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Abstract: Nowadays, high-precision motion controls are needed in modern manufacturing industry. A data-driven nonparametric
model adaptive control (NMAC) method is proposed in this paper to control the position of a linear servo system. The controller design
requires no information about the structure of linear servo system, and it is based on the estimation and forecasting of the pseudo-partial
derivatives (PPD) which are estimated according to the voltage input and position output of the linear motor. The characteristics and
operational mechanism of the permanent magnet synchronous linear motor (PMSLM) are introduced, and the proposed nonparametric
model control strategy has been compared with the classic proportional-integral-derivative (PID) control algorithm. Several real-time
experiments on the motion control system incorporating a permanent magnet synchronous linear motor showed that the nonparametric
model adaptive control method improved the system′s response to disturbances and its position-tracking precision, even for a nonlinear
system with incompletely known dynamic characteristics.
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1 Introduction

The scope of control theory and its application are ex-
panding along with the rapid development of economy, sci-
ence and technology. Due to the practical needs, lots of new
problems are coming out, and new ideas, new methods for
those problems are required. Moreover, as the interdisci-
plinary integration trend is further strengthened, more and
more the applications using the control theory in different
fields are increasing significantly. The computer numerical
control (CNC) machine integrates mechanical system, elec-
trical system, control system, information, materials, and
the internet and it increasingly requires higher precision
performance, faster dynamic response, less noise and less
wear and more robustness.

The linear motor and its servo driven control technol-
ogy in CNC machine improve the transmission structure
of the machine and thus they are widely used in industrial
applications[1−4]. However, the performance of linear motor
may be affected by some factors while it is running, such as:
the loads during the operation, and the changes of loads on
the motor. The motor′s parameters would also change dur-
ing the operation. The friction in its linear guide[5, 6] is also
required to be considered. All these disturbances and un-
certainties would affect the accurate and precise control for
linear motor and linear servo system. Furthermore, the con-
ventional proportional-integral-derivative (PID) algorithm
can be applied on the nonlinear system, the time-varying
system, the coupling system and the system with uncertain-
ties, but its control performances are not ideal, and its pa-
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rameters are difficult to be tuned as well[7]. To overcome the
above problems as well as to achieve the high performance
on the linear motor or linear servo system[1−4], the control
strategy should be able to compensate the disturbances and
reject the uncertainties. In recent years, a number of re-
searchers have done researches on the advance control meth-
ods for the linear servo system which help to achieve high
precision[8−13] . In [9], an observer of disturbances based on
the mathematical model was designed, which is able to com-
pensate the disturbances in a certain bandwidth. However,
the precise model which is not easy to obtain in the real
application is required in this method. Moreover, there are
several researches which have reported that the adaptive
robust control methods are able to eliminate the effect of
the external changes and system parameter changes effec-
tively, as well as to increase the motor′s dynamic stiffness,
which help to suppress the aforementioned disturbances.
However, it is not easy to carry out the nonlinear compen-
sation of the permanent magnet synchronous linear motor
(PMSLM). Additionally, these algorithms are complicated
and always with a slow convergence of the control param-
eters. Therefore, their applications on the linear servo sys-
tems are limited. To solve these problems, the controller
should be designed to have the features that can achieve
good tracking performance, rapid dynamic response, strong
anti-disturbance capability, and robustness. The traditional
methods based on the model need to know controlled sys-
tem order and model prior knowledge, they fail to deal with
the control problems of linear servo system with structure
time-varying, parameters time-varying, order time-varying
and strong un-modeled dynamics, so these methods have
been challenged.

Data-driven control method is based on the controller
design that does not need to contain the information of the
controlled system′s mathematical model, it only uses the
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online and offline input/output (I/O) data of the controlled
system which can be obtained through data processing. Un-
der certain assumptions, data-driven control method has
stability, convergence security and robustness[14]. The non-
parametric model adaptive control (NMAC) method is a
typical data-driven control method[15].

