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Abstract — The hysteresis nonlinearity of magnetically controlled shape memory alloy actuator is an
obstacle in the achievement of high positioning accuracy. To eliminate the influence of hysteresis
nonlinearity, a PID hybrid control method which uses the inverse Prandtl-Ishlinskii model as a
feedforward controller is proposed in this paper. The PID parameters are searched by particle swarm
optimization with cross and heredity function. The simulation results show that when the influence of
external disturbance is not considered, the positioning accuracy of open loop control method is 0.67%,
and the positioning accuracy of PID hybrid control based on particle swarm optimization is 0.38%;
when the influence of external disturbance is considered, the positioning accuracy of open loop control
method is 3.29%, and the positioning accuracy of PID hybrid control based on particle swarm
optimization is 1.65%. This indicates that the proposed control method can effectively eliminate the
impact of hysteresis nonlinearity and external disturbances on the positioning accuracy.

Keywords: Magnetically controlled shape memory alloy, Hysteresis nonlinearity, Prandtl-Ishlinskii

model, Particle swarm optimization

1. Introduction

At the end of the 20th century, Vasilevf discovered a
new functional material, magnetically controlled shape
memory alloy (MSMA), which can produce deformation
under the influence of the magnetic field and restore
original shape when the magnetic field is removed [1-3].
The later researchers have concluded that this new functional
material has advantages of the large output displacement
and fast deformation frequency [4-5]. These merits make
this new functional material become an excellent material
in the field of micro/nano-driven [6-7]. But, the hysteresis
nonlinearity reduces the control precision of the MSMA
actuator and restricts its application and promotion. To
broaden the applications of the MSMA actuator, it is
crucial to eliminate the hysteresis nonlinearity of the MSMA
actuator.

To achieve the high-precision positioning accuracy of
smart materials, some control methods that combine the
inverse model of hysteresis with a series of control
methods are proposed. Chen Y. [8] designed a feedback
controller based on the inverse modified Prandtl-Ishlinskii
(PI) model to compensate the hysteresis. The positioning
error of the piezoelectric actuator is reduced to less than
0.151Mm | Riccardi L. [9] developed a closed loop control
law based on a modified Prandtl-Ishlinskii inverse model
to decrease the error and verified the availability of this
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proposed hybrid control method by the experiments on a
micrometric positioning system based on the MSMA
actuator. Zong X. [10] proposed a hybrid control method
which combines an inverse preisach model with an
adaptive sliding model controller to decrease the hysteresis
nonlinearity of piezoelectric ceramic and proved that this
controller can obtain good control accuracy. Ounissi A.
[11] utilized the Coleman-Hodgdon hysteresis model as a
dynamic model of piezoelectric actuators and used a
classical proportion integration differentiation (PID)
controller in order to achieve a tracking control of the
nano-positioning system. The hysteresis model is identified
by the particle swarm optimization (PSO) technique and
the tracking error of this system is less than 100 nm by the
proposed hybrid control method. Wang G. [12] proposed
a hybrid control method with an asymmetric Prandtl-
Ishlinskii hysteresis model and PID feedback control. By a
series of experiment, it can be seen that this proposed
hybrid control law is effective to decrease the hysteresis
nonlinearity of piezoelectric actuator. Riccardi L. [13]
designed an adaptive hysteresis compensation based on
Krasnosel’skii - Pokrovskii model and a Proportion
Integration (PI) controller in the feedback loop to eliminate
the hysteresis phenomenon of the MSMA actuator under
different temperature conditions. Finally, the experimental
results prove that this proposed control method can
effectively reduce the adverse effects caused by the
temperature. Gu G. [14] adopted a hybrid control method
which combines a feedforward controller based on an
ellipse-based mathematic model with a PID feedback
controller to eliminate the hysteresis characteristic of the
piezoelectric actuator. The simulation and experimental
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results verify that the hysteresis error was reduced by up
to 88%. Sayyaadi H. [15] developed a hybrid control
method which consists of the inverse generalized PI
model in the feedforward controller and a PI feedback
controller to eliminate the positioning error and the
hysteresis nonlinearity of the shape memory alloy (SMA)
actuator. By experiment and research, it can prove that
the proposed control method has advantage in reducing
the hysteresis nonlinearity and improving the positioning
control accuracy of the SMA actuator.

