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ABSTRACT
Bell Helicopter's next-generation Automatic Fatigue Test Control System (AFTCS) is presented. Fatigue testing places a
helicopter part or specimen under repeated, controlled cyclic loading to determine if and when it will fail. A National
Instruments PXIe embedded processor and LabVIEW software are used to control up to 48 linear/rotary hydraulic actuators
in real-time. The actuators apply structural loads that are sensed by up to 256 strain gauges on the helicopter specimen. The
structure and instrumentation respond to prescribed cyclic loads that range in frequency from 0.5 to 30 Hz, with a minimum
resolution of 0.1 Hz. The fatigue test controller design is based on the well-known Linear-Quadratic-Gaussian control (LQG)
methodology. Its feedback and filter gains are computed using a state-space model of the specimen identified separately.
The controller computes any necessary changes in the actuator motions (at every time sample), maintaining acceptable
margin between the measured and desired strain gauge responses. The system is demonstrated on a Bell Helicopter 429 tail
rotor blade.
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augmentation model
tracking controller

INTRODUCTION
Vibratory loads in a helicopter lead to fatigue damage of
structural components, human discomfort, and pilot fatigue.
For safety of flight, Bell Helicopter substantiates the fatigue
life of critical helicopter parts for Federal Aviation
Administration (FAA) certification. The durability and
damage tolerance of these parts is also evaluated.

Linear Quadratic
Linear Quadratic Gaussian
millivolt/Volt
National Instrument
Personal Computer
Peripheral Component Interconnect
PCI eXtensions for Instrumentation
PXI express
Real-Time
Strain Gauge
Voltage
Virtual Instrument

An automated servo-hydraulic fatigue test system has been
designed at Bell Helicopter to control multiple hydraulic
actuators that apply loads to a test specimen (Ref. 1). Load
application must produce the desired cyclic loading at
multiple strain gauges installed on the test specimen.
Specified cyclic loads may range in frequency from 0.5 to 30
Hz, with a minimum resolution of 0.1 Hz.

NOTATION
A, B, C, D
K
L

state vector
input vector
output vector

Figure 1 shows the block diagram of a typical fatigue test
system. The black (input) waveform at the bottom of the
diagram represents the desired signal of a strain gauge. The
signal is compared to the measured strain gauge output
signal (blue) acquired from the fatigue test specimen (in the
nonlinear test system). By comparing the desired and
measured strain gauge signals, a tracking control algorithm

state-space matrices
state feedback gain matrix
Kalman filter gain matrix
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adjusts the hydraulic actuator of the fatigue testing machine
to the desired load. The closed loop control process involves
3 phases: initialization, off-line system identification, and an
on-line active control testing phase.

(Figures 3-4). On the other hand, PXIe combines the
Peripheral Component Interconnect (PCI) electrical bus with
a modular architecture that communicates directly to a host
PC.
The system strain gauge signals are acquired
synchronously through the PXIe before being sent to the PC
for analysis and display.
Since LabVIEW integrates
seamlessly with PXIe hardware, any hardware upgrade does
not require rewriting the embedded software code.

Figure 2. PXIe hardware for AFTCS.
Figure 1. Fatigue Test System Block Diagram.
Although Bell Helicopter had developed and utilized
Automatic Fatigue Test Control Systems (AFTCS) since the
1980s (to permit rapid, automatic set up and a controlled and
monitored the test), there were a number of drawbacks,
including:
•
Static structural tests (as opposed to fatigue tests)
were set up manually. The trial and error setup sometimes
required several hours or days to obtain the desired specified
loads.
•
The system identification algorithm of Phase 2 was
performed in the frequency domain by evaluating a Fourier
series representation of time-domain strain gauge sensor and
hydraulic actuator data in complex form. Consequently, it
was difficult for a structural engineer to interpret how
applied actuator loads were related to strain gauge outputs.
•
After years of service, replacement hardware were
no longer available to support the system. Only “upgraded”
components are available, and the upgrades require newly
written embedded software code.

Figure 3. Screenshot of a simple LabVIEW front panel
for AFTCS.

