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Abstract:    Giant magnetostrictive actuators (GMAs) often work in a close-loop feedback system. This system needs independent 
sensors which may be difficult to be fixed, besides, excessive sensors may cause more unpredicted problems in a large system. 
This paper aims to develop a self-sensing GMA. An observer based on piezomagnetic equations is constructed to estimate the 
stress and strain of the magnetostrictive material. The observer based self-sensing approach depends on the facts that the magnetic 
field is controllable and that the magnetic induction is measurable. Aiming at the nonlinear hysteresis in magnetization, a hys-
teresis compensation observer based on Preisach model is developed. Experiment verified the availability of the observer approach, 
and the hysteresis compensation observer has higher tracking precision than linear observer for dynamic force sensing. 
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INTRODUCTION 
 

Giant magnetostrictive actuators (GMAs) ex-
hibit well-known advantages such as large forces and 
rapid response but on the other hand the disadvan-
tages of non-linear behavior when driven in the large 
signal range (Clephas and Janocha, 1998). Therefore, 
sensors are often needed to make up a close-loop 
system. However, redundant system elements bring 
great difficulties in structural control for large space 
structures. If a single magnetostrictive transducer can 
be used to play the role of both sensor and actuator, it 
will reduce the number of system elements and re-
alize truly collocated control. Bridge circuit coupled 
with a linear model is an original approach for 
magnetostrictive and piezoelectric self-sensing ac-
tuator, but it could not sense DC signals and is hardly 
to solve the problems of impedance mismatching, 
drift and instability (Pratt and Flatau, 1993). Kuhnen 

et al.(2007) described an integral feedback controlled 
self-sensing magnetostrictive actuator by sensing the 
variation of the magnetic flux in the material. Jones 
and Garcia (1997) described an approach of OBSS 
(Observer Based Self-sensing) to a piezoelectric 
actuator. This paper discusses the possibility of ap-
plying OBSS to magnetostrictive actuator, which 
uses magnetic field and magnetic induction infor-
mation coupled with the linear piezomagnetic con-
stitutive relations to estimate the stress and strain 
states. Aiming at the significant hysteresis in GMA, a 
real time numerical compensation algorithm based 
on Preisach model is adopted in the nonlinear ob-
server. 
 
 
LINEAR OBSERVER 
 

Similar to OBSS for piezoelectric material that 
uses the third kind of piezoelectric constitutive equa-
tions (Jones and Garcia, 1997), linear piezomagnetic 
constitutive equations under the third kind of bound-
ary condition for magnetostrictive materials are: 
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ε=σ/Ey
B+g33B,                        (1) 

H=−g33σ+vσB,                        (2) 
 
where ε is the strain, σ is the stress, Ey

B is Youngs 
Modulus, g33 is piezomagnetic strain coefficient and 
vσ is magnetic reluctivity. If magnetic field strength H 
can be controlled and magnetic induction B can be 
measured (or vice versa), it is possible to calculate the 
stress σ and strain ε explicitly. Substituting ε=x/l and 
σ=F/A into Eqs.(1) and (2), the output displacement x 
and force F of giant magnetostrictive material (GMM) 
rod become  
 

                    x=lF/(AEy
B)+g33lB,                        (3) 

                    F=A(H−vσB)/g33.                           (4) 
 

For a straight moving type of GMA, its output 
displacement equals the displacement of GMM rod, 
and its output force equals the force of GMM rod 
subtracting the pre-stress against the rod. Eqs.(3) and 
(4) can be depicted clearly in Fig.1, which is the 
schematics of linear observer based self-sensing for a 
GMA. It has been deduced that the magnetic field 
strength in GMA is H≈0.897 ni when the coil power 
losses are considered (Engdahl, 2000). Therefore, 
G1=0.897n, where n is the turns per unit length of the 
coil. In Fig.1, i is driven current to the GMA, and G2 
are the methods to obtain magnetic induction B. For 
example, placing an inner sensing coil is a choice to 
measure B, but it is used only for dynamic application 
and mutual induction is also plagued. So we use a 
lamellate hall sensor fixed on the surface of the GMM 
rod to measure the magnetic induction in the GMA 
(Fig.4). Parameters of Ey

B, g33 and vσ should be cali-
brated by independent sensors before testing. 

 
 
 
 
 
 
 
 
 
 
 
HYSTERESIS COMPENSATION OBSERVER 
 

Linear observer becomes inaccurate as driven in 

large signals due to the hysteresis. The most serious 
nonlinear hysteresis occurs in the magnetization be-
tween H and B. Many research papers show that the 
strain of GMM has nearly linear relationship with 
magnetic induction B (Restorff et al., 1990; Kuhnen 
et al., 2004; Jia et al., 2002). If we can replace the 
linear block vσ in Fig.1 with a nonlinear model which 
describes the hysteresis relationship between B and H, 
the observing result may be more accurate. The clas-
sical Preisach model is universally known for its sat-
isfaction and acceptable computational cost to de-
scribe rate-independent memory phenomena (hyster-
sis) (Davino et al., 2005). Therefore, this paper aims 
at building a hysteresis compensation observer based 
on classical Preisach model. 
 