In this paper, the hysteresis characteristic of the MSMA
actuator is established by the PI model which is capable of
describing the controlled object accurately, and the inverse
PI model is identified by recursive weighted least-squares
algorithm (RWLS). A hybrid control method is proposed to
obtain a high positioning accuracy for the MSMA actuator.
The method combines the inverse PI model in feedforward
controller with a PID feedback controller whose parameters
are adjusted by the PSO with cross and heredity function
that can search the global optimum and can help the
particle swarm jump out of the local optimum.

2. Modeling and Controller Design of the MSMA
Actuator

2.1 Modeling of the PI Model

The PI model which utilizes the weighted superposition
of a series of basic operator to describe the hysteresis
nonlinearity inherits the modeling approach of the Preisach
model [16-17]. The structure of the PI model is shown in
Fig. 1. Its basic hysteresis operator (play operator) can be
described as

y, ()= p,[x]() =
x(t) p,[x](t=1) > x(2)
p[x1t=1)  p [x]J¢-D<x(@) < p, [x](t =D+,
x(t)—r; p, [x]¢=D+r, <x(1)

(1

Fig. 1. Structure of PI model
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Fig. 2. Structure of the inverse PI model
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Fig. 3. Stop operator of the PI model
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where x(#) and Y, (!) are the input value and output
value of the operator respectively, 7; is the threshold value
of the operator, 2, [x](?) is the linear play operator, y(f)
is the output value of the model, 7 is the amount of the
operators, W, is the weighted vector.

2.2 Inverse PI model of the MSMA actuator

The inverse PI model which is based on the weighted
superposition of a series of basic hysteresis operator is
similar to the PI model, and the only difference is its basic
hysteresis operator [18]. The structure of the inverse PI
model is shown in Fig. 2.

One of advantages of the PI model is that it is easy to
obtain its inverse model. The basic hysteresis operator
(stop operator) of the inverse PI model is directly obtained
by the basic hysteresis operator of the PI model (play
operator). The solution equation is given in (3).

s, [x1(t) = x(t) = p,[x](?) 3)
where s,.[x](¢) is the stop operator, x(¢) is the input of
the play operator.

The stop operator is described in Fig. 3.

2.3 Identification method of the inverse PI model

The amount of the stop operators used in the inverse PI



Miaolei Zhou, Rui Xu, Qi Zhang, Ziying Wang and Yu Zhao

model is much more than the amount of the play operators
used in the PI model and it increases the computation
quantity of the identification process. Therefore, RWLS
[19-20] is utilized for identifying the weight parameters of
the inverse model.

RWLS can be expressed by

(1) = 0(t — )+ L(O[y(t) - 9" ()0t~ )] 4)
L(t) = P(t=Dp()[1+¢" ()Pt~ Dp(0)]" (5)
P(2)=[1 - L()¢" ()Pt ~1) (6)

where é is the parameters of the inverse PI model to be
identified, L(1)=P(D)e(1) , y(t)
signal, ¢(t) is the output of the stop operator, and
t
P(t)= 2 p()p" (0).
i=1

By comparison of a series of simulation results, the
number of stop operator is set to 2000 and the threshold of

is the actual output

the i th stop operator is selected by 7, =émax{|| y(0)|,}

i=1,2---2000

2.4 Controller design based on the inverse PI model

2.4.1 Open Loop Controller of the MSMA Actuator

By the inverse control theory [21-23], the desired output
signal which goes through the inverse model and the
MSMA actuator is the equal of a unit mapping. In this
section, an open loop controller is established by this
theory. The structure of the open loop controller based on
the inverse PI model is showed in Fig. 4, where y, is the
desired output displacement, u, is the actual output of
inverse model, Y is the actual output of the MSMA
actuator, and u; is the external interference signals.

By this theory, the control method based on the inverse
PI model can reduce the hysteresis, but it is difficult to
eliminate the influence from external interference signals.

