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Abstract: Permanent magnet synchronous motors (PMSMs) are known as highly efficient motors
and are slowly replacing induction motors in diverse industries. PMSM systems are nonlinear
and consist of time-varying parameters with high-order complex dynamics. High performance
applications of PMSMs require their speed controllers to provide a fast response, precise tracking,
small overshoot and strong disturbance rejection ability. Sliding mode control (SMC) is well known as
a robust control method for systems with parameter variations and external disturbances. This paper
investigates the current status of implementation of sliding mode control speed control of PMSMs.
Our aim is to highlight various designs of sliding surface and composite controller designs with
SMC implementation, which purpose is to improve controller’s robustness and/or to reduce SMC
chattering. SMC enhancement using fractional order sliding surface design is elaborated and verified
by simulation results presented. Remarkable features as well as disadvantages of previous works are
summarized. Ideas on possible future works are also discussed, which emphasize on current gaps in
this area of research.

Keywords: permanent magnet synchronous motor; sliding mode control; motion control; fractional
order; sliding surface; composite controller

1. Introduction

Permanent magnet synchronous motors (PMSMs) are widely used in low- to mid-power
applications and high performance drives, e.g., robotics, electric vehicles and machine tools. They are
preferred over brush-type motors and are gradually replacing induction motors in various fields of
application due to their advantages such as compact structures, high air-gap flux density, high power
density, high torque to inertia ratio, and high efficiency. However, PMSM systems are nonlinear and
consist of time-varying parameters with high-order complex dynamics [1,2].

In recent years, field oriented control (FOC) of PMSMs has been a focus for many researchers.
This technique simplifies the motor modeling, hence resulting in a simplified controller design. The
stator current is decoupled into torque and flux producing components to allow independent control
of both parameters as in DC motors [3]. FOC is used to achieve smooth starting, good acceleration
and fast four-quadrant operation [4,5]. Compared to the direct torque control (DTC) method, the
FOC approach results in lower torque and current ripple [6,7]. The FOC approach is the focused in
this review.
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For speed regulation of PMSMs, control structures usually employ cascaded control loops, which
consist of an outer speed control loop and two inner current loops. The advantages of cascaded control
architecture lie in better disturbance resistance ability and better set point response performance.
In the speed-current cascaded control structure, the relationship between the speed output and the
reference quadrature axis current are usually described by a first-order model. However, considering
the possibility that the closed-loop performance might degrade due to vanishing relative differences in
control periods between both loops, second-order model relationships were also proposed [8]. For high
speed applications of PMSMs, integrated speed and current controllers were used to solve the problem
of nonlinear coupling between speed and current [9].

High performance PMSM applications require their speed controllers to provide a fast response,
precise tracking, small overshoot and strong disturbance rejection ability. Linear control algorithms,
e.g., PI controllers, have been widely used for speed control of PMSMs, but the performance was
unsatisfactory in terms of tracking ability and robustness [10]. Various nonlinear control methods
have been proposed to enhance the speed control performance of PMSMs in different aspects. These
methods include sliding mode control [1,4,8,11,12], predictive control [13,14], backstepping control [15],
adaptive control [15-19], Hoo control [20], automatic disturbance rejection control [21] and artificial
intelligence incorporated controllers [12,22].

Sliding mode control (SMC) is a class of variable structure system (VSS). Its theory was originated
in the late 1950s in the former USSR by Prof. V. L. Utkin and Prof. S. V. Emelyanov [23,24]. The key
idea of SMC is to reduce the complexity of high order systems to first order state variables, namely
the sliding function and its derivative [25]. Sliding mode control is well known as a robust control
method, which can guarantee excellent tracking although the system is exposed to internal parameter
variations and external disturbances. Other than that, remarkable features of SMC are its high accuracy
and simplicity. SMC has been successfully implemented in many fields [26-32] and applied to many
other machine types other than PMSMs, e.g., induction motors [26,33-35], linear variable reluctance
motors [36] and brushless DC motors [37,38]. SMC is applied to PMSMs directly for speed control,
position control and efficiency as well as indirectly for observer design. This literature focuses on the
application of SMC for speed control of PMSMs.

Challenges in SMC design are to ensure convergence of system state to sliding surface, to ensure
control target achieved on sliding surface (i.e., error converge to zero, ensure robustness), to minimize
reaching phase and to reduce chattering during sliding mode. Several sliding surface designs have
been introduced for speed control of PMSM.

Lyapunov stability analysis is widely used to analyse the stability of the developed SMC controllers,
where the stable convergence property is proven and evaluated. Several Lyapunov functions were
chosen by researchers to be employed in the analysis, but typically the function in Equation (1) is
chosen [4,39] with the conditions given in Equation (2). Reaching condition is satisfied when the
condition in Equation (3) is met:

V(t) = (1/2)s*(t) 1)
V(0) = 0Oand V(t) > 0fors(t) #0 )
V(t) =s(t)i(t) <0 ®3)

The main disadvantage of SMC methods is the chattering phenomenon they produce and high
frequency switching near the sliding surface caused by the discontinuous control law in SMC design
and from parasitic dynamics interactions [1,4,40]. Chattering can affect the system in terms of reducing
control accuracy, resulting in high heat losses in electrical power circuits and high wear of moving
mechanical parts [41].

