+M—1) Au(t—N)
3.2+ 1) Auy( 1) Au(t—1)
. vo(t+2) Au,(z+1 Au(1—2)
= Au= (4 1) ;o Dug = o (20a)
e (t+P) Aus  (t4+M—1 Aus 1 (t—N)
ye(t+1) Aus( 1) Aus(r—1)
ye(t+P—1) Aus(t+M—2) Aus(t—N-+1)
&R(I+P) drpx1 —Au‘g([+M71)—5;wx1 - Aus(1—N) Hsnxa
ynll([+ 1)
yml(Z+ 2)
m(z+P) - .
Yo W B a0 0 e 0
ymZ(Z+ 1) Al'l Az'l As'l agl'” a’ln'” O cee O
ymz([+ 2) .1,2 -2,2 -S,Z . . . .
ym — . ) A - . . . ’ A’“'” - m,n mn mn m,n
: M Ay—1 dApy—2 *c* 1
1 p AI,R 1 Az,R I AS‘R 1 . .
yr“(R7 l)( [ ) A 1’[( A2'1€ AS,I{ m,n m,n m,n m,n
ap’ Adp_ ap= s dAp N
ymR([+ 1) Ldp P—1 P—2 P—M+1dpyy
yn1R([+P_ 1)
ymR(Z+P) drpx1
(20b)
L@l —ar et e et ey @t —at!t et —adt e adh —adt e el — el
a;' —art art —at e avh,—ayt @t —alt ait—adt e all, el e allh &
B=|apii—ar' api,—ay' - ayip,—ay' apii—ail api,—ayt e ayl,—al' e avi,—ay!
a’—ar’ @t —at e ati Ty @' —alt @t @t e alii—ay e alh —ad’
Lapi— ar™ apt, — ay™ oo ayfp— ay® apti —at™® apts — @ ® e apfy—ald® e @yt — a¥* o
(20c)

The future control increment Au is determined ac-
cording to the solution of the following optimization

problem.

minJ=(w—3) I'T'(w—3)+ du" A" Adu

(21)

where I' and A are weighting matrices on prediction

errors and control effort, respectively. Considering
unconstraint minimization, the optimal control sig-

nal is determined as
Au=(A"T"TA+A"A) AT I'(w—
BAuy — yu) (22)

The first component of Au is usually applied to
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the system. This procedure is performed in each
sampling interval. The matrix of controlled variable
weights I'' T" has y?(r=1, 2, -+, R) as the leading
diagonal elements of the rth diagonal matrix block
yilp.p O 0
rr=A o0 0
0 0 yilper

RP X RP

The matrix of move suppression coefficients
A" A has A(s=1,2,--,S) as the leading diagonal
elements of the sth diagonal matrix block, or

/I%IMXM O 0
ATA=| 0 0
O O ;{il M XM sy < sm

3.3 Feedforward in DMC

In wind tunnel tests, the angle of attack is usu-
ally changed with a fixed 4° step with a speed of
2(°)/s from —4° to 10°. After a stable flow field has
been established, with the displacement of the main
exhaust valve and the choke finger held constant, a
4° step change in the angle of attack is applied to de-
termine its influence on the stagnation and static
pressures. Figs.5(a, b) are the step response of at-
tack angle acting on the static pressure and the stag-
nation pressure, at a step from 4° to 8" of Ma=
0.578, respectively.

For a “general tested model” , the maximum
sensitivity of the Mach number to the angle of attack
is about 0.002 Mach/("). In Fig.5, changing the an-
gle of attack has little effect on the stagnation pres-
sure, while this change causes the static pressure in-
creasing. Meanwhile, as shown in Fig.5, the effect
of the angle of attack on the static pressure can ap-
proximate to adding a first order plus time dead item
to the static pressure.

The traditional DMC is on the premise that the
disturbances’ effect on the system outputs is un-
clear. However, in wind tunnel tests, the main dis-
turbance which is caused by the change of angle of

attack is predictable. Since feedforward control is

0.020
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(a) Step response of attack angle acting on the stagnation

pressure when Ma=0.578
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(b) Step response of attack angle acting on the static
pressure when Ma=0.578

Fig.5 Step response of attack angle acting on the stagnation

pressure and the static pressure at Ma= 0.578

pretty effective to cope with predictable disturbanc-
es, it is reasonable to combine feedforward and

DMC to accelerate the process of resisting the dis-

turbance'?.