2.4.2 PID hybrid control method based on the particle
swarm optimization with cross and heredity function

In order to ecliminate the external interference and
improve the control accuracy, a PID hybrid control method
whose parameters are adjusted by particle swarm
optimization [24-26], with cross and heredity function is
proposed for the sake of high control accuracy in this

MSMA y
actuator

ul
Ya Inverse PI model u, ; R
feedforward controller .

Fig. 4. Structure of open loop controller based on inverse
PI model
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Fig. 5. Structure of hybrid control

section. The hybrid control structure is illustrated in Fig. 5,
where u, is the actual input of the MSMA actuator, u,
is the output of PID controller, K,, K, and K, are the
proportional gains, the integral gains and the derivative
gains respectively.

The discretized PID controller can be expressed by

y(k) =K e(k) +Kizk:e(k) +K, (e(k)—e(k=1)/T,  (7)

j=0

where y,(k) is the input signal, and y(k) is the output
signal, e(k)=y,(k)—y(k) is the error between the
output signal and the given signal, 7 is the sampling time.

There are only three parameters to be identified in the
PID controller, and the PSO is perfectly used for searching
the proportional gains, the derivative gains and the integral
gains. But, the classical PSO has a drawback that it is easy
to fall into a local optimum. Consequently, the PSO with
cross and heredity function is proposed in this paper. Its
basic principle is that the genie crossover and heredity is
added to the PSO, and the particle swarm with cross and
heredity function has a certain mutation which is able to
help the particle swarm jump out of the local optimum.

It is well-known that it is difficult to set the optimal PID
parameters adjusted by the experience piece-try method.
Hence, the PSO with cross and heredity function is used to
obtain the optimal PID parameters.

Assuming the number of the entire particle swarmis N,
each particle represents three parameters of the PID
controller, and the entire particle swarm state can be shown
by a Nx3 matrix.

Each particle has four properties: the current position
( positon(i, j)), the individual’s best position ( pbest(i) :
the optimal solution found by the particle itself), speed
(speed(i, j)) and fitness ( fitness[ positon(i, j)] ). When the
searching time is equal to the maximum number of
iterations ( maxtime ), the optimal solution is found. Where,
i isthe ithparticle and J is theits J th parameter.

The basic idea of the parameters tuning of the PID
controller based on the PSO with cross and heredity
function is as follows.

http://www.jeet.orkr | 1459
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Step 1. The particle initialization
a) The i th particle initialization
The position of all particles can be shown by a
N x3 matrix

position(i,:):[Kp,Ki,Kd], (i=12,--,N) (8)

where [K,,K;,K,] represents three parameters of
the PID controller.

b) The initialization of the i th particles’ speed
The randn is a random matrix, and the i th
particles’ speed is

speed(i, j)=randn ;| (i=12,-,N;j=123) )

c¢) The initialization of the individual’s best position
The individual’s best position is

pbest(i) = fitness| position(i,:)] , (i =1,2,--,N)  (10)
d) The initialization of the fitness
e & 2
fitness[ position(i,:)] =1/ zz[y(t) -y, (11
t=1

where (i=12,--,N) is the fitness, n is the total

length of time, y,(k) and y(¢) are the object tracking
signal and the actual output respectively.

e) The initialization of the best previous position among
all the individuals
The highest fitness of all the particles is chosen as
the best previous position among all the individuals

ghest = max{[ fitness(position(i,:))]}
(i=L12,---,N) (12)

Step 2. According to the fitness, the particle is sorted.
Half the particles with high fitness directly go into the next
generation, and the other half, after crossover operation, go
into the next generation.

One of the three parameters of the PID controller in the
(N /2+1i) th particle is selected to perform the crossover
operation with the corresponding parameters of the
(N +1-1) th particle. It is shown in Fig. 6, position,,,,,
and positiony, . are the position matrix of the
(N/2+i) th particle and the position matrix of the
(N +1~1) th particle respectively.

The N/2 particles with high fitness serving as the next
generation are selected from the N/2 particles generating
after the crossover operation and N/2 particles generating
before the crossover operation. The new selected N/2
particles are obtained by the crossover operation between
the first N/2 particles without the crossover operation and
the other N/2 particles without the crossover operation.
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position,,, position,, ;

positiony,, . poSitiony,, .