This paper is organized as follows: Section 2 elaborates on various methods proposed by previous
researchers to enhance SMC for PMSM speed control. The effectiveness of SMC enhancement using
fractional order sliding surface design is verified through simulation results in Section 3. Discussion
and conclusion are presented in Sections 4 and 5, respectively.
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2. Sliding Mode Controller Enhancement in PMSM Speed Control

Chattering phenomena in sliding mode control are said to be the main obstacle for SMC to
become one of the significant discoveries in modern control theory [40]. Researchers have proposed
various methods to overcome this issue, whereby in doing so, the controller’s performance in terms
of disturbance rejection properties and/or tracking was also affected, either in an advantageous or
deteriorative way. Conversely, the proposed controller enhancement methods also determine the
resulting chattering phenomena.

2.1. Sliding Surface Design Modification

New sliding surface designs have been proposed in many previous works in order to enhance the
performance of SMC instead of using the conventional linear sliding surface. Linear sliding surface as
in Equation (4) guarantees sliding mode asymptotic stability with convergence rate depending on the
value of c [11]. The remarkable advantage of this design is its simplicity. However, the performance of
conventional linear sliding surfaces is proven to be less satisfactory in terms of convergence rate and
settling time [1,42]. The dynamic response of a closed loop system can be improved by using nonlinear
sliding surfaces. For PMSM speed control, several works have been executed using linear SMC, but
the drawbacks of linear SMC were overcame by means of hybridization to develop a composite SMC
controller [8,43,44] or modification of the reaching law [11].

s=cx1+x,c>0 4)

2.1.1. Integer Order Integral SMC

In conventional sliding mode control, the robustness of the system against parameters variation
and external disturbances is achieved in the sliding phase. Prior to that, i.e., during the reaching
phase, the robustness is not guaranteed. Integral sliding mode control (ISMC) (Equation (5)) was
introduced by Utkin and Jingxin [45] to overcome this problem by eliminating the reaching phase,
therefore, sliding phase is enforced throughout the entire system response. Furthermore, the order of
motion equation in integral SMC is not reduced by the control input dimension, but equal to the order
of the original system. The control law consists of a continuous nominal control and discontinuous
control, which is responsible for the performance of the nominal system without perturbations and
for rejecting perturbations respectively. Hence, with this type of SMC, system robustness can be
guaranteed from the initial time. In addition, smaller maximum control magnitude is required for
ISMC than conventional SMC since the value is usually bigger during the reaching phase [46,47].

¢
s= e(t)— f(; (a+bK) e(t)drt ®)

In PMSM speed control, constructing a conventional sliding surface requires both speed and
acceleration signals. However, acceleration signals are usually immeasurable and difficult to accurately
estimate due to noise and parameter uncertainties. Integral sliding mode solves this issue and avoids
degradation of the system closed loop performance [48]. As far as speed control of PMSM is concerned,
ISMC has proven to result in better speed response compared to conventional PI in terms of overshoot,
response time and steady-state error. In their simulation, Song and Jia [49] proved a smaller speed drop
by 87.5% under load disturbance when using ISMC, compared to a PI controller. Similarly, an improved
speed drop by almost 29% was observed in experiment executed by Zaky [50]. However, a better
result of 4% speed drop was obtained when using a tuned ISMC, concluding that good robustness is
only ensured when ISMC gain is carefully tuned. The drawback of ISMC is the difficulty of parameter
tuning of its gain, which is required to ensure good balance between disturbance rejection property of
the controller and the chattering phenomenon. This drawback was overcome using various techniques
such as using linear varying gain and extended state observer [48] or using gain tuning methods [50].
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2.1.2. Fractional Order SMC

Another nonlinear sliding surface design method is the fractional order sliding surface, which
utilizes fractional calculus in constructing its sliding surface. Fractional calculus emerged theoretically
over 300 years ago, but in recent decades it has been applied practically in a wide range of science
and engineering disciplines [51]. It is a generalization of the traditional integer order integration
and differentiation to the non-integer order. Fractional order terms have the property of attenuating
old data and storing new data, hence they are more stable or at least as stable as their integer order
counterparts [4,52]. Fractional calculus has been extensively integrated with classical PID control theory
to come out with fractional PID controllers indicated as PIyD,, [53-55]. Other fractional order controller
includes fractional adaptive controllers [56,57], fractional order compensators [58—61], fractional order
sliding mode observer [62] and fractional order sliding mode control (FOSMC) [62-65].

Various hybrid FOSMC methods have been implemented in nonlinear systems. Delavari, et al. [64]
compared the performance of their genetic-based Fuzzy FOSMC with integer order SMC in their
simulation study. It was proven that the proposed FOSMC resulted in faster tracking response,
improved tracking performance, smoother control action, minimized chattering, minimized root
mean square errors, robust against model parameter uncertainties and is appropriate for practical
application for nonlinear systems with parameter variations. Zhang, et al. [4] have experimentally
implemented FOSMC with fuzzy logic tuning for speed control of PMSM. The extra degree of freedom
of integral and differential operators can improve the controller’s performance further compared to
traditional integer order SMC (IOSMC). Theoretically, fractional order sliding surfaces experience
slower energy transfer during switching, hence resulting in smaller chattering compared to integer
order sliding surfaces which decay towards zero exponentially (Figure 1). Experimentally, FOSMC
has been proven to achieve better control performance with smaller chattering and robust against
external load disturbance and parameter variations compared to IOSMC. Similar simulation result
was obtained by Huang, et al. [5]. The superior performance of FOSMC for applications in induction
motors was elaborated and compared with a few other SMC controllers in Sun, et al. [66].

s = kpe(t) +  Dje(t)
k, > 0; ,Dj(-) is fractional order integral with 0 < r < 1

(6)
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Figure 1. Comparison of energy transfer during sliding motion of FOSMC (blue line) and IOSMC
(black line) [4].
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Taking advantage of both integral SMC and fractional order integral, composite integral SMC
was developed for position control of PMSM. The feedforward compensation part that consists of a
fractional integral term in the control law ensures timely generation of control output during start-up or
load disturbance by eliminating the integral saturation effect without having to increase the switching
gain. In addition to the ability to suppress disturbance, the additional term also weakens the chattering
phenomenon during sliding mode [52]. Implementation of similar composite controller for speed
control of PMSM would also result in a robust, chattering-free system. Implementations of FOSMC in
PMSM speed control need to consider the proper selection of the order, which lies between 0 and 1,
proper determination of the frequency band for fractional order operator approximation and selection
of either fractional integration, fractional differentiation or both as a sliding surface design method.