The predicted outputs of DMC compensated

by disturbances can be reconstructed as

S

k
v+ k) EZa,"Au\ t+kh—1)+ yo () +

s=1i=1

S N
> DAu(r—i)+
s=1i=1
0] k
DI, (e k—i)+
o=1i=1
Q
22 il —ci"ay") A, (1 — i)
o=1i=1
r=1,2,--,R (23)

where Awv, is the disturbance variation, Awv,(z)=

v, () —
form are
y=AAu+ BAu,,+ CAv+ DAv,, + yn

(24)

v,(t—1). The predicted outputs in vector
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Avy (1) Avy(r—1)
Av(t+1) Av(t—2)
Av(t+P—1) Avi(t— Q)
A'Ug(l‘) A'Uz([i 1)
A'U - . ’ A‘Upasl - (253)
Avg 1(Z+P*1) Avg 1([_Q)
AU{)(f) A”Uo([* 1)
Avo(t+P—2) Avo(t—Q+1)
Avo(t+P—1) Avg(1— Q)
L Jdorxa JoqQx1
C., Cy, Co. cr” 0 0 0
C., C,, Co.: ot 0 0
C= , C,,= (25b)
Cix Cox Co.xr RP X OP cp”ocpty ol o S P
1.1 11 1,1 11 11 1,1 2,1 2,1 2,1 2,1 2.1 2,2 0,1 0.17
Cy T Cs — C2 CQq+17 Cq C2 7 () C3 T (2 Co+r17 Cq " Cqo+17 Cq
11 L1 11 11 L1 20 2.1 2,1 2.1 2, 2.1 0,1 0,1
C3 C1 Cy — Co CQ+2_CQ Cs — Cy — Coy CQ 2 Cq e CQfg_(Q
—| o1 o1 L1 L1201 21 21 21 21 21 0,1 __ 01
—| Cp+a €1 Cpiz s Co+rp Cq Cp+a €1 Cpia Ca Cqo+p Cqo = CqQ+p Cq
1.2 12 12 1.2 1.2 L2 202 2.2 2.2 2.2 2, 2.2 0,2 0,2
Co T Cy — Co Co+1 7~ Cq Co — (q C3 — Co Cqo+1— Cq et C+1 7 Cq
LR __ 1R LR __ LR LR __ LR 2R __ 2R 2R __ 2R 2R 2R O.R __ OR
LCP+1 Ci Cptae C2 ©CQtp Cq Cp+i Cr Cp+oe Coy =t Cpiq €Q * Cptq Q Jrpxoq
(25¢)
where ¢ is the step response coefficients obtained stagnation pressure and the static pressure. Scale

for the disturbance acting on the output at sample
time 4; Q the sample time when the step response
caused by the disturbance reaches to its steady
state; and O the number of disturbance sources.

In such a situation, the optimal control signal
of DMC is

Au=(A"T"TA+A"A) A'T"'T'(w— BAu,., —

CA'U - DA‘Z)])AS\ - ym) (26)

4 Experiment

4.1 Experiment environment

The experiment is set up as follows.

Pressure instrument: 0.03% of scope for the

model: The scale model of plane TU154, blocking
degree 1%. DMC
LabVIEW system, 4 kernel CPU and 4G RAM.

PID controller: A programmable logistic controller

: An industrial computer with

(PLC) of general electric(GE) company.

Response experiments: To obtain the step re-
sponse data for the DMC, several experiments un-
der different Mach number set points are carried out
and their detailed information is shown in Table 2.

The step rules of angle of attack are in accor-
dance with the actual test rules. Since the step re-
sponses caused by equivalent change of angle of at-
tack in different angle regions are different, the dis-

turbance models employed by DMC need to be
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Table 2 Setup of the step response experiments

Mach Displacement of the Displacement of Angle of

number main exhaust valve  the choker finger attack/(")
0.578 35 40 4
0.714 30 30 4
0.822 30 20 4

changed according to the angle of attack.
4.2 DMC tuning strategy

The adjustable parameters in an unconstrained
MIMO DMC that affect the closed loop perfor-
mance include the sample time, the model horizon,
the prediction horizon, the control horizon, the con-
trolled variable weights and the move suppression
coefficients. The tuning challenge presented by this
set of adjustable parameters is important since many
of the parameters have overlapping effects on closed-
loop performance ™™™,

Several DMC tuning strategies are discussed in
the previous literatures, but only a few provide ana-
lytical and closed form expressions for the tuning pa-
rameters which are briefly introduced. A pioneer pa-
per in this field was completed in Ref.[31] that pro-
vided a tuning formulation on the basis of the first or-
der plus dead time (FOPDT) model.

