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a b s t r a c t

In this paper, data-driven adaptive fractional order proportional integral (AFOPI) control is presented for
permanent magnet synchronous motor (PMSM) servo system perturbed by measurement noise and data
dropouts. The proposed method directly exploits the closed-loop process data for the AFOPI controller
design under unknown noise distribution and data missing probability. Firstly, the proposed method
constructs the AFOPI controller tuning problem as a parameter identification problem using the modified
lp norm virtual reference feedback tuning (VRFT). Then, iteratively reweighted least squares is integrated
into the lp norm VRFT to give a consistent compensation solution for the AFOPI controller. The mea-
surement noise and data dropouts are estimated and eliminated by feedback compensation periodically,
so that the AFOPI controller is updated online to accommodate the time-varying operating conditions.
Moreover, the convergence and stability are guaranteed by mathematical analysis. Finally, the effec-
tiveness of the proposed method is demonstrated both on simulations and experiments implemented on
a practical PMSM servo system.

© 2018 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Permanent magnet synchronous motor (PMSM) has received a
wide acceptance in modern industrial applications for its signifi-
cant merits such as super power density, low manufacturing cost,
fast response and efficiency [1e3]. However, the PMSM servo sys-
tem often suffers from uncertainness and various disturbances in
practice [4]. Moreover, studies on physical systems have revealed
inherent fractional order dynamic characteristics, including real-
time PMSM servo system [5,6]. Conventional control methods,
including integer order proportional integral (IOPI) controller, are
hard to satisfy the high-performance requirements for the PMSM
servo system. Nowadays, adaptive fractional order proportional
integral (AFOPI) controller receives considerable attentions with
the potential to achieve better control performance, especially for
those systems with fractional order dynamic behaviors [7,8]. The
extra adjustable control parameters contribute to design flexibility
and control superiority, but also make the controller tuning more
complicated and challenging [9,10].

Recently, many efforts have been made to develop tuning

strategies for the AFOPI controller, such as analytical methods
[11,12], fuzzy logic theory [13], Bode-shaping based method [14],
optimization methods [15,16]. These tuning techniques center on
using the system model information to design the control param-
eters, including low-order approximate models [17], transfer
function models [14,15] and state-space presentation [12]. How-
ever, complex applications make establishing accurate mathemat-
ical models costly or even unattainable. Imprecise models might
jeopardize the performance of the closed-loop system due tomodel
errors and unmodeled dynamics. The system identification
methods could be time-consuming which may hamper their real-
life applications.

The data itself contains valuable state information of process
operations and equipment since the models are identified by his-
torical or real-time data. Using the collected data, both online and
offline, to directly design controllers would be very significant and
efficient, especially under the lack of accurate process models [18].
Therefore, well established data-driven control or model-free
control approaches have been introduced with different charac-
terized names, such as iterative feedback tuning [19e21], model-
free adaptive control [22,23] and virtual reference feedback tun-
ing (VRFT) [24e26]. Among them, VRFT is a promising data-driven
method that directly searches for the global optimum to themodel-* Corresponding author.
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reference criterion. VRFT formulates the controller tuning problem
as a controller parameter identification problem via introducing
virtual reference signal [18]. The extensions of VRFT have been
explored for one [24,27] and two degrees of freedom control con-
figurations [26], and various fields of applications [28e32].

However, in order to achieve satisfactory performance of PMSM
servo drive system, the following challenges should be further
considered to address the data-driven AFOPI controller tuning
problem.

Firstly, noisy measurement is an important issue in control
areas, especially for data-driven control systems. In industrial en-
vironments, measurements are not perfect. They may be distorted
by many kinds of noise such as sensor noise and unreliable data
transmission, which will diminish the performance qualities of the
control system [28]. Some results have been proposed which are
related to measurement disturbances, including system parameter
estimation [33,34], adaptive controller design [23,24,35], filter
design [36] and observation compensation [37,38]. In Refs. [24,35],
VRFT is presented to solve the problem when the system output is
affected by noise. The influence of output noise is counteracted
using instrumental variable techniques through a time-consuming
repeated experiment. However, the above references have not
involved noisy input, which always appear simultaneously during
the transmission process. The challenges lie in the compensation
methods as well as the convergence and stability issues in the face
of measurement disturbances. Thus, it still has great significance to
explore data-driven control method under input and output noise.