In this paper, the data-driven, nonparametric model
adaptive control of a linear servo system is proposed. The
theoretical analysis and several experimental results pre-
sented in the following sections of this paper will show that
this method is an effective method to remove the system
disturbances and it is robust with regard to dynamic pa-
rameter changes. Moreover, the results also indicate that
the application of this method could result in precise posi-
tion control of a linear servo system.

2 PMSLM: working principles

2.1 Working principles of the linear servo
system

This operation platform of the linear motor system
is sourced from Zhengzhou Weiner Technology Co. Ltd.
China. It consists of a U-shaped PMSLM, mechanical mo-
tion platform, precision linear guide rail, encoder sensing
device, digital servo driver and computer. The structure
diagram of the linear servo system is shown in Fig. 1. The
operating parameters of this PMSLM are as follows: max-
imum speed is 1ms−1; maximum acceleration is 60 ms−2:
maximum stroke is 380 mm; nominal thrust is 30 N; and
peak thrust is 80 N.

The nonparametric model adaptive linear servo system
used for this research is a double closed loop system, con-
sisting of a speed control loop and followed by a position
control loop. The speed control loop is established inside
the linear motor′s driver while the position control loop is
established by the NMAC. The system′s operating princi-

ples are shown in Fig. 2. This system achieves the capabil-
ity of motion control system through the use of a computer
with a control card of the hardware-in-loop (HIL) (sourced
from cSPACE), a linear servo driver, an encoder and a lin-
ear motor.

Fig. 1 Structure diagram of the linear servo system

The USB interface in Fig. 2 connects the computer with
the cSPACE control card. Its function is to transfer the
NMAC algorithm DSP code onto the DSP of the cSPACE
control card.

The RS232 interface in Fig. 2 connects the computer with
the cSPACE control card. Its function is to monitor the mo-
tor output signals from the cSPACE to the computer and
to control the motor′s start and stop operations.

The encoder interface in Fig. 2 connects the encoder with
the cSPACE control card. Its function is to send the po-
sition information of the linear motor to the DSP of the
cSPACE control card.

Working procedure 1.
The designed NMAC algorithm is established by Mat-

lab/Simulink, the I/O interfaces are replaced by cSPACE′s
Simulink hardware module. The compiler module compiles
the NMAC algorithm into the DSP code which is then
downloaded to the DSP of the cSPACE control card via
the USB interface. Each hardware interface module is cor-
responded to the hardware interface of the cSPACE control
card. Table 1 is the description of the hardware interface
modules functions. Table 1 illustrates the function of each
interface module in Fig. 2; these modules are a “bridge”

Fig. 2 Operation principle for linear servo system



R. M. Cao et al. / Data-driven Nonparametric Model Adaptive Precision Control for Linear Servo Systems 519

Table 1 Function descriptions for hardware interface modules

Type of interface module Function for interface module

Grating quadrature encoder signal
To detect the position signal of linear motor and output pulse number

receiving module

D/A output module 16-bit analog to digital conversion, output range is (−10V, +10V)

Motor start and stop module PC control the motor start and stop by the serial port

Compiling module The control algorithm files based on Simulink program are compiled into executable code

Run module
Automatically run the generated target code downloaded to the cSPACE control card

based on Matlab/Simulink, and automatically start the cSPACE monitor screen

between the software and the hardware, which links the
Simulink to the hardware system. The descriptions men-
tioned above are the functions of the cSPACE.

Working procedure 2.
The position signals relating to the linear motor are col-

lected through the encoder and sent to the DSP of the
cSPACE control card. Then they are compared with the
input signals of the desired sine position and thus obtain
the error signals. The error signals are then processed by
NMAC algorithm to obtain the control signal for the subse-
quent transmission to the servo system of the linear motor.
The resolution of the detector is 5 μm.