Although a FOPDT model approximation does
not capture all the features of some higher order pro-
cesses, it reasonably describes the process gain,
overall time constant, and effective dead time of
such processes. In the past, tuning strategies based
on a FOPDT model such as Cohen-Coon, integral
of absolute error (IAE) , and integral of time-
weighted absolute error (ITAE) have been proved
useful for PID implementations. The tuning strate-
gy presented here is significant because it offers an

analogous approach for DMC™#.

The process of tuning parameters based on the
FOPDT model is shown as follows.

(1) Approximate the process dynamics of all
controller output-controlled variable pairs with FOP-
DT models

ylp) K. "’
w(p) b+l

r=1,2;s=1,2 (27)

The FOPDT time models of the intermittent
transonic wind tunnel are built and the model param-
eters are shown in Table 1.

(2) Select the sample time, which should meet
the following conditions

T<Min(T,), T,=Max(0.1z,,0.50,,) (28)

According to Eq.(28) , the sample time are
137 ms, 173 ms and 255 ms at Mach number
0.578, 0.714 and 0.822, respectively. For eliminat-
ing 50 Hz power frequency interference and engi-
neering convenience, we chose 100 ms as the real
sample time. Therefore, the other control parame-
ters are selected on the basis of T=100 ms.

(3) Compute the P and the model horizon N

57,
ki
|

0, (29)
-+ 1
T

N=P
At three set Mach numbers, P are 123, 150

and 197. However, the prediction horizon selected

P= Max(

k=

according to Eq.(29) is pretty conservative and add
some unwanted computation. In addition, a uniform
prediction horizon is more applicable and convenient
for practical engineering. So P is selected as 128 for
easier storage allocation.

In terms of N, apart from the third item in
Eq.(29) , NXT should be larger than the time
when controlled variables’ step response becomes
steady. Considering the wind tunnel step response
can reach steady, N is set as 200.

(4) Select M. It is recommend that M is sup-
posed to be larger than 63.2% of the settling time of
the slowest sub-process in a multivariable sys-

B2 But this is too conservative and leads to

tem
overmuch computation. Actually, for simple pro-
cesses, like a first-order model with time delay,
M=1is adequate"*".

(5) Select the y; to scale controlled variable
measurements to similar magnitudes. In the wind
tunnel, the stagnation pressure and the static pres-
sure are in the same order of magnitude, so let yi =

y§:1.
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(6) Select A7, Since the M is 1, the setpoint
step response is sluggish. Under this condition, in-
creasing A7 will only slow the process response, and
no move suppression coefficients should be used
(Ai=2=0).

Based on the above-mentioned six steps, the
DMC parameters used in the intermittent transonic

wind tunnel are selected, as shown in Table 3.

Table 3 Parameters of the step response experiments

ot

T/ms P N M 7 y A A
100 128 200 1 1 1 0 0

In order to examine the DMC, multiple flow
experiments are conducted at different Mach num-
bers and stagnation pressure. The change rate of the
attack angle is 2(°)/s and the scope of varying is
from —4° to 10° in all experiments. To verify the
performance of DMC, the following four criteria are
used.

(1) Accuracy E, the expectation value of con-
trol error absolute value in a period. This index is
expressed by the average value of control error in
the period when angle of attack varies.

B,
732_;+ I (30)

where e(7)=w () — y,(¢) is the control error at

E =

sample time 7, w(z) and y,(z) are the set value

and the actual value of controlled variable, respec-

tively; B, and B, are the start and the end time of
changing angle of attack, respectively.

(2) Precision o, the fluctuant degree of con-
trolled variable, is evaluated by the standard devia-
tion of controlled variables.

