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Integrated Position and Speed Loops Under
Sliding-Mode Control Optimized by Differential
Evolution Algorithm for PMSM Drives

Zhonggang Yin

Abstract—In this paper, to improve the robustness and realize
the precision positioning as well as speed control of the servo drive
system, an integrated sliding-mode control (ISMC) optimized by
differential evolution (DE-ISMC) algorithm is proposed. ISMC
guarantees that a motor can reach at given position with given
speed, and given speed is set first. ISMC, which is combined with
speed regulator and position regulator, is different from the con-
ventional sliding-mode control (SMC) replacing speed regulator.
ISMC can guarantee that motor speed is controlled under position
control mode, which is a novelty and an advantage of ISMC in
this paper. To achieve good control performance of ISMC, param-
eters of it should be chosen exactly, so DE algorithm is selected to
optimize them. The most significant influence factor of DE algo-
rithm is the optimization iteration. Once parameters of ISMC are
optimized under convergent iteration, servo system performance
reaches given indices in the shortest time. Experimental results in-
dicate that robustness of the servo system is improved; correctness
and effectiveness of DE-ISMC are verified.

Index Terms—Differential evolution (DE) algorithm, integrated
sliding-mode control (ISMC), iteration, parameters optimization,
servo drive system.

I. INTRODUCTION

ERVO motors can be controlled similarly as DC motors
S using the field-oriented control (FOC) approach, and per-
formance of servo motor with FOC is comparable to those of
DC motors. As modern industrialization and permanent mag-
net material develop, AC servo drive systems with permanent
magnet synchronous motor (PMSM) are used widely in many
areas. However, the servo motor drive still has a series of chal-
lenging problems due to some causes including parameter vari-
ation, model mismatch, load disturbance, and nonlinear nature.
These issues are devoted to deteriorating performance such as
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low-speed crawling phenomenon [1], [2], poor robustness, and
inaccurate positioning of the servo system. With rapid devel-
opment of control theory, in order to achieve high precision
performance of positioning control of the servo system, sev-
eral advanced control methods have been proposed, such as
the active disturbance rejection control [3], the internal-model
control [4], [5], the adaptive-control [6], [7], the sliding-mode
control (SMC) [8], [9], and other advanced control technolo-
gies. Among these methods, SMC has many advantages such
as simple structure, strong robustness, and wide application for
uncertain systems and parameters mismatch. In essential, SMC
also has a very vital and practical value in the servo drive system.
In particular, SMC is independent of the model of object and
insensitive to the variation of system parameters; therefore, this
method can restrain disturbance and improve system robustness
effectively.

As one of robust control methods, SMC is able to deal with
uncertainty of most motor systems. Many research works about
how to improve robustness of the PMSM [10]-[12] had been
studied. SMC is used for medium-stroke voice coil motor to
achieve position control in [ 13]. Control methods of the switched
reluctance motor based on SMC are applied in [14]. A robust
control method with high-precision control is presented for po-
sitioning control of permanent magnet iron core synchronous
motor drives in [15]. A control strategy of SMC for electrical
line-shafting control for motor speed synchronization is applied
in [16]. Most of the previous works are speed control based
on conventional SMC, and positioning control is not achieved.
However, precise positioning is a key index to judge the servo
drive performance.

