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Robust Control of Flexible Structures Using Multiple Shape 
Memory Alloy Actuators 

Robert Lashlee, Robert Butler, 
Vitta1 Rao, and Frank Kern 

Department of Electrical Engineering and Intelligent Systems Center 
University of Missouri-Rolla, Rolla, MO. 65401 

Abstract 

The design and implementation of control strategies for large, 
flexible smart structures presents challenging problems. To demonstrate 
the capabilities of shape-memory-alloy actuators, we have designed and 
fabricated a three-mass test article with multiple shape-memory-alloy 
(NiTiNOL) actuators. The force and moment actuators were implemented 
on the structure to examine the effects of control structure interaction and 
to increase actuation force. These SMA actuators exhibit nonlinear effects 
due to deadband and saturation. The first step in the modeling process was 
the experimental determination of the transfer function matrix derived 
from frequency response data. A minimal state space representation was 
determined based on this transfer function matrix. Finally in order to 
reduce the order of the controller, a reduced order state space model was 
derived from the minimal state space representation. The simplified 
analytical models are compared with models developed by structural 
identification techniques based on vibration test data. 

From the reduced order model, a controller was designed to dampen 
vibrations in the test bed. To minimize the effects of uncertainties on the 
closed-loop system performance of smart structures, a LQGLTR control . 
methodology has been utilized. An initial standard LQGLTR controller 
was designed; however, this controller could not achieve the desired 
performance robustness due to saturation effects. Therefore, a modified 
LQGLTR design methodology was implemented to accommodate for the 
limited control force provided by the actuators. The closed-loop system 
response of the multiple input-multiple output (MIMO) test article with 
robustness verification has been experimentally obtained and presented in 
the paper. The modified LQGLTR controller demonstrated performance 
and stability robustness to both sensor noise and parameter variations. 

- 

1.0 Introduction 

In recent years there has been considerable interest in the design and 
implementation of active controllers for smart structures. The application 
of both piezo-electric and shape memory alloy materials as actuators and 
sensors in the active control of structures has been extensively reported in 
the literature. We have utilized the shape memory alloy (SMA), Ni’IiNOL, 
in the design and implementation of multivariable robust controllers. In 
addition to the design of multivariable robust controllers, this research 
examines the effects of control-structure interaction using SMA actuators 
on a flexible structures. To implement and evaluate the performance of 
various controllers, we have designed and fabricated a three-mass test 
article equipped with strain gauge sensors, force and moment SMA 
actuators, and signal processing circuits. The force and moment SMA 
actuators allow the application of increased control force and the 
investigation of control-structure interaction, 

In order to design active controllers for flexible structures, a 
mathematical representation of the system is needed. This system contains 
inherent nonlinearities resulting from both deadband and saturation 
characteristics of the SMA actuators; however, a linear model will be used 

for controller development. First, a transfer function matrix was obtained 
using experimental frequency response data. Next, a minimal state space 
realization was generated from the transfer function matrix. Finally, a 
balancing and truncation method was used to acquire a reduced order 
model. To minimize the effects of parameter variations, model 
inaccuracies, and disturbances on the closed-loop system performance of 
the structure, a LQGLTR controller was implemented; although, this 
structure could not meet the desired robustness characteristics without 
saturating the SMA actuators. Therefore, a modified LQGLTR 

methodology was utilized to accommodate the limited control force 
provided by the SMA actuators. Experimental results demonstrated that 
the modified controller showed improved robustness characteristics in 
comparison with the standard LQGLTR design without saturating the 
SMA actuators. 

This paper is organized as follows. A description of the test article 
and associated hardware is presented in Section 2. Section 3 contains the 
modeling methods. The robust control design and implementation 
methodologies have been presented in Section 4. Finally, The closed-loop 
performance results are given in Section 5. 

2.0 Test Article and Equipment 

A test structure was designed for use as a MIMO system. It consists 
of three steel masses suspended vertically by thin aluminum struts. The 
masses were chosen such that the structure would have multiple natural 
frequencies within the limited bandwidth of the NiTiNOL wire actuators. 
This test article is depicted in Figure (1). 