2.1.3. Terminal SMC

Terminal sliding mode (TSM) control utilizes terminal sliding surfaces in which fractional power
is introduced to ensure fast and finite-time states convergence during the sliding mode phase. Near the
equilibrium point, rate of convergence will speed up which makes this controller preferred for high
precision control. The drawback of conventional terminal SMC Equation (7) is its singularity problem
that might occur if the initial conditions are not carefully selected, due to the recursive structure of
switching manifolds [1,67,68]. Singularity in TSM was overcame by using two-phase control strategy
by inducing the system state into a non-singular region, prior to finite time convergence control [69].
In [70], non-singularity was ensured by switching between TSM and linear hyperplane based sliding
mode. However, as the boundary decreases to zero, the singularity effect is not fully eliminated.
Furthermore, when the boundary is relatively large, the advantage of TSM is diminished [67].

s= xp+ ﬁxlg
B > 0; p,q are positive odd integers, @)
p=>9

Non-singular terminal sliding mode controller (NTSM, Equation (8)) was proposed to completely
eliminate the singularity problem of conventional terminal sliding mode control and applied to robot
manipulators [30,67,71] and other systems [28,72]. Mu and He [73] proposed two new definitions
and theorems to specifically characterize the dynamic behavior of TSM and NTSM for nonlinear
systems. NTSM was applied for PMSM speed control and resulted in shorter settling time, better
anti-disturbance ability, smaller tracking error and smaller chattering compared to conventional
SMC [1,74,75]. However, controller enhancement still involves setting the switching gain at higher
value as per in SMC. Hence, large chattering cannot be avoided due to discontinuity term in order to
improve the controller performance. Another drawback lies in providing good convergence especially
when the system state is far from equilibrium [42]. Furthermore, improper parameter selection of
NTSM can affect its convergence rate when its performance approaches that of linear SMC [76]. Several
works aimed to overcome these drawbacks using composite NTSM controllers [77,78] as well as
proposing a design principle of controller variables based on homogeneity analysis [77].

P
s= x1+ %xg
B > 0; p,q are positive odd integers, ®)
1<t <2

Another type of terminal sliding mode controller proposed in the literature is the non-singular
fast terminal sliding mode (NFT'SM) controller Equation (9). NFTSM retains the advantages of NTSM
but with a faster state convergence. Near equilibrium, the convergence rate of linear sliding mode
remains constant while the convergence rate of NFTSM grows exponentially [76]. NFTSM has been
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applied for various control applications [79-84] and has shown not only faster convergence, but also
stronger robustness, higher precision and lower chattering compared to conventional SMC.

1
s = x2 +axy +px]
a,B>0; p,q> 0 (odd numbers); )

p>q

NFTSM implemented for speed control of PMSM has proven that singularity problem of TSM is
successfully avoided and faster convergence is obtained [85]. Thorough research on application of
NFTSM for PMSM speed control is still unavailable. However, for position control of PMSM, NFTSM
was used to reduce the chattering phenomenon and provide better position tracking and convergence
rate compared to a PD controller [42]. Similar result is expected if NFTSM is applied for PMSM speed
control. This style of numbering is only for equations and none are given

2.2. Higher Order SMC

Higher order sliding mode control (HOSMC) was first introduced by Levant [86]. In first order
SMC, the selected sliding surface has a relative degree one with respect to the control input. The control
input acts on the first derivative of the sliding surface. In higher order SMC, the control input acts on
higher derivatives of the sliding surface. A sliding mode is defined as n-th order sliding mode when
Equation (10) is satisfied [39]. The n-th derivative is predominantly supposed to be discontinuous or
nonexistent [87]. The sliding order characterizes the system dynamics in the vicinity of the sliding
mode in terms of degree of smoothness [88]. In literatures, various sliding surface types were used in
designing their HOSMC. Reset numbering

s()=st) =---= s V() =0 (10)

When compared to first order SMC, HOSMC provides smoother control, better performance
in terms of switching delays in control implementation, eliminates the requirement of derivative
information for the control and is better in chattering effects suppression while still preserving the main
advantages of the conventional SMC approach in terms of robustness and easiness of implementation [86,
89,90]. On the other hand, the challenge in HOSMC lies in the usage of differentiators, where
their practical behavior requires particular care in real implementation due to measurement noise.
The deteriorative effects on overall closed loop performance increase dramatically with the number of
differentiation stages [91].

For second order SMC (SOSMC), the main idea is not only to have the sliding surface at zero
but also its first order derivative. Its control acts on the first derivative of the sliding surface. Second
order sliding mode satisfies Equation (11). Different algorithms were proposed in literature to ensure
SOSMC finite time convergence to zero such as suboptimal [92], twisting, super-twisting [93,94], drift
and algorithm with a prescribed law of variation of s [88]. Robustness issues of second order SMC,
e.g., influences of measurement noise and unmodelled fast actuator dynamics, have been described in
details by Levant and Fridman [95] and Bartolini, et al. [91].

s() =5(t) =0 (11)

Second order SMC has been implemented in many systems [96-101] and for many machine types,
e.g., DC motors [39,93,102], PMSM [103], induction motors [104] and induction generators [105,106].
For speed control of PMSM, SOSMC resulted in smaller output deviations, smaller convergence time
of up to 66% and smaller chattering in comparison with first order SMC [94,107,108]. Chattering
reduction property of SOSMC has been detailed by Bartolini, et al. [109]. Chattering analysis approach
for systems with second order sliding mode control has been proposed by Boiko, et al. [110], where it
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can be applied to perform an in depth analysis of chattering for better comparison between SOSMC
and first order SMC.