To aim position control, some methods were proposed in
[17] and [18]. Adaptive backstepping control is applied in [17].
Moreover, the adaptive law based on the neural network is
proposed to tune parameters to improve the precision of the
positioning. By contrast, robustness of adaptive backstepping
control is worse than that of SMC. A flexure-based Lorentz mo-
tor fine stage is designed concurrently with a simple PI controller
to perform the dual-stage positioning, based on the existing
coarse stage [18]. Unfortunately, robustness of PI controller is
not strong and the system performance deteriorates when oper-
ating conditions change. Although aforementioned positioning
control methods have abilities to control motor rotor position,
it is unable to control speed of motors. The reason is that con-
ventional SMC structures are often used to replace individual
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speed loop or individual position loop of servo control system.
Therefore, integrated sliding-mode control (ISMC) can guaran-
tee that motor speed is controlled under position control mode.
In some special situations, motor rotor needs to arrive at a given
position with a given speed. In order to solve this problem, the
position loop based on SMC and the speed loop based on SMC
need to be merged; hence, the ISMC is proposed to replace po-
sition and speed loops. In order to guarantee that motor rotor
can reach at the given position with the given speed, a specified
speed profile must be devised in advance. It is usual to design
a trapezoidal speed profile obtaining three segments, which are
acceleration segment, constant speed segment (run segment),
and deceleration segment. Different control structures are de-
signed in different segments. In consideration of a structure
of the controller, ISMC is a better choice to be applied in the
servo drive system. ISMC simplifies conventional structures of
servo drive systems, and a servo drive system only contains two
controllers, which are ISMC and current regulator.

Due to the requirement of the precise positioning with the
given speed in industrial applications, it has a direct and signifi-
cant impact on the servo system response performance. Suitable
reaching law of ISMC is also important, as well as parameters
of reaching law need to be chosen properly. Therefore, tuning
parameters is a significant step in the system design. Generally,
designer of ISMC adopts a trial-and-error tune method. How-
ever, processes of manually tuning ISMC parameters are time
consuming and require a mass of design efforts, and it is difficult
to satisfy given performance indices in finite time. If parameters
are not tuned properly, performance of ISMC will be affected,
and then it will limit wide applications of ISMC method. Con-
sequently, it is essential to look for a method to tune parameters
of ISMC in the servo drive system.

In order to control motor speed during positioning, the ISMC
based on DE algorithm is proposed in this paper. ISMC is not
a simple and conventional controller; the speed signal could
be controlled indirectly in conventional SMC and directly in
the ISMC. In other words, the motor speed in the ISMC is
seen as a given signal instead of a measured signal. The ISMC,
which is combined with speed regulator and position regulator,
is different from the conventional SMC. DE is known for
its simplicity, robustness, and rapid performance. Compared
with most intelligence algorithms (genetic algorithms, particle
swarm optimization), the DE algorithm has less calculation to
realize optimization processes. The less calculation leads to the
rapid dynamic performance, which is a key index in the servo
drive system. In [19], it presents a modified JADE version with
sorting crossover rate (CR). In the proposed algorithm, a smaller
CR value is assigned to the individual with better fitness value.
Therefore, the components of the individuals, which have better
fitness values, can appear in the offspring with higher possibility.
In addition, the better offsprings generated from last iteration
are supposed to have better schemes. In [20], the technology
electrical continuously variable transmission (E-CVT) system
provides the opportunity to fulfill this requirement. However,
conventional E-CVT with planetary gears suffers from frictional
loss, high maintenance, and audible noise. The paper adopted
a differential evolution algorithm coupled with finite element
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method to optimize torque, energy efficiency, torque ripples, and
multiobjective of the E-CVT system by reconfiguring the height
of rotors, the areas of slots, and the height of yoke. In order
to balance the conflicting goals of fuel consumption and
emissions reduction in the choice of operating point, the
adaptive multiobjective differential evolution algorithm is
proposed to solve the auxiliary power unit operating point
multiobjective optimization problem in [21]. There are many
control parameters in the ISMC, thus, the DE algorithm is used
to optimize them, and make control performance achieve the
given indices. Moreover, DE algorithm has good robustness, so
it is more appropriate to be combined with ISMC. The similar
control structures of ISMC model had been proposed in [22],
but the design principle of SMC is totally different between the
work done in [22] and this paper. DE algorithm has been used
previously in some other fields such as neural network, pattern
recognition, and power system, and shown its superiority in the
aforementioned fields. However, the DE algorithm has been
rarely applied in the servo drive system previously; therefore
the controller is simplified and its parameters are optimized by
the DE algorithm in this paper, and the servo system achieves
the given performance indices. It can make ISMC have better
control performance such as less chattering and better dynamic
performance by combining it with the DE algorithm.