Node 1 -’’I I \  / I  I 1 
NiTiNOL Wire A C i u O i a r s  

Node 2 (Force Pair) 

Strain Gouge Bridge 

Sensor # l  Amplifier 

sensor # l  

Node 3 

Node $i’yi”” 
NiTiN 

Sensor 112 

Figure 1. Test Article 

Actuation of the structure is accomplished with two sets of NiZNOL 
wires with drivers to provide heating. One set of wires, arranged vertically 
along each strut, applies a moment at the bottom of the structure. A second 
set of wires, connected diagonally from the top of one strut to a point on 
the opposite strut just above the top mass, exerts a force on the structure. 
The NiTiNOL wire used is uncoated, pre-trained, nine mil wire with a 
transition temperature of 35OC. Each wire is clamped to the beam with an 
initial tension of 0.5 Ibs. The tension in each wire is measured with a load 
cell mounted in line with the wire. The wires are driven such that the 
current supplied for one wire is 180” out of phase with the current of the 
other driver in the pair. Each driver circuit has adjustments for gain, bias 
and dead-band. A small dead band is allowed in the driver circuit so that 
current is never applied simultaneously to both wires. 
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A second component of the dead band is the SMA actuator itself. 
Since the actuation force is a funcirion of the temperature of the SMA wire, 
small amounts of current flow through the wire with no resulting force. 
The relation between the DC voltage applied to the driver and the resulting 
force in one of the moment actuators is shown in Figure (2). From this 
figure, it can be seen that the deadband of the SMA actuator for the DC 
input is approximately I .6 volts. The actual deadband during operation of 
the system will vary from the DC value due to the heating and cooling of 
the NiTiNOL actuator. The dead.band has the benefit of increasing the 
noise immunity of the actuator. 

a, 

0 
L L  

$2 

0.0 1 .o 2.0 3.0 r” 0.0 I---- 

C)C Volts 

Figure 2. NiTiNOL Force Characteristics 

The test structure can be excited with a wide range of initial 
conditions. Large amplitude initial conditions can permanently deform the 
NiTiNOL wire force actuators. This is seen as a loss of pretension of the 
actuator after the controller has quelled vibration in the beam and it is once 
again at rest. This deformation of the SMA actuators results in system 
parameter variations. The experimi:ntal data presented in this paper is the 
response with the beam excited in the first mode and the bottom mass 
displaced by one inch. This moderate amplitude initial condition was 

- chosen to limit the permanent deformation of the force SMA actuators. 
Two sets of full bridge strairr gauges are bonded to the struts at the 

locations indicated in Figure (1). The signal conditioning electronics for 
each bridge are mounted on a mass and are located as close to the bridge as 
possible to minimize measuremlent noise. The signal conditioning 
electronics consist of the necessary balancing resistors for the strain gauge 
bridge and a fixed gain instrumenlation amplifier. The entire bridge plus 
electronics package is calibrated in volts per microstrain. 

For purposes of implementing the digital controllers, the strain 
gauge electronic circuits are interfaced to a personal computer through a 
Keithley-Metrabyte DAS-20 A/D board with a SSH-4 simultaneous 
sample and hold interface. This allows, the strain gauge data collection for 
control as well as the collection of other data of interest such as wire load 
cell information. The driver circuits are interfaced to the personal computer 
through a Keithley-Metrabyte DD.A-06 simultaneous output D/A board. 
This arrangement allows implementation of controls over a wide range of 
sampling frequencies with no sampling skew on either input or output. A 
block diagram of the experimental isetup is shown in Figure (3). 

3.0 System Modeling 

3.1 Development of the Transfer Function Matrix (TFM) 

An experimental model was obtained for the test article from 
frequency response data acquired with a HP35665A dynamic signal 
analyzer. Four transfer functions were obtained for the two input-two 
output system. For each measurement, the analyzer’s source sweeps the 
desired frequencies in a series of very small steps. The input signal power 
is automatically adjusted at each frequency in the sweep to provide the 
optimal signal to noise ratio. Am advantage of this swept sine measurement 
is that all of the energy in the frequency response test is concentrated at the 
desired frequency which gives good excitation of the structural system [I]-  
[3]. Modal frequencies taken from the bode plots of the system are listed in 
Table (1). From this table it can be seen that the frequency of the modes is 
a function of the actuator used to excite the beam. The frequency of the 
modes is also dependent upon the initial tension in the SMA wires. 