Fig. 6. Schematic diagram of the crossover operation

The next generational N particles are composed of the
N/2 particles with high fitness and the new selected N/2
particles.

Step 3. The speed and position of each particle are
updated by (13) and (14).

speed (i) = wx speed (i)

+clx rand x[ pbest(i) — position(i)] (13)
+c2 x rand x| gbest — position(i)]

(i=1,2,N)
position(i,:) = position(i,:) + speed (i,:) (14)

where rand is a random number, W is the inertia
coefficient, ¢l and c¢2 are acceleration constants.

Step 4. The updates of the individual’s best position and
the best previous position among all the individuals.

The updates of the individual’s best position: if the
fitness of the updated position is higher than the previous
position, pbest(i) = position(i,:) . Otherwise, pbest(i) is
unchanged.

Step 5. Stopping condition: if the current iterations G
is equal to maxtime , then stop. Otherwise, set G=G+1
and go to step. 2.

3. Simulation Research

3.1 Simulation results of open loop controller of the
MSMA actuator

By the feedforward controller, the influence of the
hysteresis nonlinearity from the MSMA actuator can be
compensated. After the desired output signal passes
through the inverse PI model, an inverse compensation
signal is obtained, and it is shown in Fig. 7. The obtained
inverse compensation signal can decrease the error
between the desired output and the actual output of the
MSMA actuator.

As the inverse compensation signal passes through the
MSMA actuator, it can acquire that the actual output signal
of the MSMA actuator is similar to the desired output
signal. The simulation results of the open loop control
method are shown in Fig. 8, 9 and 10. The tracking
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Fig. 7. Compensation signal obtained by the inverse PI
model
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Fig. 8. Displacement tracking curve of the open loop
control method

0.5r

Output displacement signal (mm)

0 I I I I I I I I I E|
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Given displacement signal (mm)

Fig. 9. Input-output relation curve of the open loop control
method

displacement curve of the open loop control method is
shown in Fig. 8. The red dotted line and the blue solid line
represent the desired output signal of displacement and the
actual output signal of displacement. The hysteresis curve
and the tracking error curve of displacement of the open
loop control method are shown in Fig. 9 and 10. The
simulation results demonstrate that the error rate and the

Error (mm)

o 20 20 60 ) 100
Time (ms)
Fig. 10. Displacement tracking error curves of the open
loop control method
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Fig. 11. Given external interference signals

mean square error of the open loop control method are
0.0067 mm and 0.0023 respectively, and it proves that the
open loop control method can enhance the displacement
tracking accuracy for the MSMA actuator.

In order to study the control effectiveness under external
interference, a random data set u, that their maximum
amplitude is 0.02 mm is chosen as the external interference
signals in Fig. 11.

The simulation results of the open loop control method
under the external interference signals are shown in Fig. 12
and 13. The tracking displacement of the open loop control
method under the external interference signals is shown in
Fig. 12. The red dotted line and the blue solid line
represent the desired output signal of displacement and the
actual output signal of displacement. The displacement
tracking error curve of the open loop control method under
the external interference signals is shown in Fig. 13. The
simulation results demonstrate that the error rate and the
mean square error of the open loop control method under
the external interference signals are 3.29% and 0.0084
respectively, and it proves that the open loop control
method cannot eliminate the influence of external
interference signals.

http://www.jeet.orkr | 1461
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Fig. 12. Displacement tracking curve of the open loop
control method under the external interference
signals

0.02

0.01

Error (mm)
(=]

g
=)

0 2‘0 4‘0 Gb 8‘0 100
Time (ms)
Fig. 13. Displacement tracking error curve of the open loop
control method under the external interference
signals

3.2 Simulation results of the PID hybrid control
method based on the PSO with cross and
heredity function

According to the experience piece-try PID parameters
tuning method, PID parameters which can achieve the best
performance are Kp =0.01 s Ki =0.001 and Kd =0.02
respectively.