Based on above mentioned analyses, a novel integrated con-
trol method of servo drive for position and speed loops based on
SMC with differential evolution algorithm is proposed. In order
to optimize parameters of ISMC, the DE algorithm is adopted.
The advantages of ISMC and DE algorithm are combined, and
the DE algorithm is used to optimize the parameters of ISMC
with suitable iteration. DE-ISMC improves the robustness of
the servo drive system and achieves the given control indices
when the motor parameters mismatch and load disturbance. At
the same time, the low speed crawling phenomenon of servo
drive system is relieved and achieves given indices after conver-
gent iteration. The correctness and effectiveness of the proposed
method are verified by experimental results.

II. MATHEMATICAL MODEL OF SERVO DRIVE SYSTEM

The type of servo motor used is PMSM, assuming that a servo
motor is an ideal controlled object, and a mathematical model
of a servo motor under the d-q coordinate system is given as
follows:

ug = Rig — quiq + Ly d;; )
g = Rig + wLgia + wibs + Ly
T, = 1.5n, (Ygiq + (Lg — Lg) - iq - ). )
The servo motor motion formula is
J dw
T. - T, = —— 3
5 3 n, dt 3)

where u,4 and u,, represent d-axis stator voltage and g-axis stator
voltage, respectively. ¢4 and 4, are d-axis current and g-axis cur-
rent, respectively. Ly and L, represent d-axis stator inductance
and g-axis stator inductance, respectively. R is stator resis-
tance, 1)y is flux linkage of permanent magnets, w is electrical
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Fig. 1. Block diagram of servo system based on field-oriented: (a) conven-
tional PI controller and (b) ISMC.

angular velocity, J is rotational inertia, 7, is electrical magnetic
torque, 77, is load torque, and 7, is number of pole pairs.

The block diagram of simplified servo system based on field-
oriented approach is shown in Fig. 1. Generally, conventional
regulators are replaced by PI controllers which are shown in
Fig. 1(a). In some cases, such as parameters mismatch, low
speed crawling, and load disturbance, a position or speed regu-
lator is replaced individually by single sliding mode controller
to improve the servo system robustness. The proposed ISMC
that integrates position and speed loops is shown in Fig. 1(b).
The proposed SMC not only simplifies the system structure,
but also improves system robustness effectively. Besides, it can
simultaneously achieve control of both speed and position of a
motor rotor.

III. INTEGRATED CONTROL BASED ON SMC OF SERVO MOTOR

SMC is a kind of special non-linear control method, and it
is convenient to be realized physically. Thus, SMC is applied
widely to adapt to different control requirements. Then, PI reg-
ulators are often replaced by SMC because motor speed cannot
be controlled in traditional SMC methods under position control
mode as shown in Fig. 2(a), and the extreme armature current
is produced if motor speed is too large. In order to guarantee
the motor security working against over current conditions, the
ISMC is proposed. This method contains two kinds of control
modes, including speed control and position control. In Fig. 2(b),
a trapezoidal speed profile has three parts under position and
speed control modes: acceleration segment s; (under position
control mode), run segment so (under speed control mode), and
deceleration segment s3 (under position control mode).