TABLE 1. 

Experimental - Force Experimental - Moment 
Actuators (Hz) Actuators (Hz) 

For each of the four transfer functions, a model was generated by the 
HP analyzer’s built-in curve fitting program. The curve fitting program 
derives a linear system model from the measured frequency response data. 
A pole/zero model is developed by calculating a weighted least squares fit 
of the frequency response data to a rational polynomial. The curve fitting is 
performed in the s-domain so that the program determines the transfer 
function. Due to control-structure interaction, each actuator generates two 
8th order transfer functions with similar complex poles. A common 
denominator for all 4 transfer functions was then generated by 
compromising between the two sets of frequencies [4]. The measured 
transfer functions and the resulting “fitted” curves are shown in Figure (4). 

The corresponding numerators were modified so that the four 
transfer functions could be written as shown below: 

- -  

d ( s )  =s8+2.89s7+6.82x lo’s6+ 1 . 7 7 ~  103ss+1.21 x105s4 
+ loss4+ 2.75 x 1 0 ~  -1- 3.64 x + 7.42 x 1 0 6 ~  + 3.95 x 106 

NI, = 8.48 x 10-’Ss + 2 . 5 3 ~ ~  + 3.07 x lo’s3 + 1.17 x lo’s2 

+ I 3 2  x 104~ + 7.68 x I O  
N , , = - ~ . ~ ~ x I o - ~ ~ ~ - I I . ~ ~ x  1 0 ~ ~ ~ - 2 . 4 2 ~  103~-1.10~103 

N, ,  = 2 . 1 8 ~  10-3~6+4.59~ 1 0 - l ~ ~ + 2 . 0 6 ~ ~ -  I 11 x 1 0 ~ - 3 . 2 4 ~  IOV 

-3.19 x IO’S- 1.04 x 10, 
N2, =-1.96SSx-9.85Xs4-5.31 x 102s3-1.36x lO3sZ-1.l2x 103(s) 

-2.81 x 103 

Figure 3. Experimental Block Diagram 

799 

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on August 02,2023 at 20:32:39 UTC from IEEE Xplore.  Restrictions apply. 



-20 

-40 

9 -60 
h 

4 

% 
-80 

f: -100 

-120 
0 1 10 

Sensor 1 Response of Moment Input 
Frequency (Hz) Frequency (Hz) 

Sensor 1 Response of Force Input 

Frequency (Hz) Frequency (Hz) 
Sensor 2 Response of Moment Input Sensor 2 Response of Moment Input 

Figure 4 Measured Transfer Functions (Dashed) and Fitted Curves (Solid) 

3.2 Determination of State Variable Representation from TFM 

Even thought the transfer function matrix has been determined, the a 
state space representation is needed for the model so that LQGlLTR 
controllers can be designed. The desired form of the model is contained 
below: 

The state space realization will be a controller-form realization from 
a right matrix fraction description (MFD) [5],[6]. First, the TFM must be in 
the form of a strictly proper right MFD having the form given below: 

H ( s )  = N ( s ) D - ' ( s )  (3) 
In order to obtain a strictly proper right MFD, the TFM was 

transformed into a Smith McMillian form given below: 

(4) 
After performing polelzero cancellations in the Smith McMillan 

form, the minimal order of the system was determined to be 14. The 
minimal order, column reduced transfer function matrix is given below: 

H ( s )  = N , ( s ) D ; ' ( s )  (5)  

Once the TFM is in the form of a strictly proper right MFD, a 
controller form state space realization can be obtained. First, rewrite D,  (s) 
as 

D ,  = D,,S (s) + DLY ($1 (6) 
where, 

s (s) = diag  (ski, $2) 

and k1, k, are the column degrees of D , ( s ) ,  DhcCr) is the highest 

Once the matrices in Equation (6)  are determined, the state space 
column degree coefficient matrix of D ,  (s) , 

realization can be formed usin the matrix definitions given below [ 5 ] :  

A; = block diag( b. O], k,xk, ,r  = 1,2 ) (7 )  

1 0  

(B;)' =block diag([l 0 .  . . 01, 1 x k , ,  i = 1,2)  ( 8 )  

q = I ,  (9) 
Finally, the state space matrices are obtained using the following 

equations. 

where, 

N ,  NLP (SI 
3.3 Formulation of Reduced Order State Space Model 

Next to reduce the order of the controller and allow for the modelling 
and control of complex systems, a reduced order model was developed. 
The reduced order model of the system was acquired utilizing the balance 
and truncation methodology [ 7 ] .  First, an internally balanced 
representation of the system is obtained in which the controllability and 
observability Gramians (2) are equal and diagonal. 