Working procedure 3.
The control signals from the DSP of the cSPACE con-

trol card are amplified by the servo driver which is used to
drive the linear motor. The driver was sourced from the
Elmo Company, Israel. To obtain the possible maximum
output, the driver is set to work under the speed mode
whereby the internal speed control loop — comprising the
speed controller, the speed feedback, and speed estimation
— is used to control the speed.

2.2 Characteristic analysis of permanent
magnet synchronous linear motor

The kinetics of the PMSLM in the control system is usu-
ally divided into the constituent linear and the non-linear
parts: The linear part can be represented by the kinetic
electromechanical equations:

ẍ = −K1

M
ẋ +

K2

M
u − 1

M
Fload (1)

K1 =
KeKf + RaD

Ra
, K2 =

Kf

Ra
(2)

where x is the position of the linear motor, M , D and Fload

are the mechanical parameters of the motor, representing
inertial, viscous, and load forces, respectively, u and Ra are
the motor′s DC voltage and armature resistance, respec-
tively, Kf is the energy transformation constant, and Ke is
the back electromotive force (EMF) constant.

Using (1) and (2), the linear part of the PMSLM can
be considered as a 2nd order dynamic model, representing
the linear relationship among the motor parameters. The
dominant linear model does not include the extraneous non-
linear effects which may be presented in the real system.
Among them, there are two prominent non-linear effects
associated with PMSLM. They are due to the ripple and
the friction forces, arising from the magnetic structure of
PMSLM and other physical imperfections[5]. A first-order
model for the force ripple can be described as a periodic
sinusoidal type signal:

fripple = b1 sin(w0x) (3)

where b1 is the amplitude of the force ripple and w0 is the
angular velocity of force ripple.

In the actual operation, because of the change of mag-
netic field, the force ripple is more complex, it has different
higher order dynamics model, but there are same period
and amplitude, so easy comparison.

The frictional force includes Coulomb friction, viscous
resistance, and static friction components[6]:

ffriction = (fc + (fs − fc)e
−

(
ẋ

ẋs

)δ

+ fvẋ)sgn(ẋ) (4)

where fs is the static friction force; fc is the maximum value
of the Coulomb friction; ẋs is the lubrication parameter; fv

is the load parameter; and δ is an additional empirical pa-
rameter.

Equations (3) and (4) show that the magnetic thrust
fluctuation and the friction are mainly determined by the
speed and the position of the motor. Both of them have a
nonlinear relationship with the speed and position. During
the motion, due to the changes in speed and position, the
thrust fluctuation and the friction will change, thus increas-
ing the difficulties in compensating the thrust fluctuations.
Through this analysis, it can be seen that the PMSLM is a
nonlinear system with complex structure, variable param-
eters, as well as variable structures, order numbers, and
parameters.

2.3 Linear motor control system software
framework

The servo system of permanent magnet synchronous lin-
ear motor is not only required to have high performance, but
it also needs that the system software framework is func-
tioning perfectly to ensure a convenient debugging servo
system. To meet different requirements of the servo con-
trol system, the hardware part of the experiment system
is equipped with a special software development platform,
so that it can ensure that the operation of the whole servo
system is effective. The software platform of the system
framework is shown in Fig. 3.

Fig. 3 System software platform framework

The Elmo composer is used to realize serial communica-
tion between driver and computer, to complete the driving
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mode selection, and to implement the manual debugging on
the target machine.

The Elmo drive is used to drive servo motor, which has
a simple programming function so that it can achieve some
simple control of servo motor.

The Elmo studio is to manage the driver programming,
compiling and communication.

The code composer studio (CCS) from TI Company is
a complete DSP integrated development environment. In
this system, the CCS3.3 is used for the programming of
DSP (TMS320F2812).

In this paper, a monitoring interface for the servo motor
control system is implemented in LabVIEW.