In terms to different segments of servo motor motion, dif-
ferent sliding mode surfaces are needed to get in advance. In
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Fig. 2. Simplified speed profile of servo drive system based on field-oriented:

(a) conventional SMC and (b) ISMC.

order to achieve positioning control, both rotor speed and rotor
position need to be controlled at the same time. In Fig. 2(b),
when motor speed arrives at wp,.x at f;, the control mode is
switched to speed control mode, which maintains motor rotor
speed at wyy, »x, instead of exceeding wy, . and decelerating fast,
as shown in Fig. 2(a). At t,, actual motor rotor position is close
to reference position, and the sliding control mode is switched to
position control mode immediately. In order to keep trapezoidal
profile symmetric, ¢, can be calculated. For example, first, when
motor runs at t;, the route is 20% of the whole given position
signal, then when motor runs 80% of the whole given position
signal, motor speed is ready to slow down, and #; is calculated.
Afterward, motor rotor stops at 3. When the given position sig-
nal is of few degrees, speed profile transforms from trapezoidal
shape into triangular shape. In this case, the rotor could achieve
given position in few seconds, and motor speed has few effects
on the control performance. The principle and basic design of
ISMC in the servo system are introduced as follows.

A. Position Control Mode

Assuming state variables are designed as follows:

T = 0*—0
. 4)
T9g = X1 = —W.
Combining (3) and (4), we obtain
iy =~ = L (1, ~ T)). 5)

The following formula is reached by substituting (2) into (5),
taking into account that i}, = 0 (see Fig. 1):

By = —%(1.5%%«@ —Ty). 6)

Once again, when the servo motor is operation with no load,
iy isnear 0. The torque current which is shown in the experiment
isnear 0, and 77, = 0, &5 is expressed as
(L.5nyipriy) = —Ai, @)

p

J

To =

where A = 1.5%1/}#

During the time of [0, #;] and [#2, 73] in Fig. 2(b), both the
acceleration segment s; and the deceleration segment s3 are
under position control mode. Either motor rotor speed arrives at
wmax With forward acceleration or actual rotor position is close
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to the reference position, then a relative sliding mode surface is
designed as

51,3 = k1x + @9 (®)

where k; is a positive constant. In order to ensure that motor
rotor speed arrives at wy, ,x and reduces chattering more quickly,
the exponential reaching law is given as

513 = —e1sgn(s1,3) — c151,3 )

where e; > 0, ¢; > 0. 7 and ¢y are switching gain and exponent
coefficients of the reaching law, respectively. When a servo drive
system is stable, (9) can be developed as

—e1sgn(sy3) —ci1813 = kidy + &o. (10)
Combining (7) and (10), we get
. 1
91,3 = Z . [Elsgn(sl,g) +c181,3 — k1w}. (11)

Based on results of aforementioned analyses, k1, €1, and ¢;
have a vital impact on control performance of s; and s3. How-
ever, it is inconvenient to select appropriate k;, €1, and ¢; to
improve the robustness when servo motors suffer from distur-
bance. Hence, it is necessary to find an efficient way to optimize
appropriate parameters.

B. Speed Control Mode

During the time of [#;, #;] in Fig. 2(b), the servo motor rotor
speed iS wpax. In order to make a good control performance
under speed control mode, wy,,x is needed to design a variable
value. According to different reference positions, when refer-
ence position is small, wy,.x is small accordingly. Similarly,
when reference position is large, the wy, . is large accordingly.
In other words, in order to ensure that motor fix position quickly,
wmax should be set as a larger value when reference position is

larger.
The sliding mode surface of run segment s is designed as
89 = T3 + Wmax- (12)
Equation (12) can be described as
s = (0" — 0) + winax- (13)

It is more convenient to design SMC with (13), and once
servo drive system runs on Sy = wy,ax, the motor rotor speed is
Wmax - Similar to (9), the exponential reaching law of $ is given
as

(14)

32 = —€zsgn(52) — 9859

where 2 > 0, c; > 0. g9 and ¢9 are switching gain and exponent
coefficients of the reaching law, respectively. When the servo
drive system is stable (14) can be developed as

—e95gn(sy) — sy = —A - ig.
Combining (13) and (14), the sliding mode speed controller
is obtained as

1

2 = 5 (15)

- [easgn(sa) + cos2].
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According to (15), €2 and ¢y have an important impact on run
segment so. However, it is inconvenient to select appropriate €9
and ¢y to improve robustness when a servo motor suffers from
disturbance.