2.3. Reaching Law Method

The reaching law method aims to eliminate the chattering caused by non-ideal reaching at the end
of the reaching phase. In sliding mode control, reaching law is the differential equation that specifies
the dynamics of a switching function. Several types of reaching law proposed in the literature are
constant rate, constant plus proportional rate, power rate, etc., where each has its own merits and
demerits [111]. Conventionally, a constant rate signum function is used as reaching law. The boundary
layer method is a common approach to alleviate chattering, where a smooth approximation is used to
replace the sign function when the state trajectories lie within a certain boundary layer of the switching
surface e.g., using saturation function [64] or hyperbolic tangent function [39]. However, this method
sacrifices the system’s anti-disturbance performance [1,40] and causes steady-state error depending on
boundary layer selection [99].

A novel exponential reaching law was proposed by Ke, et al. [9] for PMSM speed control. Absolute
value of system state variable was incorporated in conventional exponential reaching law, so that the
speed of convergence depends on how far the state variable is from the sliding surface. When sliding
surface is reached, trajectory will become stable and allow the chattering phenomenon to be suppressed
during sliding phase. However, the robustness of the controller is reduced and reaching time increases
as the state approaches the sliding surface [11].

Chattering can also be minimized by decreasing the switching gain, but then the controller’s
reaching time will be jeopardized. To find a balance between these two parameters in different phases
of SMC, Xiaoguang, et al. [11] proposed a novel reaching law that still uses the typical signum function
as reaching law, but with a modified gain. Instead of a constant gain, the proposed gain adapts to
sliding mode surface and system states variations. In the early stage of the reaching phase, a higher
gain expedites the reaching time. As the system trajectory approaches the sliding surface, the gain
will gradually decrease to zero in order to suppress chattering. The width of sliding mode band
decreases as the system state decreases until it reaches an equilibrium point, hence effectively limiting
the chattering effect of the SMC (Figure 2). Under disturbance-free conditions, chattering suppression
of more than 50% was recorded. Moreover, the convergence rate of the proposed SMC can be improved
by about 90%. For a similar purpose, Zhang, et al. [112] eliminated the usage of the signum function
in the reaching law and incorporated a terminal attractor term. However, chattering reduction was
not clearly quantitatively documented and compared. A modified gain sliding surface was proposed
by Jamoussi, et al. [113] for application in induction motors and their experimental results show a
significant reduction in chattering.
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Figure 2. Sliding mode band of (a) conventional reaching law and (b) novel reaching law [11].
Reproduced with permission from Xiaoguang et al., Nonlinear speed control for PMSM system using
sliding mode control and disturbance compensation techniques; published by IEEE Transactions on
Power Electronics, 2013.

2.4. Disturbance Compensation

In standard sliding mode control theory, disturbances can be rejected completely when the selected
switching gain is larger than the upper bound of disturbances. However, in practical applications, the
upper bound of disturbances is hard to obtain. Hence, a high value of the switching gain is normally
chosen to ensure disturbance rejection, which case will result in unwanted large chattering [3]. Several
methods have been proposed to deal with this issue. An adaptive algorithm was incorporated to SMC
for position control of PMSM in order to estimate the bound of disturbances and reduce the control
effort [114]. However, the aforementioned proposed solution suffers from chattering problems [8].
Another proposal was by using a boundary layer method [115], which unfortunately sacrifices the
disturbance rejection properties of the SMC to some extent.

In addition to the conventional feedback part, a feed-forward compensation part is introduced
into the controller to improve the disturbance rejection performance of a system. The compensation
part needs to be estimated, since direct measurement of the disturbances in PMSM applications is
usually impossible. The estimated disturbance can be conventionally fed to the controller but fast
suppression is not guaranteed. Moreover, in cases of severe disturbances, the system’s performance
can degrade tremendously [1]. Disturbance compensation allows a smaller value of switching gain to
be selected since the gain value needs to be more than the bound of the disturbance compensation
error instead of the lumped disturbances, which is usually larger. Hence, the disturbance rejection
property of the controller is ensured without worsening the chattering effect [8]. Various disturbance
estimation techniques as detailed in Chen, et al. [116] have been proposed in other fields [117-119],
but for PMSM applications, disturbance observer and extended state observer are widely used.

In extended state observers (ESO), the lumped disturbances of the system (external disturbances
and internal dynamics) are regarded as a new state of the system. ESO can estimate the states as well
as the disturbances and its order is one magnitude higher than usual state observer. ESO was proposed
by Jingqing [120] and has been incorporated in SMC for control in various fields [121]. SMC + ESO for
speed control of PMSM has been experimentally proven to result in low speed drop (about 1%) under
load disturbance of 2 Nm and lower chattering (by nearly 40%) compared to pure SMC controller [8].