PSO is a new robust stochastic evolutionary com-
putational algorithm based on the intelligence of swarms.
One of the desirable merits of the PSO is that the obtained
PID parameters can be used as the initial value of particle.
The number of particles and the maximum number of the
PSO iterations are N =8 and maxtime =50 . The PID
parameters which can be obtained by the PSO with cross
and heredity function are K, =0.0161 K, =0.00004
and K, =0.0242 respectively. Comparing with the PID
parameters obtained by the experience piece-try method,
the more accurate parameters of the PID controller can be

obtained by using the PSO with cross and heredity function.

The simulation results of the PID hybrid control method
based on the PSO with cross and heredity function are
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Fig. 14. Displacement tracking curve of the PID hybrid
control method based on the PSO with cross and
heredity function
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Fig. 15. Input-output relation curve of the PID hybrid
control method based on the PSO with cross and
heredity function
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Fig. 16. Tracking displacement error curve of the PID
hybrid control method based on the PSO with
cross and heredity function

shown in Fig. 14, 15 and 16. Fig. 14 shows the tracking
displacement effectiveness of the PID hybrid control
method based on the PSO with cross and heredity function.
The red dotted line and the blue solid line represent the
desired output signal of displacement and the actual output
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Fig. 17. Displacement tracking curve of the PID hybrid
control method based on the PSO with cross and
heredity function under the external interference
signals
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Fig. 18. Displacement tracking error curve of the PID
hybrid control method based on the PSO with
cross and heredity function under the external

interference signals

signal of displacement. Fig. 15 shows the hysteresis curve
of the PID hybrid control method based on the PSO with
cross and heredity function. Fig. 16 shows the tracking
displacement error curve of the PID hybrid control method
based on the PSO with cross and heredity function. It can
be seen from the simulation data that the error rate and the
mean square error of the PID hybrid control method based
on the PSO with cross and heredity function are 0.38% and
0.0014 respectively, and the control accuracy of PID hybrid
control based on the PSO with cross and heredity function
is improved from 0.67% (open loop control method) to
0.38%. So the positioning accuracy obtained by the PID
hybrid control method based on the PSO with cross and
heredity function which has the advantage for controlling
the MSMA actuator has been improved obviously.

The simulation results of the PID hybrid control method
based on the PSO with cross and heredity function under
the external interference signals are shown in Fig. 17 and
18. The tracking displacement effectiveness is shown in
Fig. 17. The red dotted line and the blue solid line
represent the desired output signal of displacement and the

actual output signal of displacement. The displacement
tracking error curve is shown in Fig. 18. The simulation
results demonstrate that the error rate and the mean square
error are 1.65% and 0.0046 respectively, and the control
accuracy of the PID hybrid control method based on the
PSO with cross and heredity function under the external
interference signals is improved from 3.29% (open loop
control method under the external interference signals) to
1.65%. So it can prove that the PID hybrid control method
based on the PSO with cross and heredity function can
eliminate the external interference and improve the
positioning accuracy for the MSMA actuator.

4. Conclusion

The inverse PI model has the same structure as the PI
model, and the basic hysteresis operator of the inverse
model (stop operator) can be directly calculated by the
basic hysteresis operator of the PI model (play operator).
By this theory, this paper proposes the inverse PI model of
the hysteresis model of the MSMA actuator whose weights
are identified by the RWLS algorithm. Subsequently, the
established inverse model is adopted as the feedforward
controller of the MSMA actuator.

As the feedforward controller is established, an open
loop control method is used to improve the control
accuracy of the MSMA actuator. To further improve the
control accuracy, a PID hybrid control method which
uses the inverse Prandtl-Ishlinskii model as a feedforward
controller is proposed. In order to obtain the optimal PID
parameters, a PSO method with cross and heredity function
is designed. It can overcome this drawback that the PID
parameters adjusted by the classical PSO drops into the
local optimum. The simulation results demonstrate that the
maximum tracking displacement error of the proposed PID
hybrid control method is reduced from 0.67% in the open
loop control method to 0.38%. That is to say, it is improved
by nearly half time in comparison to the control accuracy
acquired by the open loop control method. Considering
the influence of external interference disturbance, the
maximum tracking displacement error of the proposed PID
hybrid control method is reduced from 3.29% in the open
loop control method to 1.65%. It can be seen that the
proposed PID hybrid control method can improve the anti-
interference ability of the system and can achieve the high-
precision positioning control of the MSMA actuator.
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