1, output expression is under postion mode and speed mode,
respectively. The 7, limitation of ISMC is set in the limiter to
avoid shock current. When servo motor is operation with full
load or 10% full load, T}, is a constant. In order to embody
strong robustness of the servo system, the concrete value of 7,
is not calculated, and the more suitable parameters of ISMC
is optimized in due course. Experimental results indicate that
robustness of the servo system is improved, and correctness and
effectiveness of DE-ISMC are verified when 17, is not zero.

C. Stability Analysis of ISMC

The stability analyses of the acceleration segment s; and the
deceleration segment s3 are shown as follows.

According to the Lyapunov stability theory, if V(x) =s5-5§<
0 exists, the servo drive system is stable. The Lyapunov function
is

1
V(z) = 552.

From (8), (9), and (16), we obtain (17) as

(16)

V(l‘) = 513" $173 = (k1$1 + l‘z) . (—elsgn(ng) — 6181"3)
= 7(]{}11'1 + 1’2) . [slsgn(klxl + fﬂg) + Cl(kllﬂl + (L’g)]
= —€1(l€1$1 + xg) . sgn(klxl + 1’2) — C (kll'l -+ LCQ)Q

= —£1 - |]{715L'1 +£C2| — Cl(klfL‘l +:L‘2)2 <0. (17

Similarly, (12), (14), and (16) are combined, and the stability
analysis of the run segment s is verified as follows:

V(a:) =89+ $9 = (T2 + Wiax) - (—e2sgn(s9) — 289)
= — (@9 + Wmax) - [E2880(29 + Wmax) + 2 (T2 + Winax)]
= —e3(T9 + Wiax) - 580(T2 + Wiax) — 2 (T2 + Winax)?
= —&9 - |T9 + Wnax| — c2(22 + Wiax)? < 0. (18)

According to (17) and (18), the stability of the ISMC is
verified.

IV. OPTIMIZED ISMC USING DIFFERENTIAL
EVOLUTION ALGORITHM

If robustness of servo drive systems needs to be improved
effectively, main ISMC parameters ki, €1, ¢1, €2, and ¢y of
three segments must be appropriate. However, it is rather hard
to choose the most suitable controller parameter to achieve the
given performance indices by tuning them manually. Conse-
quently, in this paper, the differential evolution algorithm is
introduced to optimize these parameters. After making use of
parameters optimized by the DE, robustness of the servo sys-
tems is strengthened, and the dynamic and steady performance
is optimized simultaneously. A novel DE-ISMC method is pro-
posed in this section, and it employs that DE algorithm can tune
parameters of ISMC automatically. Moreover, experimental
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results verify that DE-ISMC is more likely to make the dynamic
and steady performance better than ordinary ISMC.

A. Processes of DE Algorithm

The same as other principles of evolutionary algorithms, DE
algorithm is also a kind of multi-point search algorithm. Some
optimization processes of DE algorithm are similar to that of
genetic algorithm. Main processes of DE algorithm are shown
in Fig. 3. Main objective of DE algorithm is that, DE algorithm
selects two random vectors, which are from initialization popu-
lations, and then it creates mutated generation by factor F and
another random vector. Next, a new generation is evolved and
generated after crossover and selection. Concrete processes are
illustrated as follows.

1) Initialization: Like other evolutionary algorithms, at the
beginning of optimization, DE algorithm also needs initial pop-
ulations, and the population size is identified as Np. The random
initial population is from a known range value covering whole
parameters space.

Setting X; = [x;1, j2,. .., xin], where n means solution
space dimension, and an individual vector X; ; is emerged by
19)

Tij = Tijmin + T and(O, 1) * (xi.,jmax — T rnin) (19)

where 2; j, Z; jmax,and z; j min are jth components, upper limit,
and lower limit of an individual vector X, respectively.