 
 
 
 
 
 
 
 

In Fig.2, Ha is the magnetic field strength in the 
center axial line of a GMM rod, and Ho is the mag-
netic field strength compensation value through the 
classical Preisach model. If the external load is zero, 
Ho=Ha since the work condition is mechanically free 
while building the Preisach model of GMA. This 
assures that the force sensing signal of the observer 
FGMA is zero.  

Compare the hysteresis compensation observer 
with the linear observer, we can get the following 
results theoretically: (1) The force signal of a hys-
teresis compensation observer is the actual output 
force of the GMA, while the force signal of a linear 
observer is the output force of the GMM rod. (2) The 
displacement signal of a hysteresis compensation 
observer nearly equals that of a linear observer, be-
cause in the hysteresis compensation observer the 
displacement value generated at the magnetic induc-
tion branch is much more than that generated at the 
force branch. (3) If the GMA is in the condition of 
mechanically free, use of the linear observer is more 
practical since the external load is zero. If the output 
force of GMA is time varying, use of the hysteresis 
compensation observer could get more accurate sens-
ing force value. 
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Fig.2  Schematics of hysteresis compensation observer
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HYSTERESIS COMPENSATION ALGORITHM 
 

 The discretization of Preisach plane and meas-
uring a series of the first order hysteresis reversals 
curves is a most common method to build the 
Preisach model (Davino et al., 2005). To control a 
magnetic field strength H is much easier than to con-
trol a magnetic induction B in practical application of 
GMA. So, in general, H is selected as the input of 
Preisach model while B is the hysteresis output, 
which is called Preisach positive model or prediction 
issue. In Fig.2, we need to know Ho after measuring 
Ba, which is called Preisach inverse issue or hysteresis 
compensation. We have presented a numerical 
realization of classical Preisach model and verified its 
effectiveness for GMA (Tang et al., 2007). The posi-
tive issue will not be presented again in the paper. The 
inverse issue of the Preisach model is always a dif-
ficult one. In this paper we use a real time numerical 
algorithm for hysteresis compensation. 

A least squares method is used to the linear fit of 
the magnetic hysteresis loop which is shown in Fig.3. 
The linear relationship of B and H is B=6.36×10−6H+ 
0.013. As shown in Fig.4, the measured series of 
magnetic induction {Bc(k), k=1,…,N} are known, and 
the theoretical series of magnetic field strength {Ht(k), 
k=1,…,N} can be obtained by linear fitting of mag-
netic hysteresis loop. The detailed explanation of the 
hysteresis compensation algorithm is presented as 
follows. 

Given that the measured series of magnetic in-
duction {Bc(k), k=1,…,N} and hysteresis compensa-
tion series {Hr(k−1)}, it needs to know the kth hys-
teresis compensation value Hr(k). 

First, the kth theoretical value of magnetic field 
strength Ht(k) can be solved by linear fitting model. 
Then Ht(k) and the known {Hr(k−1)} construct a new 
sequence which can be input to the Preisach positive 
model. The predicted magnetic induction Bp(k) can 
be obtained. If the predicted value Bp(k) is greater 
than the measured value Bc(k) and exceeds the con-
trol error e, then Hm=Ht(k)−ΔH, where ΔH is the 
controlled interval of magnetic strength H. Otherwise, 
Hm=Ht(k)+ΔH, where Hm and {Hr(k)} construct a 
new sequence and are input to the Preisach positive 
model again. Iterate above procedure until the dif-
ference between the predicted value Bp(k) and the 
measured value Bc(k) is less than the control error e. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EXPERIMENTAL VERIFICATION 
 

An experimental test system depicted in Fig.5 is 
set up to validate the observer based magnetostrictive 
self-sensing actuator. A force sensor is fixed in the 
GMA between the preloaded washer springs and the 
upper bracket to measure the output force of the 

Measured series of magnetic induction 
Bc(k), k=1, …, N 

Theoretical series of magnetic field 
strength by linear fit model Ht(k), Hr(0)=0 

Hm=Ht(k)

Hr(k)=Hm 
k=k+1

Yes

No 

Substituting [H]k into Preisach positive
model, the hysteresis compensation 
output value Hp(k) could be received 

|Bp(k)−Bc(k)|<e? 