1 B, 2
U_/BZ—BMZU"‘(Z)_#] (31)

=B,

1 B,
B.—B.+1 2 yu(2)is the average val-
2 P (=B,

where y =
ue of controlled variable between B; and B,.
(3) Maximum positive error (MPE)
MPE = max[ yu () ] — w(t) (32)
(4) Maximum negative error (MNE)
MNE = min[ ya(#)]— w(?) (33)
4.2.1 The proposed controller vs the PID con-
troller
Table 4 compares the criteria of the proposed
controller (DMC with feedforward) and the PID
controller at Ma=0.578. The emor amount of stag-
nation pressure is denoted by TP. Because of the fu-
ture prediction, the accuracy of the proposed con-
troller is smaller than that of PID, and the precision
of the proposed controller is higher. Furthermore,
the MPE and the MNE of PID controller are larger
than those of the proposed controller. This illus-
trates that the DMC with feedforward can regulate

the wind tunnel better.

Table 4 Comparison between the proposed controller and the PID controller of Ma=0.578

E o MPE MNE
Mode
SO TP/kPa Ot TP/kPa O TP/kPa O TP/kPa
PID 0.001 5 0.140 8 0.003 0 0.076 8 0.004 5 0.3336 —0.003 7 —0.100 6
The proposed ~ 0.000 5 0.0055 0.000 7 0.040 7 0.002 2 0.129 2 —0.002 0 —0.129 3

The proposed DMC outperforms PID control
primarily because DMC is based on the system’ s
dynamic model, allowing it to predict future outputs
and respond to disturbances in advance, thus avoid-
ing lag effects. Additionally, DMC is suitable for
MIMD

through optimization algorithms, maintaining stabili-

systems and achieves precise control

ty and accuracy during rapid changes in angle of at-

tack. These advantages make DMC particularly ef-

fective in wind tunnel Mach number control tasks.
Fig.6 describes the control performance of the
PID controller, while the control performance of
the proposed controller is shown in Fig.7. Com-
pared Fig.6 and Fig.7, it can be observed that the
stagnation pressure and the static pressure con-
trolled by the proposed controller track their set-
points more accurately, which is also beneficial to

Mach number.
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Fig.6  Control performance of PID when Ma=0.578

4.2.2 DMC vs the DMC with feedforward

To verify the performance of feedforward, two
experiments are carried out under the condition
when Ma=0.578 and stagnation pressure is 110 kPa.
One is controlled by the simple DMC, while the
other is regulated by the proposed controller (DMC
with feedforward). The detailed control criteria are
shown in Table 5.

Feedforward-compensated DMC performs bet-

ter than DMC without feedforward compensation in

0.580

0.578

Mach number

0.576

0.574 L :
110.4

,_.
o
4
o
T

Stagnation pressure / kPa
)
=)
1
1
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% st
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G
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5 0
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— Actual value
75 1 1
. 880Ff
&
g 87.8
&
o816t
k5 .
7 - -- Set point
8741 —— Actual value
0 10 20 30

t/s
Fig.7 Control performance of the proposed controller when

Ma=0.578

wind tunnel Mach number control primarily because
feedforward compensation can predict outputs in ad-
vance and adjust for disturbances, thereby reducing
lag response, improving steady-state performance,
lowering control bias, and enhancing the system’ s
robustness against external disturbances. Additional-
ly, the combination of feedforward and feedback
control allow DMC to adjust control strategies more

flexibly, resulting in better performance during

Table 5 Comparison between the proposed controller and the DMC of Ma=0.578

E - MPE MNE

Mode o, TP/kPa o, TP/kPa ou, TP/kPa o TP/kPa
DMC 0.0008 00063 00013 00653 00029 02432  —00024 —0.2671
The proposed ~ 0.0006  0.0055  0.0007 00407 00022 01292  —0.0020 —0.129 3
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changes in the angle of attack. These factors collec-

tively enhance the response speed and control accu-

racy of the feedforward-compensated DMC.

Fig.8 shows the control performance of simple

DMC. Although the simple DMC has already im-

proved control performance of the wind tunnel, the

proposed controller shows better control criteria.