Bell Helicopter’s next-generation AFTCS is a
comprehensive replacement, offering seamless integration
between software and easily reconfigurable modular
hardware. The system was developed with the aid of
National Instruments (NI, Ref. 2) off-the-shelf software, 32bit LabVIEW and modular cost-effective PXI (PI eXtensions
for Instrumentation) hardware components (Figure 2).
LabVIEW (short for Laboratory Virtual Instrument
Engineering Workbench) is a graphical programming
language for data acquisition, measurement, and control
2

The closed-loop control phase of the AFTCS consists of
initialization, system identification, and active control as
illustrated in Figure 5.

Figure 4. Screenshot of a simple LabVIEW block
diagram for AFTCS.

AFTCS REQUIREMENTS
The hardware and software features required for Bell
Helicopter’s AFTCS include the following:

Figure 5. AFTCS Phases.

•
Provide fatigue test frequency control in the range
of: 0.5 Hz to 30.0 Hz, and Resolution: 0.1 Hz.
•
Control up to 48 servo-hydraulic actuators.
•
Handle up to 256 sensors. Of these, 48 sensors will
be used for load cell inputs.
•
Control the servo-hydraulic actuators to produce
measured strain gauge responses within 2.5% on the
oscillatory and 5% on the mean of the specified loading
conditions.
•
Reach the specified loading state within 4 hours
from the start of the control phase of operations.
•
Self check that the system meets the convergence
criteria throughout the test.
•
Perform spectrum testing (Apply different
frequencies, magnitudes, phases, for the required number of
cycles to represent specific test conditions).
•
Respond with a graceful shutdown under certain
conditions such as a sudden shift in load (which may
represent a gauge failure).
•
Provide a non-volatile means of recording the
loading cycle data to which the test specimen has been
subjected.
•
Graphically display test status and strain gauge
response.

Initialization Phase
The Fatigue Test Initialization Phase allows the operator to
specify the characteristics of the fatigue test. If an error
occurs while entering data, the operator may re-enter data.
The data is then saved in a file for printing, recalling and
editing.
System Identification Phase
The Fatigue Test System Identification Phase identifies
response information about the test specimen, allowing
controlled testing.
A system identification algorithm
described in Refs. 3-8, as subspace method, was developed
to facilitate this action. The subspace algorithm identifies a
linear discrete-time state-space model from the interaction of
the hydraulic actuators and the strain gauges as shown in
Figure 6. The discrete-time state-space model uses a state
variable to describe the interaction by a set of first-order
difference equations, rather than by one or more higherorder difference equations.

AFTCS PHASES
3

Figure 9. Frequency Sweep Signals.
Four measured strain gauge sensor responses that capture the
important system dynamics of the tail rotor blade fatigue test
specimen are shown in Figure 10.
Figure 6. System Identification Diagram.
To validate the system identification algorithm, a Bell 429
Tail Rotor Blade fatigue test specimen shown in Figure 8
was used. The tail rotor test specimen has four strain gauge
sensors controlled by four servo-hydraulic actuators.

Figure 10. Strain Gauge Sensor Measurements.
SG: Strain Gauge
The subspace algorithm then uses strain gauge
measurements and frequency sweep signals to determine
how they relate to each other. It produces a system response
model (detailed in Appendix A) whose quality is evaluated
by comparing its response to the measured strain gauge for a
known set of hydraulic actuator input signals (Figure 11).
As observed, the “identified” response model (from the
subspace algorithm) is nearly a direct overlay on the actual
measured response.
Figure 8. Bell 429 Tail Rotor Blade.
To obtain time-domain input-output identification data for
the subspace algorithm, four distinct frequency sweep
signals of 9-second duration (shown in Figure 9) were
applied, respectively, to the four servo-hydraulic actuators to
excite the tail rotor test specimen. The low voltage signals
applied were to ensure that no damage would be done to
either the test specimen or to the test equipment. The 9second signal duration was long enough to excite the
important dynamic characteristics of the tail rotor blade.
Figure 11. Comparison of identified model and measured
strain gauge responses
for Bell 429 Tail Rotor Blade test specimen.
SG: Strain Gauge (mV/V)
Controlled Testing Phase
The Controlled Testing Phase formulates a tracking
controller that computes the hydraulic actuators required to
4

minimize the difference between the actual and desired
strain gauge responses (Figure 12).