3 Nonparametric model adaptive con-
trol for a linear servo system

3.1 Basic theory of the nonparametric
models adaptive control system

The essence of NMAC is to replace the general discrete
time nonlinear system with a compact format linearization
real time model at the current working position in the con-
trolled system. It uses the I/O data from the controlled
system to estimate the psoudo-partial-derivative (PPD) in
a compact format linearization, dynamic, linear and online
model. And finally a nonparametric model adaptive con-
troller for such a nonlinear system is accomplished[15]. The
general discrete time single input single output (SISO) non-
linear system can be effectively represented by

y(k + 1) =f(y(k), y(k − 1), · · · , y(k − ny), u(k),

u(k − 1), · · · , u(k − nu)) (5)

where u(k) and y(k) are the system′s input and output at
the moment k; ny and nu are unknown orders of the system;
and f(·) is an unknown nonlinear function.

The NMAC is based on the following assumptions made
from the system:

Assumption 1. The system (5) is observable and con-
trollable in following meanings, that is, for the expected
bounded system output signal y∗(k + 1), there exists a
bounded feasible control input signal which drives the sys-
tem output equal to the expected output.

Assumption 2. The partial derivative of f(· · · ) with
respect to control input u(k) is continuous.

Assumption 3. The system (5) is generalized Lips-
chitz, which is satisfying |Δy(k + 1)| � b |Δu(k)| for k and
Δu(k) �= 0, where Δy(k + 1) = y(k + 1) − y(k),Δu(k) =
u(k) − u(k − 1), b is a constant.

Assumption 3 is a limit on the rate of change of the
system output. Obviously, it includes a class of nonlinear
plant.

Theorem 1. The nonlinear system (5) satisfies the As-
sumptions 1–3 thus there must exist φ(k), called PPD, when
Δu(k) �= 0

Δy(k + 1) = φ(k)Δu(k) (6)

where ϕ(k) is the system′s PPD, |φ(k)| � b is bounded, and
b is a constant.

Verification of this linearization is based on [15]. Com-
pared with other linearization methods, the compact format
linearization method has features as follows:

1) No requirements for either a mathematical model of
the controlled system and its orders, or the associated time
delay.

2) No reference trajectory is needed for the controlled
system.

3) No empirical knowledge of the controlled system is
needed.

4) The linearization model is data-based with a view of
a control system design with simple structures and few pa-
rameters. It is a real-time incremental model.

In the design of the NMAC algorithm, the adjustable
parameter λ should be added to the control algorithm so
as to limit the change of Δu(k) as well as guarantee that
Δu(k) �= 0. The above method is operated by the min-
imized weighting error-forecasting criterion function: The
nonparametric models adaptive control algorithm based on
the compact format linearization is obtained below:

u(k) = u(k − 1) +
ρkφ(k)

λ + φ(k)2
[y∗(k + 1) − y(k)] (7)

where ρk is the step series, ρk ∈ (0, 2), and λ is the penalty
factor of the control input change. Besides the linear com-
pensation for the nonlinear systems, the change of in PPD
may also need to be constrained. To avoid rapid changes in
the estimation or undue sensitivity to some mutating sam-
ples among the parameters, the estimation criterion func-
tion is proposed as follows:

J(φ(k)) = [(y0(k) − y(k − 1) − φ(k)Δu(k − 1))2+

μ(φ(k) − φ̂(k − 1))2] (8)

where y0(k) is the actual output; μ is a penalty factor of
the parameter′s estimation variable, they can constrain the
linear replacement range of the nonlinear system. Due to
the consideration of the k-th sampling moment in (8), the
parameter estimation algorithm derived from the criterion
function has the ability to track real time variations in the
parameter(s). By the minimization derivation[15], the PPD
estimation algorithm is obtained by:

φ̂(k) = φ̂(k − 1) +
ηkΔu(k − 1)

μ + |Δu(k − 1)|2 ×

(Δy(k) − φ̂(k − 1)Δu(k − 1)) (9)