The disturbance observer (DOB) was originated by Ohnishi [122]. Disturbance observer-based
SMC has been widely applied in various fields to improve the SMC in terms of disturbance rejection
performance and chattering [123-125]. Implementing sliding mode theory into the observer, extended
sliding mode disturbance observer (ESMDO) was developed by Xiaoguang, et al. [11] to provide the
compensation part of their SMC. Estimated disturbance suffers from chattering since the observer
is designed based on sliding mode and in this work it was suppressed using a low pass filter.
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The proposed composite SMC + ESMDO controller has better disturbance rejection ability than PI
controller, with smaller overshoot and shorter settling time. Quantitatively, under a load disturbance of
4 Nm, the speed drop of the proposed controller was reduced by 75%, overshoot was reduced by 50%
and settling time was 60% shorter. A more relevant comparison was made between SMC with sliding
mode-based disturbance observer and SMC without observer, where the composite SMC showed
smaller overshoot, better robust stability and reduction in the effect of random load on the system [78].
Similarly, performance of a DOB-based nonsingular terminal SMC controller was compared with a
conventional nonsingular terminal SMC by Mu, et al. [77]. Both their simulation and experimental
approaches showed that their proposed composite DOB-based SMC controller resulted in faster speed
response with a tracking error of less than 0.2% and overshoot reduction by 50%. Furthermore,
a remarkable improvement in current chattering was recorded, speed ripple was reduced by 80%
as well as better robustness against step load torque compared to a conventional NTSM controller.
The success in SMC controller enhancement through observers depends on how exact and quick
the estimation can be obtained, which requires the parameters to be selected carefully. Furthermore,
the parameters selected must also ensure that the reachability condition of the main SMC controller
is satisfied.

2.5. Artificial Intelligence

Integration of artificial intelligence (AI) into SMC provides breakthrough to the sliding mode
theory that has been studied for over 50 years. Composite SMC and computational intelligence
controllers have been summarized technically by Kaynak, et al. [126], who discussed the possible
ways of integration and by Xinghuo and Kaynak [90], who emphasized the individual advantages
and disadvantages of integrating various Al methods into SMC. Al was incorporated in sliding mode
controllers for various purposes such as combined with SMC to enhance the controller’s performance,
utilized the advantage of SMC to enhance main Al controllers, used for online or offline parameter
tuning of a SMC controller, as uncertainties estimator and also to eliminate chattering. Several works
have combined SMC, Al and adaptive control technique. The main advantages of adaptive control
technique that researchers tried to bring to their controllers are their independence from precise
prior knowledge of dynamic parameters, ability to effectively suppress errors caused by parameter
uncertainties and also the ability to neutralize to some extent the influence of SMC high-frequency
switching [127].

2.5.1. Fuzzy Logic

Fuzzy logic was proposed by Zadeh [128]. The main advantage of fuzzy logic is that it uses
linguistic information instead of mathematical tools to model complex industrial processes. Memory
capacity remains its biggest drawback, especially when high sensitivity of output is required. Composite
fuzzy sliding mode controllers have been implemented in various fields [129-135]. For speed control
of PMSM, fuzzy logic inference scheme (FLIS) was implemented to obtain the switching control
gain of a fractional order SMC. This online tuning method has proven reliable in resulting a robust
controller under various disturbance conditions [4]. Usage of fuzzy logic inference systems to obtain
a gain requires the membership function to be sufficiently intensive for precision as well as wide
enough to minimize the sensitivity to noise [136]. On the other hand, a composite fuzzy SMC was
designed, whereby sliding mode properties can improve the performance of a conventional pure
fuzzy controller. The control output was obtained by FLIS, depending on three sliding conditions
(approaching, sliding and stable). Since the input variable of the fuzzy inference rules is defined by the
sliding surface, the number of fuzzy rules can be minimized [137]. The proposed controller improved
the performance of a pure fuzzy controller in terms of eliminating overshoot, settling time, tracking
precision and steady-state error elimination [138]. Fuzzy adaptive mechanism was used to tune an
integral SMC controller switching gain with respect to load torque. This method resulted in speed
output without overshoot, steady-state error and chattering compared to a conventional ISMC without
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fuzzy [139]. For comparison purposes, similar performance was obtained when applying fuzzy SMC
to an induction motor [140].

2.5.2. Neural Network

Neural networks have characteristics of fault tolerance, parallelism and learning [141]. NN-based
SMC has been widely used as controller in various applications [142-146]. Wavelet NN (WNN) is
developed by combining wavelets with neural networks. It combines online learning ability of artificial
NN and identification ability of wavelet decomposition [12]. Its remarkable characteristics are quick
convergence and high precision with reduced network size [147]. For speed control of PMSM, uncertain
system dynamics was predicted using a WNN bound observer to solve the issue of uncertainty bound
in SMC design. This composite WNN-SMC controller allowed a robust speed control for a wide range
of operating conditions as compared to a conventional PID controller [12].

2.5.3. Fuzzy Neural Network

Both fuzzy logic and neural networks are universal approximators. However, the different
characteristics of each of them are complementary. Fuzzy neural network (FNN) improves fuzzy
logic-based controllers in terms of the learning abilities. Hence, it is capable of fuzzy reasoning in
handling uncertain information as well as has capability of artificial NN in learning from processes.
A combination of fuzzy and neural network theories was also incorporated in SMC controllers in
various fields [141,148]. A recurrent fuzzy neural network (RENN) intelligent observer was designed
and combined with a SMC controller to facilitate real-time adjustment of the upper bound of the
lumped uncertainty for position control of PMSM. The proposed controller resulted in a robust position
control with less chattering and smaller control effort compared with a total SMC without RENN
observer [149]. Elmas and Ustun [43] proposed a hybrid controller that consists of a SMC and a
neuro-fuzzy controller (NFC) connected in parallel for PMSM speed control. The error band method
is used to determine which controller needs to be activated at a certain time. SMC is active during
transient mode to get a fast dynamic response whereas the NFC is active during steady-state mode
to get a smooth, less chattering dynamic response. The idea is to use the advantages of both SMC
and NFC as well as to eliminate the disadvantageous factors of both. Current chattering of the
proposed hybrid controller is reduced by around 92% compared to a conventional SMC. However,
speed response of hybrid controller is faster by more than 7% compared to a conventional SMC. The
hybrid controller is also less sensitive to parameter variations and external load disturbances compared
to a conventional NFC.