Fig.8
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Control performance of simple DMC controller when
Ma=0.578

4.2.3 Repeatability experiments

To verify the repeatability of the proposed

method, three experiments are conducted under the

condition when Ma=0.714 and the stagnation pres-

sure 1s 130 kPa. Table 6 indicates the control crite-

ria of the three experiments, and the actual control

performances are shown in Figs.9—11. The similar

results illustrate that the proposed method is effec-

tive in different working conditions

5 0.718
"g 0.716
g 0.714 WWWWWW
=
8 0.7121
= 0.710 _—
= 10
e
25
k-] 0 — Set point
%’0 = — Actual value
g 0 5 10 15 20 25 30
t/s
Fig.9 Process output of the first experiment of Ma= 0.714
_ 0718
o
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=
8 0.712+
0.710 1 1 1 1 1
= 10
3
<
= 5
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t/s
Fig.10 Processoutputofthesecond experimentofMa=0.714
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<
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g s
<
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Z 0 10 20 30 40
t/s
Fig.11 Process output of the third experiment of Ma=0.714

Table 6 Control criteria under the condition of Ma=0.714

, E o MPE MNE
Serial number
S TP/kPa Ovia TP/kPa S TP/kPa S TP/kPa
1st 0.000 5 0.010 6 0.000 7 0.060 6 0.0017 0.2119 —0.002 0 —0.160 2
2nd 0.000 6 0.0059 0.000 6 0.062 4 0.002 0 0.222 3 —0.001 8 —0.1396
3rd 0.000 5 0.005 1 0.000 6 0.052 8 0.002 1 0.156 4 —0.0019 —0.174 4
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4.2.4 Experiments under different mach num-
bers

To further exam the proposed controller
(DMC with feedforward) , it is used in the tests of
Ma=0.675 and Ma=0.822. Table 7 indicates the
criteria of the proposed controller under two set
points of Mach numbers (0.675 and 0.822). Taking
into account Table 5 and Table 7, we can find the

proposed controller can guarantee more than half of

the sampling Mach numbers reach target precision
(0.001). Fig.12 and Fig.13 show the process re-
sponse at Ma=0.675 and Ma=0.822, respectively.

Note that, for saving experiment cost and re-
ducing experiment times, the controller of Ma=
0.675 1s designed and tuned according to the step re-
sponse data of Ma=0.714. Therefore the experi-
mental results demonstrate the proposed method

holds robustness as well.

Table 7 Control criteria of the proposed controller at Ma=0.675 and Ma=0.822

E o MPE MNE
Set point
Sune TP/kPa Sune TP/kPa Sune TP/kPa S TP/kPa
Ma=0.675,p,—130 kPa  0.000 5 0.010 6 0.000 7 0.060 6 0.001 7 0.2119 —0.0020 —0.160 2
Ma=0.822,p,=130 kPa —0.0005  0.006 9 0.000 7 0.059 4 0.002 3 0.170 3 —0.0024 —0.1709
506781 ables the controller to respond to disturbances in ad-
£ 0.676} . o .
B vance, reducing sensitivity to such disturbances,
< 0.674
S 0.672f . . . . . while optimization algorithms allow for real-time ad-
< 10 justments to the control strategy. These factors col-
2
é 5 lectively enhance the controller’s performance
o — i . .. . . . .
e 0 _IS:t polmtl across different conditions, ensuring it maintains
B0 s . ) ) . Ctl]f:lI value
<0 5 10 t1/5 20 25 30 good adjustment capability even under similar oper-
S

Fig.12 Process response when Ma=0.675
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Fig.13  Process response when Ma=0.822

The feedforward-compensated DMC wind tun-
nel Mach number controller exhibits superior robust-
ness and strong adjustment capability under similar
operating conditions. It employs predictive control
based on the system’s dynamic model, effectively
addressing parameter variations and external distur-

bances. Additionally, feedforward compensation en-

ating scenarios.

5 Conclusions

A new control system structure with smaller
lag and less nonlinearity is designed for an intermit-
tent transonic wind tunnel in CARDC. In order to
improve the precision of the wind tunnel flow
field, a feedforward and feedback multivariable
DMC is designed for maintaining the Mach number
and the stagnation constant during the attack angle
varying. By tuning the parameters of the control-
ler, the Mach number precision in wind tunnel
tests 1s controlled within 0.001. It is verified that
this control method is effective for high-precision
flow field regulation through the real blowing tests
under different conditions which are Ma=0.578,

0.714, 0.675 and 0.822. In the future, we can

study the deep integration of intelligent methods
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such as neural network and fuzzy logic with DMC

method with feedforward to solve the shortcomings

of traditional linear model in describing nonlinear

and time-varying models, and combine intelligent

optimization algorithm to realize parameter self-tun-

ing and reduce the burden of manual parameter de-

bugging.
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