On the other hand, in networked control systems (including the
fields-bus type PMSM servo system), there may be a nonzero
probability of possible data dropouts, i.e., the measurements are
intermittent containing missing packets [39,40]. The data dropouts
are caused by limited communication reliability, accidental loss, or
some of the data may be jammed or coming from a high noisy
environment [41]. The controllers have to make decisions on how
to control the systems with incomplete information. In this case,
the stability and control performance of the systems will be
affected. Model free adaptive control schemes considering data
dropouts are presented to guarantee the stability of the resulting
system [42,43]. In Ref. [41], model-free strategy is proposed to
compensate for the packet dropouts using the past control signals.
However, most of the existing methods need the information of
data missing probability or timeline for implementation. It is not
easy to be satisfied since the missing probability varies with the
external practical applications concerning the mutative commu-
nication link status and sensor temporal failures. Moreover, the
informationmay be unavailable in complex working environments.

It is essential and challenging to investigate the data-driven
adaptive control problem considering measurement noise and
data dropouts, which always occur simultaneously in practical
engineering. This paper proposes an AFOPI control method with
the following contributions: (1) A data-driven AFOPI controller is
designed to provide a global solution for the model reference
control problem. Different with the existing model-based ap-
proaches, the developed lp norm VRFT method can fully utilize the
observed input/output data without resorting to intermediate
system models. (2) This paper addresses the data-driven tuning
problem when the process data are corrupted by both noisy mea-
surements and data dropouts. The parameters of AFOPI controller
are tuned and compensated periodically. Unlike the traditional
methods giving the knowledge of noise distribution and missing
probability, this information keeps unknown during the real-time
implementation. (3) The engineering application for the PMSM
servo drive system is considered. Simulations and experiments
verify the effectiveness of the proposed method under unknown
noise distribution and missing measurements.

The remainder of this paper is organized as follows. Section 2
illustrates the control problem. Section 3 presents the lp norm
VRFT consistent solution and the theoretical analysis for AFOPI
controller. Simulations and experiments are given in Section 4.
Finally, conclusions are made in Section 5.

2. Problem formulation

In practical applications, the plant and the processing unit are
located separately, i.e., the measurements of the signals are trans-
mitted to the processing unit through network connections, where
some data may be lost or perturbed during the transmission. Data-
driven methods depend on the measured input-output data of the
actual system to be controlled. In order to make the expression
concise and without loss of any generality, the random data drop-
outs and measurement noise should be considered for the input
side and the output side simultaneously. Hence, the received input
signal umðtÞ and output signal ymðtÞ can be determined as:

umðtÞ ¼ urðtÞuðtÞ þ udðtÞ
ymðtÞ ¼ yrðtÞyðtÞ þ ydðtÞ (1)

where u(t) and y(t) are the actual input data and the output data of
the considered plant PðzÞ, respectively, udðtÞ and ydðtÞ are mea-
surement noise, urðtÞ and yrðtÞ are random variables to indicate
whether or not the packet is successfully transmmitted:

urðtÞ ¼
�
1; uðtÞ is successfully transmitted
0; otherwise

yrðtÞ ¼
�
1; yðtÞ is successfully transmitted
0; otherwise

(2)

Meanwhile, to facilitate the AFOPI controller design, we intro-
duce the involved transfer function as:

C
�
Kp;Ki

� ¼ Kp þ Ki

sl
; l2ð0;2Þ (3)

where l denotes the fractional order, Kp, Ki are the proportional and
integral gain of AFOPI controller, respectively.

The first order backward finite difference ð1� z�1Þ=T (T is the
sampling time, z�1 is the unit delay operator) is applied to obtain
the digital approximation of fractional derivative using sampled
values. By performing MacLaurin series expansion, the digital
implementation of fractional derivative with a fractional exponent
l is expressed as [44]:

Dl ¼ 1
Tl
Xk
i¼0

ð � 1Þi Gðlþ 1Þ
Gðiþ 1ÞGðl� iþ 1Þz

�i (4)

where D denotes non-integer order fundamental operator, k de-
notes the number of steps, Gð$Þ is the gamma function that gen-
eralizes factorials for non-integer reals.

The control objective is to design appropriate data-driven AFOPI
controller for the PMSM servo system using the received process
data with measurement noise and data dropouts such that the
closed-loop system can track the time-varying reference signal rðtÞ.
To this end, the following assumptions are made:

Assumptions 1. The noisy sequences ydðtÞ and udðtÞ are mutually
independent and they are independent of the yðtÞ and uðtÞ.

Assumptions 2. The binary random variables urðtÞ and yrðtÞ are
independent of uðtÞ and yðtÞ. Moreover, they are mutually
independent.

Assumptions 3. It is reasonably assumed that the system input
and output have the same missing probability:
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