(13) Z = diag (a,, a,, ..., an) 

with 
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The 0;'s are Hankel singular values. The order of the reduced order 
model is determined by retaining the dominant Hankel singular values. 
Once the dominant values have been determined, the state space model is 
partitioned as shown below: 

r- -l 

-20 

- 4 o [ y  -60 i i  - 

-100 ', - 

-120 

H 
i ,  

3 3 -80 
5: 

where A , ,  E RrX' ,  A,, E R'"""'""' , r is the number of dominated 
Hankel singular values, and ( n  - r )  is the number of nondominate values. 

Finally, after the partitioning is completed, the reduced order model 
is determined by [7]: 

f 'z -1 -80 00 

-120 pq 

where, 
A ,  = A , , ;  

C,  = C ,  

B,  = B ,  
D, = D 

3, = reduced order sfate vector 

This is the model used for controller development. 

3.4 Modelling Results 

A comparison of the frequency response of the transfer function 
matrix and the reduced order model is given in Figure 5. This figure shows 
that the reduced order model produces a close representation of the 
response of the transfer function matrix. 

4.0 Controller Design 

After we acquired the reduced order model of the system, we 
designed a controller to quell the vibrations in the test article. Difficulties 
in the controller design stem from parameter variations, linearized model 
and sensor noise. To overcome thlese difficulties, we decided to design a 
robust controller using LQGLTR imethodology. The block diagram of the 
controller and plant is shown in Figure (6). 

- 

d 

Figure 6. Block Diagram of the Controller and the Plant 

The LQGLTR controller is designed based on Equation (16) and 
(17). More details on the fundamental equations used for the LQGLTR 
controller design are contained in [8]-[11]. 

x ( t )  = A>c(t)  +B_u( t )  + T y ( t )  (16) 

J = { S i  ( ; X T ( r )  Q,& ( t )  + _ u ' ( f )  R,_u ( t )  ) dtl  (17) 
Once the filter gains (K,)  and the regulator gains ( K , )  are obtained, 

the controller is then implemented using the state equations in Equation 
(18). 

X, = ( A  - B K ,  - K , C ) X , + K f  
U, = -K,X,  

An initial controller design was performed without restricting the 
control effort. Even thought we have not obtained accurate loop transfer 
recovery, we see from Figuire (7) that we are already saturating the 
actuators (control effort > 5.0V). Therefore, we decided to reduce the 
amount of recovery until we acquired a controller that ,would no longer 
saturate the actuators. The maximum control effort produced by this 
controller was 4.0V; however, the closed loop performance was poor. 
Therefore, we needed to develop a controller that would be insensitive to 
system uncertainties without saturating the SMA actuators. We tumed to a 
modified structure for the LQGLTR controller developed by Prakash [7] 
which quicken the loop transfer recovery process. This quickening of the 
loop transfer recovery process can be shown using the error expression, E, ,  
defined as the error between ibe desired loop shape and the actual loop 

-20 

3 -60 

E 

4- .- 5 -80 
-1 00 

-1 20 
0 1 10 

Frequency (Hz) 
Sensor 2 Response of Force Input 

H * 
d 
.- 

-20 

-40 

-60 

-80 

-1 00 

-120 
0 1 10 

Frequency (Hz) 
Sensor 2 Response of Moment Input 

Figure 5 .  Frequency Response Comparison (solid - reduced order model, dashed - TFM) 
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shape at the output of the plant. Equation (19) contains E, for the nominal 
LQGLTR structure. 

E , ( s )  = (I+C,@K,) ( I + N ( s ) ) - " ( s )  (19) 

where 

N ( s )  = C , ( s l - A , + B , K , ) - ' K ,  (20) 

While, Equation (21) contains the expression for the modified 
structure. 