2) Mutation: According to the K generation vector X ¥, then
mutated vector v ! is produced by

k+1_
1] xr1j+F(72]_x

) (20)

k k
where z; ;, x5 ;, and zk, j are jth components of three differ-

ent and random vectors from the K generation individuals. Fac-
tor F is a significant parameter to control differential quantity.
3) Crossover: Crossover factor is presented to improve in-

terference vector diversity in the DE algorithm, target vector

ul ]Ll is engendered from mutation and source vectors, and each

varlable is calculated as

K+l .
S B R <Cprorj=g
i o= .
7 x;  otherwise

2D
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g

E

3000

2000

Fig. 4. Main parameters influence of the DE algorithm. (a) F = 0.5, Cp =
0.9, Np = 100, iteration =20. (b)) F=0.8,Cp = 0.9, Np = 100, iteration =
20.(¢c)F=0.5,Cr = 0.5, Np = 100, iteration = 20. (d) F= 0.5, Cr = 0.9,
Np = 100, iteration = 15.

where ¢; is a random integer that belongs to (1, n), n; € (0, 1)
is a random control parameter of the j-dimensional component.
The crossover factor Cr € (0,1) controls the diversity of the
populations, as well as helps algorithm escape from local opti-
mal solution.

4) Selection: By principle of the greedy selection, once the
individual evolution value is better, the better individual is re-
served as the new group. If not, the parent individuals are still
remained in the populations, and this section is described as

k1 1 k
I W; if f( ) < f(xu) (22)
" oy otherw1se.

All processes of the DE algorithm are shown earlier, and
Fig. 4 shows the influence of parameters F, C'r, and iteration.
In Fig. 4, red dots represent individuals, black circle represents
optimization goal. Population quantity Np is chosen from 50 to
200. The range of F and Cp is (0, 2) and (0, 1) in the evolution,
respectively. Mutation factor F decides the ratio of deviation
vector, Fig. 4(a) and (b) displays that convergence rate is faster
when F is 0.5 instead of 0.8, which means that smaller mutation
factor F is, the faster convergence rate is. Comparing results
of Fig. 4(a) and (c), the larger the crossover factor Cp is, the
faster the convergence rate is. Comparing results of Fig. 4(a)
and (d), it is evident that more iterations are more likely to
improve convergence rate of DE algorithm. On the contrary,
more iterations cost much time, thus suitable iteration is chosen
from 5 to 50. Finally, chosen parameters of DE algorithm are
Np =100, F = 0.5, Cy = 0.9 in the proposed DE-ISMC, and
concrete iteration depends on running conditions of servo drive
systems.

B. ISMC Based on DE Algorithm for the Servo Drive System

In order to study DE-ISMC method for servo drive systems,
the block diagram of DE-ISMC based on FOC is shown in Fig. 5.
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DE-ISMC method mainly comprises two parts to optimize
ISMC parameters based on DE algorithm; these two parts are
parameters optimization by DE algorithm and ISMC. Accord-
ing to analyses given in Section III, it is known that the control
performance of ISMC is greatly affected by k1, €1, ¢1, (ki = ks,
€1 = €3, €1 = C3), €9, and c». Thus, these five variables need to
be optimized to achieve given performance indices.

In Fig. 5, 0" and 6 represent reference position and actual
position, respectively. w is electrical angular velocity. 4, and
1, represent reference g-axis current and actual g-axis current,
respectively. ¢, and i3 represent o-axis current and 3-axis stator
current, respectively. ¢, and 7, represent a-phase current and
b-phase current, respectively. S, , Sy, and S, represent switching
vectors.