Construct a sequence of H 
[H]k=[Hr(0), Hr(1), …, Hr(k−1), Hm] 

Yield all hysteresis compensation  
output value Hr(k), k=1, …, N 

If Bp(k)>Bc(k), then 
Hm=Hm−ΔH; 

if Bp(k)<Bc(k), then 
Hm=Hm+ΔH 

For k=1 to N

Fig.4  Algorithm flow of hysteresis compensation 
Bc(k): the kth measured B; Bp(k): the kth predicted B; Ht(k): the kth
theoretical value of H by linear fitting model; Hr(k): the kth H after
theoretical compensation; Hm: intermediate variable; e: control error
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GMM rod. A LVDT sensor is used to measure the 
displacement of the GMA. The two sensors are in-
dependently incorporated for purposes of comparison 
and parameters calibration in the observer. A hall 
sensor is integrated in the GMA. All signals are sent 
to the data acquisition device (PXI6071E), which is 
installed in the NI frame (PXI1031). The observer is 
programmed in the LabVIEW environment. The lin-
ear power amplifier is LVC5050 made by AETechron. 
The function generator is AFG310 made by Tektronix, 
which can generate arbitrary waveform. 
 
 
 
 
 
 
 
 
 
 
 
 

Since it is not convenient to measure the force 
and displacement simultaneously, two comparatively 
easy experiments below are tested to verify the linear 
observer and the hysteresis compensation observer. 
Experiment 1 is used to verify the availability of lin-
ear observer while the GMA is freely movable as 
Fig.5. Experiment 2 is used to verify the availability 
of sensing variable force while the GMA is blocked as 
Fig.6. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Experiment 1    GMA is free to move axially (Fig.5), 
and external load is zero. The pre-stress is 0.5 MPa. A 
linear observer is used to sense the static displacement 
and the force of the GMM rod. 

Firstly, ten cycles of 1 Hz triangle current 
waveform are input to the GMA for calibration. A 
steepest descent optimum algorithm is carried out to 
search the best fit for the data, which yields 
vσ=1.61×105 A2/N, g33=1.75×10−3 A·m/N and 
Ey

B=1.5×1010 N/m2. 
An input current sequence is constructed by 

seven driven current value, that is {0.5 A, 0.2 A, 0.8 A, 
0.3 A, 0.5 A, 0.2 A, 0.8 A}, each of which lasts 1 s. 
Fig.7a is the comparison of displacement measure-
ments using linear observer and LVDT sensor. Fig.7b 
is the comparison of force measurements using linear 
observer and force sensor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
As shown in Figs.7a and 7b: (1) Linear observer 

can sense static displacement with a maximum error 
of 0.8 μm in the range of 10 μm. The error ratio is 8%. 
(2) Linear observer can also sense static force with a 
maximum error of about 30 N in the range of −50 N to 
70 N. The error ratio is 25%. 

The observer sensing errors include parameter 
calibration error, magnetic induction estimation error 
and nonlinear error originated by the GMM itself. 
Why is the force sensing error much more than the 
displacement sensing error? It is believed that the 
displacement part caused by the magnetic induction 
branch is larger than the part caused by the force 
branch. Take a look at Fig.1, the hysteresis between B 

Fig.5  Schematic drawing of the experimental system 

Fig.6  A blocked GMA for dynamic force sensing test

Fig.7   Comparison of (a) displacement measurements
using linear observer and LVDT sensor and (b) force
measurements using linear observer and force sensor 
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and H has much more effects on force sensing, 
therefore it is more important to take into account of 
the hysteresis for force sensing. 
Experiment 2    GMA is working at a mechanical 
blocked status depicted in Fig.6. A micrometer gauge 
is used to measure the distortion of the crane to assure 
the blocked status of the GMA. The pre-stress of 
GMA is 0.5 MPa. The linear observer and hysteresis 
compensation observer are used to sense the output 
force of the GMA separately. 

To test the performance of hysteresis compen-
sation observer, a length of 4096 points and time of 4 
s random waveform is edited in the signal function 
generator. The signal is amplified to the same wave-
form current signal through the linear power amplifier. 
Fig.8a shows the force sensing result using linear 
observer, which has already subtracted the pre-stress. 
Fig.8b shows the force sensing result using the hys-
teresis compensation observer. 

Figs.8a and 8b show that both linear observer 
and hysteresis compensation observer can sense force, 
but obviously the hysteresis compensation observer 
has higher tracking precision than the linear observer 
for dynamic force sensing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

CONCLUSION 
 

A novel approach of self-sensing magnetostric-
tive actuator has been presented. The approach in-
volves by using state estimation technique to develop 
an observer based on piezomagnetic equations, and to 
realize the self-sensing of two mechanical states: 
displacement and force. Experiment proved the 
availability of linear observer. Aiming at the signifi-
cant error of self-sensing force signal using linear 
observer, we developed a hysteresis compensation 
observer based on Preisach model. A real time nu-
merical algorithm for hysteresis compensation is 
pointed out. Experimental result showed a good 
tracking performance between the self-sensing force 
signal and an independent force sensor signal using 
hysteresis compensation observer. 
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