The wavelet fuzzy neural network (WFNN) estimator combines fuzzy and wavelet neural network
theories to estimate the unknown lumped uncertainties online to enhance the performance of a sliding
mode controller. When applied to a six-phase PMSM, experimental results proved that the WENN
can perform a reliable estimation of lumped uncertainty and WFENN-SMC controller resulted in
smaller tracking errors compared to a PI controller and SOSMC without WENN lumped uncertainty
estimator [99] and an adaptive backstepping SMC without WFNN [150].

3. Fractional Order SMC for Speed Control of PMSM

This section elaborates on a fractional order sliding mode control with PID sliding surface design
(FOSMC-PID) proposed for speed control of PMSM using FOC approach, as illustrated in Figure 3.



Energies 2019, 12, 1669 11 of 27

VDC
wr* i* U * U * —>t
—PO-P Controller —qbo-b Pl »| d,q 2 =N
+ K + A —>
- . PWM Inverter
ld*_ Ud UB* —’
—»( ) »| Pl > > —
J )
0,3 ap )
- A
\ 4
d i B fa
,q a,
lq < a
I
Iy o,p Ig a,b,c I
P
g
Encoder | PMSM
2 4—’
d/dt

Figure 3. Typical block diagram of field oriented control of PMSM.
3.1. Field Oriented Speed Control of PMSM

In rotor rotating reference frame, the mathematical model of a PMSM is defined as below [4]:

Uy = Rsid + ).\d — a)qu (12)

g = Rig + Ag+ @iy (13)

T, = 15p|Lualasi + (La - Ly )iaiy] (14)
C()f - pna)r (15)

where 1,1, are the d g-axis stator voltages, respectively; iy,i; are the d,g-axis stator currents, respectively;
L4,Lg are the d,g-axis stator inductances, respectively; T, is the electric torque; I;¢ is the equivalent
d-axis magnetizing current; L,,4 is the d-axis mutual inductance; py, is the pole pair; wy is the inverter
frequency and w; is the rotor speed. A 4,A, are the d g-axis stator flux linkages, which are defined as:

Ag = Lygig (16)
Ag = Lgig+ Ldedf (17)

Motor dynamics is described as:
Te = Jwr + Bnw, + Tt (18)

where | is the moment of inertia, B, is the viscous friction coefficient and T}, is the load torque.
In constant torque angle (CTA) control strategy (5 = 90°), d-axis stator current command, i, is set to be
zero. Electromagnetic torque in Equation (14) can be simplified as in Equations (19) and state equation
of the servo drive is obtained as per Equations (20).

T, = 1.5p|Lualafiy | = kiig (19)



Energies 2019, 12, 1669 12 of 27

oo

In this study, the main control problem is to ensure the motor speed, w; to track the desired
speed command, w; asymptotically. For this purpose, the main speed controller i.e., the sliding mode
controller provides an output in terms of g-axis stator current command, i, as the control input for
the inner g-axis current controller. The speed tracking error, e(t) and its derivative are defined in
Equations (21) and (22) respectively, where a, b, ¢, @(t) and 5(t) are defined as in Equations (23)—(26)
with Aa, Ab, Ac as the time-varying value of the system parameters and §(t) is lumped uncertainty:

e(t) = wy(t) —w,(t) (21)

e(t) = —ae(t) — big(t) + @(t) + 5(t) (22)
a=By), b=k, c=T] (23)

B(t) = awy(t) +c(t) + do (1) (24)
5(t) = Aaw,(t) — Abig(t) + Ac(t) (25)
l5(t)| <, QerR" (26)

3.2. Design of FOSMC-PID

The proposed fractional PID (PI*DF) sliding surface is defined in Equation (27), where oDy “() is
a fractional integration of order o and thB (.) is a fractional differentiation of order . By selecting
a = B =1, aclassical integer order PID sliding surface is obtained. The control law in Equation (28)
is adopted in this study. The equivalent control law in Equation (29) is obtained. Stability analysis of
the proposed controller is detailed in [151]:

s(t)= kpe(t)+kigD; %e(t)+kgyDle(1)

27
kp, ki k;>0,0<a<1,0<p<1 27)
§ = —ws — kssign(s), w, ks € RT (28)
kgD e (t)+ gy Dl e(t)
i -1 +(w — a)kye(t)
i(0) = (k) k@ (1) ki D e ) @9

+wkd0Dfe(t)+kSsign(s)

3.3. Simulation Results

The proposed controller is simulated in MATLAB/Simulink environment to evaluate its
performance as a speed regulator. The PMSM model used primarily in this simulation is a three-phase
Y-connected 1.93 kW motor with parameters as listed in Table 1. Fractional orders o« and 3 of the
designed controller was chosen to be 0.35 and 0.3, respectively.
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Table 1. Parameters of PMSM.

Parameter Value

Stator resistance, R 120
d-axis stator inductance, L; 6.35mH
g-axis stator inductance, Ly 6.75mH

Moment of inertia, | 231 x 1074 kg m?
Viscous friction coefficient, By, 0.0002 Nm s
Flux linkage, A ¢ 0.15Wb
Pole pair, py 4

3.3.1. Performance Comparison of Fractional Order SMC with Conventional Integer Order SMC

The performance of the proposed fractional order SMC is compared with the conventional integral
SMC. Reference speed of 500 rpm was set and load torque of 2 Nm was applied at t = 0.5 s. Results in
Figure 4 show that drive system with SMC speed controller experienced 9.22% overshoot, which was
10 times higher than the overshoot of the FOSMC system.