ϕ̂(k) = ϕ̂(1), if φ̂(k) � ε or |Δu(k − 1)| � ε (10)

where ηk is the step series, ηk ∈ (0, 2), ε is the minimum
positive number, and φ̂(1) is the initial value of φ̂(k). As
can be seen in (7), the control law has no relation with the
mathematical model structure and the system orders. Only
the system I/O data is required for forming the basis for the
subsequent design. This method may realize the parame-
ter adaptive control and structure adaptive control. Due to
the unique, single online adjustment parameter (PPD), the
calculation is straightforward.
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3.2 NMA controller design of the linear
servo system

NMAC has been widely used in refineries, chemi-
cal industry, electrical and electronics industry, traffic
and transportation[16], DC motor and chemical-industrial
moulding applications[12]. Based on the analysis of the un-
defined nonlinear feature of PMSLM, the NMAC method
with the compact format linearization is proposed in this
research since it is suitable for position controller design
of the linear motor servo system. In this way, the distur-
bances are able to be suppressed and the high precision
motion control can be thus realized.

Equation (5) shows the behavior of a typical servo system
for the PMSLM, u(k) and y(k) are the input voltage and
output position, respectively at the k-th moment. ny and
nu are the uncertain order numbers of the servo system,
f(·) is the uncertain nonlinear function of the servo system.

The linear servo system fulfills the following three condi-
tions:

1) The input voltage and the output position are observ-
able and controlled. For the output signal which is a de-
sired sine position with certain amplitude, there is always a
corresponding voltage input signal that makes the position
output to follow the desired sine input.

2) The PPD of the voltage control input u(k) for the
unknown non-linear function in the linear servo system is
continuous. When the input control voltage is within the
allowable range of the motor, the voltage increment would
cause corresponding changes in the position output incre-
ment.

3) Changes in the bounded input voltage cause changes
in the bounded output position; the input voltage in the
allowed range of the motor can bring in changes of the in-
put position within the allowable range for the motor. This
acts as a constraint on the position output of the linear
servo system.

According to the compact format dynamic linearization
model in (6), the PPD can be regarded as a slow real time

parameter when both the sampling period and the volt-
age variable Δu(k) are negligibly small, therefore, the re-
lationship between PPD and u(k) can be omitted. The
sampling period is 0.005 s, and the voltage variable of the
motor Δu(k) is therefore deemed to be sufficiently small.
Thus, the design of the adaptive controller for the linear
servo system is feasible.

The control algorithm (7) shows that the response speed
of the servo system is faster when the weighting factor λ
is smaller. Meanwhile, the overshoot may occur and the
motor may run out-of-balance. In contrary, the response
speed is slower when λ is larger. The influence of λ on the
system dynamics will be validated in the experiments.

According to the estimation algorithm, the early restart
algorithm (10) aims to improve the tracking ability of the
algorithm of (9) for real time parameters. Equation (10)
can prevent the voltage variable Δu(k) from becoming zero
(at which point the motor system would cease to function).
Parameters for the design of the linear servo system are as
follows: the step series ηk is 1.5, ρk is 0.01, penalty factor μ
is 1, ε is 0.0014; φ̂(1) is the initial value of φ̂(k), the initial
values are 2 and 0.5, respectively, when the system is reset.

3.3 Implementation of cSPACE Simulink
for the NMAC algorithm

Fig. 4 shows the algorithm framework established by
cSPACE/Simulink based on the aforementioned NMAC
and PPD algorithms (the PID algorithm framework is not
given). The hardware interface module was connected to
the cSPACE control card, and NMA position control was
achieved by the working principles in Fig. 2. Modules from
“WM-Read 1” to “WM-Read 4” provide the observation
values, which can revise the parameters of the NMAC al-
gorithm and the amplitude of the sine signal of the desired
position input. And the real-time display graphics of the
control results are provided for the observation of running
effect of the linear servo system. Table 2 introduces inter-
face module functions of the NMAC algorithm. In Fig. 4,