E " ( d  = N ( f )  (21) 
Note that perfect recovery is obtained when E,, = 0. Now, for all s, 

as k ,  is increased, Equation (21) becomes small more quickly than 
Equation (19) [7]. This shows that the modified structure produces more 
accurate loop transfer recovery for a given k, .  This modified structure is 
shown in Figure (8). 

3 4.0 
I - 
E 2.0 

g -2.0 
B 

- g 0.0 
U 

-4.0 
0.0 5.0 10.0 15.0 20.0 

Time (Seconds) 
Figure 7. Comparison of Controller Effort 

B 

Figure 8. Block Diagram of Modified Structure 

Prakash [7] showed that this structure does produce a stable closed- 
loop system as long as the recovery is exact enough. If the system is 
unstable k ,  must be increased until the recovery is exact enough to produce 
a .stable system. The implementation equation used for this modified 
structure is given in Equation (22). 

X, = ( A  - BK,) X, + Kfe 
U = -K,X, 

Using this structure, we designed a new controller. This controller 
had accurate loop transfer recovery while not saturating the SMA actuators 
(see Figure (8)). 

5.0 Experimental Results 

In order to verify the robustness properties of the controllers, 
operating parameters of the system were varied. The first study involved 
testing robustness in the presence of sensor noise. The second study 
consisted of a mass variation to test robustness due to modeling 
- inaccuracies. 

Figure (9) shows the open loop response of the test article when 
excited in the first mode. The open-loop damping will be shown in all of 
the following closed-loop plots using the open-loop envelopes as shown in 
this figure. The first mode initial condition responses for the standard 
LQGLTR and the modified LQGLTR controllers are shown in Figure 
(10). This figure indicates that the modified LQG/LTR controller out 
performed the standard LQGLTR controller. The modified LQGLTR took 
approximately 2.5 seconds for the control signal to become greater that the 
deadband and then suppressed the vibrations to the deadband level in 
approximately 7.5 seconds. The standard LQGLTR took approximately 2 
seconds for the control signal to become greater that the deadband and then 
suppressed the vibrations to the deadband level in approximately 12 
seconds. 

-0.10 I I 
v1 U 3 0.05 

zo.00 
0 
$0.05 

,A 

"'-0.10 ' I 
0.0 5.0 10.0 15.0 20.0 

Time (seconds) 

-0.10 - L - 3 0.05 
v 

2 0.00 
0 
$-0.05 
.- 
VI 

-0.10 ' I 
0.0 5.0 10.0 15.0 20.0 

Time (seconds) 
Figure 9. Open-Loop Time Response 

In order to test the robustness of the controllers, a parameter 
variation robustness test was conducted by adding mass to the structure. 
The second and third masses were increased by 1.4 lbs. Figure (11) 
contains the experimental system responses. With this parameter variation, 
both controllers were able to damped the oscillations to the deadband level 
in approximately 15 seconds. Another robustness test was performed using 
normally distributed noise signals with a variance of 400 and a mean of 
zero added to the sensor values to increase the sensor noise. Figure (12) 
contains the noise corrupted sensor values and the actual system response 
for both of the controllers. Even though the signal to noise ratio is poor, the 
modified LQGLTR controller damped the oscillations to the deadband 
level in approximately 10 seconds, while the standard LQGLTR controller 
was unstable. 

6.0 Conclusions 

A method to utilize SMA actuators in the control of a MIMO flexible 
smcture is presented in this paper. A flexible structure test article 
incorporating force and moment SMA actuators, strain gauge sensors, and 
signal processing electronic circuits was designed and fabricated in our 
laboratory. First, a transfer function matrix was obtained experimentally 
using frequency response data. Next, a state space model was formulated 
from the transfer function matrix. Finally, a reduced order design model 
was acquired using balancing and truncation methodology. From this 
reduced order model, a modified LQGLTR controller was designed and 
implemented. This controller displayed insensitivity to the inherent SMA 
actuator nonlinearities. It also successfully exhibited robustness to both 
sensor noise and parameter variations without saturating the SMA 
actuators. Future investigation will focus on the development of controllers 
which specifically address the system nonlinearities such as the deadband 
and saturation associated with the SMA actuators. 
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Figure 12. Controller Responses With Added Noise 
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