When servo motor is operation with no load, 4, is near 0.
The torque current which is shown in the experiment is near
0, although the three SMC algorithms are switched. When the
servo motor is added with rated load suddenly, the torque is
varied from O to rated value, as shown in Figs. 22 and 23. It
means that ¢, varies from 0 to a concrete value. According to
T, = 1.5n,vriy, the concrete 7, value can be achieved. w in
(11) and Fig. 5, is the motor speed, which can be obtained from
feedback signals of encoder. In (4), x; and x, both contain w,
and k) w is taken into account as a part of x; and x».

In order to improve control performance of servo drive sys-
tems, DE algorithm is applied to optimize the above mentioned
five parameters. Next, concrete processes of adapting DE algo-
rithm are illustrated as follows.

1) Establishment of the Objective Function: To achieve bet-
ter control performance and robustness of servo systems, five
key parameters of ISMC are optimized by the DE algorithm.
Therefore, an objective function that reflects performance of
systems is designed to satisfy control indices set.

Ordinarily, the performance of the servo drive system in-
cludes dynamic performance and steady performance. Dynamic
performance mainly includes speed rise time 7's., motor load-
ing recovery time Ti¢,1, unloading recovery time 7}.,], motor
loading speed drop percentage ANyyqrop (%), and motor un-
loading speed up percentage ANy, (%). Steady performance
is speed steady error percentage Es spe (%). The correspond-
ing indices of relative performance are defined as T}ise—indexs
AZ\fovdropfindex’ AZ\fovupfindexv Trerl-indexs Trenl-index> and
Es spe—index» Tespectively. n and ny,, is the actual speed and
given maximum speed of the motor, respectively, and rny, .« is
relative to the reference position. Concrete performance indices
can be set based on the given performance indices, and the
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Fig. 6. Block diagram of the servo drive system.

optimization iteration and controller parameters are varied as
different given performance indices. In order to make the ob-
jective function achieve control indices with different cases
including parameter mismatch, low speed crawling, and load
disturbance, it is composed of weighted sum of dynamic and
steady given performance indices.

When a servo system is under parameter mismatch or low
speed crawling, the objective function is shown as

Y13 = ki - (Trise — Trise—index)

+(e1 4+ c1?) - (n— nmax)| [0,t1] or [ta, 3]
Yo = lea - (N — Nmax) + €2

- (Ess spe — Essspe—index)|  [t1,%2].

Y=

(23)

Once the system experiences load disturbance, Y5 is switched
as

}/2 = ‘52 . (ANovdrop + A‘Nvovup +n— A]Vovdropfindex
- A]Vovupfindex - nmax) + Co- (Trerl + ﬂ‘enl + Ess,spe

- ﬂerl—index — 4renl—index — Essspe—index”

where wyy, .« 1s changed as ny, . Unit of wy,, is rad/s, unit of
Nmax 18 1/min, and wy, .« and ny, .« have an equation: 1 r/min =
27/60 rad/s. The objective function of a system is determined
by the aforementioned design. In other words, the smaller Y is,
the better performance of a system is. Thus, given performance
indices can be achieved until Y reaches the minimum value.

2) Parameter Optimization of ISMC: Fig. 6 shows the block
diagram of a servo drive system. R(s) is input and Ny(s) is
input interference. Fy(s), Fao(s), F3(s), and F,(s) are transfer
functions of different levels, respectively. C(s) is output and
E(s) is error. N1(s), No(s), and N3(s) are disturbance of each
level, respectively.

The servo motor model can be seen as an inertial element. The
conventional servo drive system contains three loops, which are
current loop, speed loop, and position loop. According to the
mathematical model of motor structure, the servo motor model
and the design of each loop are shown as follows.

Design of the servo motor model F(s) is described as

1 1

= — - 24
Js+B s 24

F4(8)

where B is viscous friction coefficient.
The control object of the current regulator F3(s) is described
as
K, K, 3
(This +1)(Tis + 1)

Gionj(s) = (25)
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where K, = 1/R, and T}; = L,/R;. The PI controller of cur-
rent loop is described as

TiS

F3(s) = Gacr(s) = (26)

Then, the PI controller of speed loop F»(s) is described as

K, (tas+1)
ThS

Fy(s) = Gasr(s) = 27

where K, and 7, are the proportional factor and integration
time constant of the speed regulator, respectively.