Table 2 Introduction of module functions of the NMAC algorithm

Name of module Function

cSPACE WM-Write 1 module Adjust amplitude of the sinusoidal signal on-line

cSPACE WM-Write 2 module Adjust λ in the control algorithm (7) of the nonparametric model adaptive control online

cSPACE WM-Write 3 module Adjust ρk in the control algorithm (7) of the nonparametric models adaptive control online

cSPACE WM-Write 4 module Calculate the initial value of PPD ϕ̂(k) in the online estimation algorithm (9) of NMAC

cSPACE WM-Read 1 module To observe the desired position input value of the linear motor

cSPACE WM-Read 2 module To observe the output position value of the linear motor

cSPACE WM-Read 3 module To observe the output position error-value of the linear motor

cSPACE WM-Read 4 module To observe the PPD value of NMAC

F2812 eZdsp TMS320F2812DSP control card; needed by every Simulink control algorithm file

Run Simulink file run button

Build Simulink file compilation button

WM-Motor on/off Motor start and stop button

WM-DAC 1 Connect Simulink file with cSPACE interface card, to achieve D/A translation

WM-Encode 2 Connect encoder with PC, to achieve position signal collection

Sine wave Input sine signal
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Fig. 4 NMAC method for linear servo system

a PPD restart algorithm (10) is achieved by a switch in
Simulink in order to reflect the choice of ε. In this way,
excessively low voltages are avoided, resulting in a sta-
ble system. Fig. 4 shows the hardware-in-loop (sourced
from cSPACE), software (NMAC algorithm file based on
Simulink) and the hardware (drive, motor, grating encoder
and cSPACE control card) and their connections.

4 Experiments

The experimental work is divided into two parts: firstly,
the driver feature tests, secondly, the servo system control
test[17].

4.1 Characterization testing and analysis
of the linear servo driver

The dynamic response of the linear servo system directly
determines the performance of the NMAC position control.
Three main indices are used to evaluate the linear servo
system behavior: the maximum overshoot, the steady-state
error, and the bandwidth. The aforementioned Elmo com-
poser was used to set and adjust the parameters of the servo
driver of the motor through RS232 interface before testing
and analyzing the operational characteristics of the motor.
Those frequency-domain properties measured in the exper-
iment are shown in Fig. 5. In the closed-loop amplitude-
frequency characteristic, when the frequency decreases be-
low 3 dB from 0, the corresponding frequency is called band-
width frequency. The bandwidth definition indicates that if
the sinusoidal input signal is higher than the bandwidth fre-
quency, the system output will show significant attenuation.
As can be seen from the phase-frequency feature in Fig. 5,
the speed inner-loop system has larger bandwidth which
is about 200 Hz. During the experiments, the sine input
signals ranging from 0.2 Hz to 1 Hz are used. Because the
bandwidth is much larger than the input signal frequency,
the response speed is faster and the control signal-tracking
ability can be improved.

Fig. 5 frequency response characteristics for the linear servo

driver

Fig. 6 shows the current input and the speed tracking
performance of the linear motor when the speed inner-loop
system is operating in response to the step input. Since
the resolution of the encoder was 5 micrometers (one pulse
is equivalent to 0.5 m), the average speed is 0.1 ms−1 when
the desired step speed input is 20 000 pulses per second.

Fig. 6 Current input and speed tracking characteristics for the

linear servo driver



R. M. Cao et al. / Data-driven Nonparametric Model Adaptive Precision Control for Linear Servo Systems 523

Although there are some overshoots in Fig.6, the response
speed is fast, the settling time is short, and the steady-
state error is zero. Thus, it can ensure the speed inner-loop
stability of servo system. Based on the speed inner-loop
stability, this paper mainly focuses on the research of the
position precision control, same as servo system the position
outer-loop control.

4.2 Control experiment for the linear
servo system

The purpose of this experiment is to apply the NMAC
method based on the tight-format linearization. For com-
parison, the PID algorithm was also applied to the position
control of the linear servo system. The aim is to make
the linear motor reciprocate in-line with different input sig-
nal frequencies (various speeds), different distances (vari-
ous accelerations) and different disturbances (no-load and
loaded), and then to analyze the system position-tracking
error, to check the ability of the system to suppress distur-
bances, and to verify the robustness of the NMAC controller
and its precision control feature.