600777777\7777777777777 777777 T T T T T T T T T
5007[\ l S p— 1 ;
wof[
E 1 1 1 1 1 1 1 1
= | | | | | | =—— FOSMC |
B 300f- T S S —swmc |
Q | | | | | | ‘ |
» | | | | 50— ‘ |
200{f----- b Lo S - o :

| | | | 1500 |

L !

i i i i i 0.4 0‘L5 0.6 : 0.7 0.:8

00 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Figure 4. Speed response of the proposed FOSMC and conventional SMC speed controller.

The recorded settling time for SMC system was more than 30 times longer than FOSMC system.
When load torque was applied, SMC system suffered from speed drop of almost the same as those of
FOSMC system. However, it took almost 25 times longer time to settle back to the reference speed
compared to the FOSMC system. Furthermore, in system with conventional SMC, 10 times higher
speed ripple was observed.

3.3.2. Performance Comparison of Fractional Order SMC with Different Sliding Surface Designs
(PL, PD and PID)

In this work, a fractional PID sliding surface was proposed to construct the sliding mode controller.
The performance of the proposed sliding surface design is compared with PI and PD sliding surface.
Similarly, reference speed was set at 500 rpm and load torque of 2 Nm was applied at t = 0.5 s.
From Figure 5, it can be seen that FOSMC with PID sliding surface resulted in better speed response
with almost 19 times less overshoot than FOSMC with PI sliding surface. When load torque of 2 Nm
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was applied, FOSMC-PI experienced a speed drop of 4%, which is 2.8% more than the speed drop of
a FOSMC-PID system. After the speed drop, the FOSMC-PI system settled back to reference speed
after almost 0.01 s, whereas the FOSMC-PID settled faster by one fifth. In terms of torque ripple,
the performance of FOSMC-PID was prominent, where the resulting torque ripple was half of the
torque ripple of FOSMC-PL. Figure 6 shows that FOSMC-PD resulted in no overshoot compared to
FOSMC-PID. However, its settling time was almost nine times longer than FOSMC-PID. In addition to
that, FOSMC-PD had a larger steady state error of almost three times higher than FOSMC-PID. Torque
ripple of both controllers was almost equal.

600 -~ -7 - o o
500%‘ ‘ ‘ ‘ ‘ | — ; ;
nf
E T I | S ‘
e | | | | | |
= ‘ ‘ ‘ ‘ ‘ —— FOSMC-PID |
830077777777777:7 77777 :77777:7 77777 liii—FOSMC-Pl :
a | | | | | | | |
n | | | | | 510 i |
200 b

| | | | | 500 |

1 1 1 1 1 490 1

100f - :

I I I I I 480, I

i i i i i 0i49 0.5 :0.51 0523

00 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

6007777777777777777777777777} 777777 e
SOOﬁ 1 : : y : : l
ool
g
g | | | | '|——FOSMC-PID |
g 300 B S | —FosmMc-PD |
S | | | | | l l |
n | | | | 502 |
200 -~ T T T T 500 |

| | | | 1498 |

R 1
1007""717"""1 777777 o o 494 |

| | | | 1492 |

: : : : : 0.5 : 0.55 :0.6 01?5

OO 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 6. Speed response of FOSMC-PID and FOSMC-PD speed controller.
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In its own fractional order SMC group, the proposed FOSMC-PID has shown its advantages
in balancing the individual strength and weaknesses of FOSMC-PI and FOSMC-PD. The proposed
FOSMC reduced the overshoot contributed by the integral portion and at the same time reduce the
steady state error contributed by the differential portion. The combination of PID also reduces the
speed drop when the load torque was applied. Small speed and torque ripple proves that chattering
phenomenon has been successfully suppressed. Performance indices of the proposed controller and
the controllers in comparison are summarized in Table 2.

Table 2. Comparison of performance indices of the proposed controller with previous works.

Performance Indices @~ SMC  FOSMC-PI FOSMC-PD FOSMC-PID
(Proposed)
Overshoot (%) 9.22 5.52 0 0.8593
Settling time (s) 0.288 0.0094 0.096 0.0096
Speed drop (%) 1.28 43 1.5 1.16
Steady state error (%) 0.02 0.04 0.06 0.02
Torque ripple (%) 12 11 10 10
Speed ripple (%) 0.16 0.12 0.014 0.014

3.3.3. Performance of the Proposed FOSMC Speed Controller for Various Conditions

The controller is then tested for various conditions to ensure its robustness. Figure 7 shows the
controller performance when reference speeds of 100 to 3000 rpm are given. The reference speed is
tracked with settling time not more than 0.2 s and with overshoot not more than 2%. On a different
case, various load torque (2-6 Nm) are given to the system at t = 0.5 s and the speed reference is fixed
at 500 rpm. Figure 8 shows that the controller is able to track back the reference speed after speed drop
of less than 13%. The proposed controller is also tested for a few motor sizes. As shown in Figure 9,
the proposed controller ensures successful speed tracking for motors between 1.67 kW and 13.22 kW.
The performance of the proposed controller is further validated and compared with performance of
SMC under different scenarios. Figure 10 shows the speed response of system when positive loads
of 2 Nm (at t = 0.5 s) and 6 Nm (at ¢ = 1.0 s) as well as negative loads of —4 Nm (at t = 1.5 s) are
applied. The speed response for both positive and negative reference speeds of 500 rpm, —500 rpm
and —1000 rpm att = 0.0 s, t = 0.5 s and t = 1.0 s respectively is shown in Figure 11. In this case, a load
torque of 2 Nm is applied at t = 1.5s.
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Figure 11. Comparison of speed response of FOSMC and SMC speed controller when positive and
negative reference speeds are given.