2, then augmented with additional dynamics to construct the
LQG tracking controller of Phase 3.
The Bell 429 Tail Rotor Blade Fatigue Test System was
available at Bell Helicopter’s Structural Test Lab for
checkout of the identification and control algorithms,
embedded LabVIEW software, PXIe hardware modules and
interfacing. The test also afforded an opportunity to check
out the wiring, strain gauge sensor noise, or any mechanical
problems.
Bell 429 Tail Rotor Blade
The tail rotor blade test configuration uses four strain gauge
sensors mounted on the blade and subject to both fatigue and
static loads.
After an identified state-space model of the test specimen
was obtained (see Appendix A), it was augmented with
additional dynamics according to the Internal Model
Principle (detailed in Appendix B), and a filter (derived in
Appendix C) to form the LQG tracking controller. During
the Controlled Testing Phase 3, the controller computed the
four hydraulic actuator signals required to minimize the
difference between the actual and desired load response at
every sampling time of 0.005 second. A comparison of
desired and actual 3-Hz fatigue as well as static loads is
given in Figures 13 & 14. For fatigue testing results shown
in Figure 13, strain gauge 1 is 180 (deg) out of phase with
the other three.

Figure 12. Control Diagram.
The controller design is based on the well known LinearQuadratic-Gaussian (LQG) approach (Refs. 9-15). To
ensure the actual strain gauges track their desired loads
within an acceptable tolerance, the controller design
augments the linear discrete-time state-space model of the
structural test specimen (identified in Phase 2) with an
integrator for tracking a static load or a sinusoid for tracking
a fatigue load at a specified frequency. The reason for this
augmentation is the Internal Model Principle (Ref. 16) which
states that accurate control can be achieved only if the
control system encapsulates (either implicitly or explicitly)
some representation of the process to be controlled. This
means for static testing, the augmentation produces a
constant hydraulic actuator signal, whereas for fatigue
testing, each of the hydraulic actuators would be a sinusoidal
function with its own amplitude, phase, and mean or D.C.
offset.

Figure 13. Comparison of desired and actual loads for
Bell 429 Tail Rotor Blade Fatigue Test at 3 Hz.
SG: Strain Gauge (in-lb)

During the controlled testing phase of the fatigue test, the
test specimen will be monitored at every sample to ensure
that all strain gauge loads stay within the prescribed safety
limits. All data are logged periodically (approximately
every 15 minutes) for data analysis and reduction, and for
diagnosing potential hardware problems on the fatigue test
machine.

AFTCS DEMONSTRATION
In this section, the next-generation AFTCS tested its ability
to automatically change the servo-hydraulic actuators and
provide a specified frequency strain gauge response. An
identified model of the test specimen was obtained in Phase

Figure 14. Comparison of desired and actual loads for
Bell 429 Tail Rotor Blade Static Test.
SG: Strain Gauge (in-lb)
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from the measured hydraulic actuators and the strain gauges
via a filter (Appendix C gives more details about this filter).

The automatic setup and operation of the Bell 429 Tail Rotor
Blade fatigue test system was successfully demonstrated.
The LQG tracking controller automatically computed the
hydraulic actuator inputs required to provide predetermined
strain gauge responses for both fatigue and static testing
cases. Desired static loads were no longer achieved through
trial and error.

APPENDIX B: AUGMENTATION MODEL
In this Appendix, the identified model (Eqs. A1-A2) is
augmented with a model of the desired strain gauge signals
according to the Internal Model Principle (Ref. 16).

CONCLUSIONS

xaug=
( n + 1) Aaug xaug ( n ) + Baug  r ( n ) − ySG ( n )

Bell Helicopter’s next-generation AFTCS with new
software, hardware modules, system identification and
control algorithms has been described. The new system
automatically controls a multitude of hydraulic actuators to
obtain a specified strain gauge output response for fatigue or
static loads. With seamless integration between embedded
LabVIEW software and its PXIe hardware, any future
hardware upgrade does not require rewriting the software
code. The AFTCS was successfully demonstrated for a Bell
429 Tail Rotor Blade fatigue test system, proving the
feasibility of the subspace identification method and the
LQG control design methodology.

where

xaug ( n ) : vector of nxaug states, nxaug is the order of the
augmentation model
xaug ( 0 ) = 0 , vector of nxaug initial conditions

r ( n ) : vector of 4 desired strain gauge loads
For fatigue test at 3 Hz, nxaug = 12, and Aaug , Baug have the
following forms:
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Aaug