According to the feature indices of the hardware, experi-
ments involving PID and NMAC algorithms were both per-
formed at different speeds (different frequencies of the sine
signal of the desired position input) and different distances
(different amplitudes, in the range 3mm to 190 mm, of the
sine signal of the desired position input). The sampling
time was 0.005 s; the sine signal amplitude of the desired
position input was 90mm (with a maximum distance of
180 mm). Three configurations are summarized in Table 3.

Case A. Parameters were adjusted to their optimal val-
ues by the PID algorithm (0.9, 18, and 0, respectively):
the tracking error was within 0.6 mm, as can be seen in
Fig. 7 (a). Then the NMAC algorithm was employed in-
stead of the PID algorithm, and the closed-loop response
and stability can be obtained by adjusting the weighting
constant λ. In this way, stable and precise tracking re-
sponses by using NMAC are obtained making it superior
to PID control. The tracking error while using NMAC is
within 0.2 mm, as shown in Fig. 7 (b): At λ = 4 , the initial
value of ϕ(k) was ϕ(1) = 2 .

The amplitude of the sine signal was then reduced to
30mm. For the short-distance movements of the motor,
the position errors of PID and NMAC showed few differ-
ences which is within ±0.01 mm. When the amplitude of
the sine signal was increased to 150 mm, the distance moved
by the motor became longer, i.e., 300 mm, and the control

effect is more similar.

Fig. 7 Case A: feature comparison of PID and NMAC

In the case of slow speed and no-load, both the PID and
NMAC guaranteed a stable closed-loop system, because po-
sition trajectory of linear motor is a sinusoidally, two algo-
rithms can ensure the output position change tracking in-
put position change accurately. Even if the locus and char-
acteristics of the motor′s movements were changed (with
respect to acceleration, current, thrust fluctuation, etc.),
these two algorithms still achieve acceptable control perfor-
mances. On the other hand, the PID algorithm had ex-
cessive adjusting parameters, and any changes thereto may
affect the quality of control. The NMAC algorithm is only
required to tune one parameter λ which is easy to be tuned.

Table 3 Experimental division of PID and NMAC

Configuration Input signal of the desired position Load disturbance Purpose of the experiment

A
0.2Hz sine wave (average speed,

No-load
To verify the position-tracking effect of the

about 72 mm·s−1 two algorithms at low operating speed

1Hz sine wave (average speed,
To verify the adaptability of the two methods to the

B
about 360 mm·s−1)

No-load position tracking and their control precision when

situation A is stable at low operating speed

1Hz sine wave (average speed,
2 kg added when the

To verify the robustness of the two
C

about 360 mm·s−1)
methods when the load

disturbance changed
operation was stable



524 International Journal of Automation and Computing 11(5), October 2014

The maximum position error and the maximum variabil-
ity of the position error occurred at the moment while the
motor switched its direction. The resolution of the encoder
was 5 μm, but the position error control results did not
achieve micrometer′s level. The main reasons are as fol-
lows:

Note 1. Although the real-time simulation control on
the hardware-in-loop is a common method for the design
of the control system, but it has some limitations. The en-
coding efficiency, data exchange pattern, and the simulator
performance affect the data transmission bandwidth, which
may limit the improvement of the sampling frequency.

Note 2. The motor time constant of the servo system
refers to the length of the transition time of the motor, it re-
flects the changing speed of the system, which can be within
1ms. The sampling time in this research was 5ms. Due to
the low sampling frequency, the dynamic characteristic of
the servo system is affected.

Therefore, as long as the NMAC scheme is applied in the
DSP and running at a full speed instead of hardware in the
loop simulation, it can make the position error control in
micrometers.