Simulation results proved that the proposed FOSMC speed controller performs as a robust and
fast anti-disturbance controller to regulate the speed of a PMSM and proven its advantages against
SMC controllers. The proposed sliding surface design also improves the FOSMC in terms of torque
ripple reduction, chattering reduction and anti-disturbance properties, compared to FOSMC with PI
or PD sliding surface. Its robustness is also proven for various conditions such as for various speed
references, various load torques and various motor sizes.

4. Discussion

Sliding mode control possesses many remarkable features to be applied in designing a robust
and precise speed controller for permanent magnet synchronous motors. Sliding surface design and
the chosen reaching law determine the equivalent control law that should result in system state’s
convergence to sliding surface and control target achieved on the sliding surface as well as should
ensure that reaching phase is minimized and chattering effect is attenuated. In addition to pure SMC
controllers, controller’s performance is enhanced in terms of robustness and chattering reduction by
many means. The main idea behind composite SMC is to have an adaptive sliding surface design based
on uncertainties and disturbances, compared to a sliding surface design with fix values in conventional
SMC. State-of-the-art implementation of SMC for speed control of PMSM is summarized in Figure 12
and compared in terms of their remarkable properties and disadvantages in Table 3.
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Figure 12. Summary of SMC enhancement methods.

As far as SMC for PMSM speed control is concerned, opportunities of future works are still
wide open. The lists of sliding surface designs and composite sliding mode controllers that have
been successfully applied to other machines but have not been applied for speed control of PMSM
are endless. Similar good results are not guaranteed but they are worth to be researched on. It is
also necessary to mention that more research works is required in the area of SMC parameter
tuning, since many researchers still based their work on conventional trial and error method. A new
promising approach to optimise parameter tuning is by using adaptive SMC to ensure a dynamical
adaptation of the control gain in order to be as small as possible whereas sufficient to counteract the
uncertainties/perturbations [152-158]. For PMSM application, disturbance estimation techniques are
mostly constraint at either DOB or state observer. This situation opens the opportunity for future
researchers to explore the combination of SMC with other estimation techniques.

Many composite SMC controllers have been proposed, but researchers should not compromise
one of the remarkable features of SMC namely its simplicity. Integration of artificial intelligence
into SMC in order to produce an “intelligent” controller should not jeopardize the controller’s speed.
Information on chattering effect is crucial in presenting SMCs. In several literatures, the chattering
effect of their proposed controllers was not carefully presented or simply not addressed. It can be
concluded that what remains in designing a SMC for speed control of PMSM is to find balance between
the robustness and the chattering for wide range of operating conditions.
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Table 3. Comparison of state-of-the-art implementation of SMC for speed control of PMSM.

Controller Description

Remarkable Properties

Disadvantages

Unsatisfactory convergence rate and settling

Linear SMC Simplicity time (can be improved by composite SMC or
reaching law modification)
e  Reaching phase eliminated )
e Order of motion equation is equal to order of Controller gain must be carefully tuned to
Integral SMC the original system ensure balance between robustness and
e Smaller maximum control magnitude required chattering
e Improve controller performance with extra
) degree of freedom (fractional operator) . . )
Fractional order SMC o Small chattering due to slower energy transfer Careful tuning of fractional operator required
compared to integral SMC
Fractional power is introduced to ensure fast and Singularity problem that might occur if the
Terminal SMC finite-time states convergence during sliding mode initial conditions are not carefully selected
phase (can be solved by NTSM, NFTSM)
e  Control input acts on higher derivatives of the
sli-di-ng surface ) ) Usage of differentiators, where their practical
Higher order SMC * Shdmg f)r.dgr character.lzgs the SYSt?m dynamics  pehavior requires particular care in real
in the vicinity of the sliding mode in terms of implementation due to measurement noise.
degree of smoothness
e  Sacrifices the system’s
Smooth approximation to replace sign function to anti-disturbance performance
Boundary layer SMC alleviate chattering e  Steady-state error depending on
boundary layer selection
) ) e  Speed of convergence depends on how far the e  Robustness of the controller is reduced
SMC‘ Wlth. reaching law state variable is from the sliding surface e  Reaching time increases as the state
modification

To eliminate chattering

approaches the sliding surface

SMC with feed-forward
disturbance
compensation

Allows smaller value of switching gain to

be selected

Disturbance rejection property of the controller
is ensured without worsening the

chattering effect

Disturbance estimation using DOB or ESO

Depends on disturbance estimation accuracy

SMC with Al

Areas of Al utilization with SMC:

combined with SMC to enhance the
controller’s performance

utilize the advantage of SMC to enhance main
Al controllers

used for online or offline parameter tuning of a
SMC controller

as uncertainties estimator

to eliminate chattering.

Computational load

5. Conclusions

An extensive review of the state-of-the-art implementation of SMC for speed control of PMSMs is
presented in this paper. Various sliding surface designs and composite controller designs with SMC

implementation have been highlighted. The remarkable properties as well as the disadvantages of
previous works are summarized. Ideas on possible future works are also discussed, which emphasize
on current gaps in this area of research. Certain areas have not been thoroughly covered in this study
and deserve a separate thorough review e.g. the application of sliding mode controllers in sensorless
speed control of PMSMs, the application of SMC for DTC control of PMSMs and sliding mode observers
in combination with other controllers for speed control of PMSMs.
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