APPENDIX A: IDENTIFIED MODEL
The discrete-time state-space model for Bell 429 Tail Rotor
Blade test specimen identified by the subspace method is as
follows:

x p ( n=
+ 1) Ap x p ( n ) + B p u AO ( n )
=
y SG ( n ) C p x p ( n ) + D p u AO ( n )

Baug
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where

where

 0.005 
1 0 0 


=
Aaug _ sn
0 0 −1 and Baug _ sn = 0.000235 are the




0.000235
0 1 2 
observable canonical matrices of the discretization of the
following sinusoid transfer function at ω = 3 Hz, ϕ = 0 (deg),
and the sampling rate of 0.005 second

n = 0, dt, 2dt, 3dt, …
dt: sampling time (second)
SG: Strain Gauge
x p ( n ) : vector of nxp states, nxp is the order of the
identified model
x p ( 0 ) , vector of nxp initial conditions

 π 
 π 
+ 2πω cos  φ
s sin  φ


π 

 180 
 180 
sin  2πωt+φ
 ->
2
180 

s 2 + ( 2πω )

u AO ( n ) : vector of 4 hydraulic actuator signals
y SG ( n ) : vector of 4 strain gauge signals

Ap , B p , C p , D p are matrices of size (nxp x nxp), (nxp x 4), (4
x nxp), and (4 x 4), respectively

For static test, nxaug = 4, and the numerical values of
Aaug , Baug are:

Eqs. (A1) and (A2) describe a linear difference relationship
between the hydraulic actuators u AO ( n ) and the strain
gauges

(B1)

y SG ( n ) delayed by the state variable x p ( n ) .

However, x p ( n ) is not measurable, but can be reconstructed
6

Aaug

Baug

1 0
0 1
=
0 0

0 0
0.005
 0
=
 0

 0

0 0
0 0

1 0

0 1
0

E ( w ( n ) wT ( n ) ) = Qprocess noise

E ( v ( n ) v T ( n ) ) = Rmeasurement noise

APPENDIX D: LQG TRACKING
CONTROLLER

0

0 
0.005
0
0 

0
0.005
0 

0
0
0.005

In this Appendix, combining Eqs. (A1-A2), (B1), and (C1)
results in the following LQG tracking controller equations.

Combining Eqs. (A1), (A2), and (B1) yields the following
state-space equations that would be used for designing an
Linear-Quadratic-Gaussian (LQG) tracking controller

 xˆ p ( n + 1) 
 xˆ p ( n ) 
=
 Ac 
 + Bc
1
x
n
+
)
 aug (
 xaug ( n ) 

 x p ( n + 1)   Ap

=
 xaug ( n + 1)   − Baug C p

 xˆ ( n ) 
u AO ( n ) = Cc  p

 xaug ( n ) 

0nxp x nxaug   x p ( n ) 


Aaug   xaug ( n ) 

 Bp 
+
 u AO ( n )
 − Baug D p 
0

+  nxp x 4  r ( n )
 Baug 
 x (n) 
y SG ( n ) = C p 04 x nxaug   p

 xaug ( n ) 
+ D p u AO ( n )

(B2)

r (n ) 


 ySG ( n ) 

(D1)

(D2)

where

 xˆ p ( 0 )  0

 =   , initial condition
 xaug ( 0 )  0
 A − B p K p − LC p + LD p K p
Ac =  p
0nxaug x nxp


(B3)

0
Bc =  nxp x 4
 Baug

with

− B p K aug + LD p K aug 

Aaug


L 

− Baug 

 − K p − K aug 
Cc =
0nxaug x nxp : zero matrix of size (nxaug x nxp)

0nxp x nxaug : zero matrix of size (nxp x nxaug)
0nxp x 4 : zero matrix of size (nxp x 4)

0nxp x 4 : zero matrix of size (nxp x 4)

04 x nxaug : zero matrix of size (4 x nxaug)

K p , K aug : Linear-Quadratic state feedback gain matrices of
size (4 x nxp) and ( 4 x nxaug), respectively

APPENDIX C: KALMAN FILTER

K p and K aug minimize the following cost function J( u AO ( n )

Since x p ( n ) of Eqs. (A1) and (A2) is not measurable, it is

) of Eqs. (B2) and (B3)

possible to derive a state estimate xˆ p ( n ) which is generated

  x ( n ) T  x ( n )  
p
  p
 Q
 
J ( u AO ( n ) ) = ∑   xaug ( n ) 
 xaug ( n )  
n =1 

T
 +u AO ( n ) Ru AO ( n )


by the following Kalman filter:

∞

xˆ p ( n + 1 | n ) =( Ap − LC p ) xˆ p ( n | n − 1)
+ ( B p − LD p ) u AO ( n )

(C1)

+ Ly SG ( n )

The weighting matrices Q and R are user specified and
define the trade-off between how fast x p ( n ) and x aug ( n ) go

where

to zero and hydraulic actuator effort u AO ( n ) . K p and K aug
are obtained by solving an algebraic Riccati equation (Refs.
9-15).

xˆ p ( n ) : vector of nxp state estimates

xˆ p ( 0 ) = 0, initial condition
L: Kalman gain matrix of size (nxp x 4) is determined
through an algebraic Riccati equation (Refs. 9-15) given the
following noise covariance data:

Eqs. (D1) and (D2) are implemented in real-time LabVIEW
software as “Process data” in the following block diagram
(Figure D1):
7

6 Verhaegen, M. "Identification of the deterministic part of
MIMO state space models." Automatica, 1994, Vol. 30, pp.
61—74.
7 Larimore, W.E. "Canonical variate analysis in
identification, filtering and adaptive control." Proceedings of
the 29th IEEE Conference on Decision and Control, 1990,
pp. 596–604.
8 Söderström, T., and Stoica, P., System Identification,
Prentice Hall International, London, 1989.
9 P. C. Young and J. C. Willems, "An approach to the linear
multivariable servomechanism problem", International
Journal of Control, Volume 15, Issue 5, May 1972 , pages
961–979.

Figure D1. Hardware Timed Single Point
Implementation of
The LQG Tracking Controller as “Process Data”.

10 Franklin, G.F., J.D. Powell, and M.L. Workman, Digital
Control of Dynamic Systems, Second Edition, AddisonWesley, 1990.

ACKNOWLEDGMENTS
Acknowledgements are made to the following individuals:

11 Lewis, F., Optimal Estimation, John Wiley & Sons, Inc,
1986.

•
Dr. Jeannie Falcon, Dr. Alex Barp, Starla Treece,
David Roohy, Kyle Smith, and Joel Garner of NI for
recommending hardware-timed single point as real-time
software implementation of the LQG tracking controller,
hardware configuration for the next-generation Automatic
Fatigue Test Control System (AFTCS), and explaining the
purpose of Bridge Offset Nulling Calibration, and
•
Edward Dumas of Bell Helicopter Textron, Inc. for
writing a Graphical User Interface (GUI) in C# and a data
reporting text file.

12 Athans, M., "The role and use of the stochastic LinearQuadratic-Gaussian problem in control system design,"
IEEE Transaction on Automatic Control. AC-16, 1971, pp.
529–552.
13 Van Willigenburg, L.G. and De Koning, W.L.,
"Numerical algorithms and issues concerning the discretetime optimal projection equations," European Journal of
Control, 6 (1), 2000, pp. 93–100.

Their contributions are greatly appreciated.

14 Van Willigenburg, L.G. and De Koning, W.L., "Optimal
reduced-order compensators for time-varying discrete-time
systems with deterministic and white parameters,"
Automatica, 35, 1999, pp. 129–138.

REFERENCES
1 Dobson, P. D., and Tieman, L. J., “Automatic Fatigue Test
Control
System
Requirements
and
Hardware
Specifications,” Bell Helicopter Textron, Inc. 299-099-976,
1982.

15 Green, M. and Limebeer, D. J. N., Linear Robust
Control, Prentice Hall, New Jersey 07632, USA, 1995, p.
27.

2 National Instruments Corporation, 11500 N. Mopac
Expwy, Austin, Texas 78759-3504, https://www.ni.com.

16 Rivera, D. E, “Internal model control: a comprehensive
view,” Dept. of Chemical, Bio and Materials Eng., Arizona
State University, Tempe, USA, 1999.

3 Jansson, M. "Subspace identification and ARX modeling."
13th IFAC Symposium on System Identification ,
Rotterdam, The Netherlands, 2003.
4 Ljung, L. System Identification: Theory for the User,
Second Edition, pp. 132–134. Upper Saddle River, NJ:
Prentice Hall PTR, 1999.
5 van Overschee, P., and B. De Moor. Subspace
Identification of Linear Systems: Theory, Implementation,
Applications. Springer Publishing: 1996.

8