Case B. The sine signal frequency of the desired posi-
tion was increased from 0.2 Hz to 1Hz, which means that
the operating speed of the linear motor is increased by five
times faster than the Case A: Fig. 8 (a) shows the position
error of the PID control system at this moment relative to
the optimal parameters (1, 24, 0). The maximum error is
3mm, which is a big tracking error with poor control preci-
sion. However, the control performance of the NMAC algo-
rithm was good. The error is within 0.4mm, as can be seen
in Fig. 8 (b). At this moment, λ was adjusted to 1.3 and
the initial value of PPD became φ̂(1) = 2 . The analysis
of PMSLM showed that, the current drawn by the driv-
ing motor changed when the speed changed. Thus the real
time disturbance caused by the current change significantly
affected the motor′s dynamics. Besides, the quasi-perfect
adaptability to the changing model parameters verified that
the control principle of NMAC is independent of the model,
and its PPD is a real-time parameter. Due to its continuous
changes, the adaptive control method could adjust the rela-
tions between the position and the voltage, as can be seen
in Fig. 8 (c). The PID and NMAC tracking performances
are shown in Figs. 7 (c) and 8 (d). In the case of load dis-
turbance, the advantage of NMAC control effect is better
obviously.

Fig. 8 Case B: Feature comparison of PID and NMAC algo-

rithms

Other parameters were kept constant with λ > 8,
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then the position output brought about significant phase-
differences as high as 180 degrees. When λ > 10 , the
system became unstable. This is because the increasing
λ value causes the voltage to tend to zero, and thus the
PPD is no longer a real-time parameter. Therefore, it lost
the ability of adjusting the parameters for adapting to the
changes in either voltage or position. When λ is decreased,
the output changed to be a triangular wave and even clip-
ping of the waveform to form a flat-topped profile occurred
with significant position-tracking errors, as seen in Fig. 9.

Fig. 9 Influence of λ changes on the system′s dynamic proper-

ties in NMAC

For λ < 0.5, the system began to vibrate because λ was
excessively small, thereby causing a significant voltage vari-
ability/instability. Therefore, the changes in λ affected the
system′s dynamics, as predicted by the aforementioned the-
ories. As can be seen from the perspective of these changes
in λ, λ is insensitive to the other parameters and its poten-
tial range of adjustment is wide. It implies that the system
is robust.

Case C. The parameters which are applicable to Case
B were kept the same. However, the servo system was sub-
jected to an additional weight of 2 kg. The initial value φ̂(1)
of the PPD was reset to be 0.5, and then the error is within
1mm, as can be seen in Fig. 10.

Fig. 10 Control effect of the loaded NMAC

After the loading, the system could not be controlled
by the PID algorithm no matter how its parameters are
adjusted. The linear motor vibrated excessively, until its
mover reached the end of its travel range, and the motor
stopped working. As can be seen from the perspective of the
electromechanical formulation given in (1) for the PMSLM,
the load was related to the voltage, position, speed, acceler-
ation, etc.. The load would cause corresponding changes of
these parameters. Under such changes, NMAC still retained
its performance, showing its independence from the model
as well as affording good control of the non-linear, real-
time system. The PID and NMAC tracking performances
are shown in Figs. 10 (c) and (d). It can be observed that
NMAC position tracking performance is much better than
PID .

Under the identical conditions, the position tracking er-
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ror of NMAC is 0.4 mm–2.6 mm which is smaller than the
one obtained by PID method in real time experiments.

5 Conclusions

The nonparametric model adaptive compact-format lin-
earization control method based on the data-driven was
applied to a linear servo system. Since the controller is
designed with less dependency on the model parameters,
the pseudo-partial derivatives could automatically regulate
both the motor drive voltage and the position output, when
the motor parameters (which included: speed, acceleration,
external load perturbation, etc.) varied. This showed a
good robustness of the proposed control system. Moreover,
the NMAC algorithm showed a good adaptability and ro-
bustness when it was applied to different signal frequencies
(velocity) or linear motor stroke (acceleration) variations.
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