The speed loop is typical II system, it is combined with posi-
tion loop to obtain a higher order system. In order to analyze the
system conveniently, the position regulator F (s) is described as

KpurKur
9.55s(Tyws + 1)

where K, is obtained by the reference and actual speed, and
T, is time constant of inertial element. K, is the proportional
factor of the position regulator.

For F(s), the input is position reference subtracts position
feedback, then adds N, disturbances (theta* — theata + N;) and
the output is the speed reference (w*). For Fs(s), the input is
the speed reference (w*) adds N; disturbances, and the output
is the current reference (j;) For F5(s), the input is the current
reference (i; ) adds N» disturbances, and the output is the voltage
reference (u; ). For Fy(s), the input is the voltage reference (u; )
adds Nj disturbances, and the output is the speed reference (w*).

To improve the robustness of the servo drive system, the
conventional position and speed regulators [F1(s) and Fs(s)]
based on PI is replaced by ISMC, which is expressed in (11)
and (15). The optimization processes of ISMC parameters are
as follows.

If variables are determined, the Laplace transforms of them
can be expressed as

E(s) = Dc(s)R(s) + X7 Pen, (5)Ni(s)

Fi(s) = Gui(s) = (28)

- o 1
@e(s) =1 *(I)( )* 1+ F1 (s)F2 (s)F5(s)Fy(s)
_ —Fi(s)F>(s)Fs(s)Fu(s)
ey (8) = TER 7y () () (4 2
N, (5) = 7Fa( )F5(s)Fy(s) (29)
N L+ F(s)F2(s)F3(s)Fi(s)
B “Fy (s)Fy(s)
eNz (S) — 1+ F(s )sz(S)ES(S)F-'l(S)
o —Fy(s)
q)ﬁst (S) - 1+F1(5)F2(i)F3(S)F4(S) ’

According to the objective function and variables of a servo
system, ki, €1, c1, €2, and ¢z of ISMC are optimized by the DE
algorithm. As shown in Fig. 5, a series of parameters about T;ige,
Es spe> ANovdrop> ANovup» Trerl, and Trep) are obtained on the
basis of speed feedback of the motor rotor, and Y is derived from
(23). First, setting initial population Y = [Y7,Y5,...,Y,] and
Y;.; as the jth component. Then, mutating initial population by
(20) the target vector UF ™! = [uf 1 uf P uf 1] s caleu-
lated, which s generated from mutation vector and source vector
by crossing. The DE algorithm can optimize parameters in the
next control cycle over and over, and always choose minimum
Y from optimization results of each time. Finally, selecting the
minimum Y means that suitable parameters k;, €1, c1, €2, and
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‘ Initialization ‘

e ——
‘ Mutation ‘

v

\ Crossover \

v

‘ Selecte new population ‘

‘ Calculate the controller parameters ‘

Select the individual with the minimum
Y to be optimum

Get ky, ¢y, €1, ¢2, and &,

end

Fig. 7. Main processes of parameters optimization.

Fig. 8. Experimental platform.

co of ISMC are selected, and control performance reaches given
indices. Processes of optimizing ki, €1, ¢, €2, and ¢ by DE
algorithm are shown in Fig. 7.

In the processes of optimizing parameters of ISMC by the
DE algorithm, the most significant influence factor is iteration.
Less value of iteration is unable to make a servo drive system
reach given performance indices, larger value of iteration could
increase calculation and occupy a lot of DSP memory undoubt-
edly. Therefore, in order to achieve given performance indices
after reaching convergent iteration of the DE algorithm, relative
indices of a control system must be given in advance. Then,
optimization processes profile of k1, €1, ¢1, €2, and ¢» are able
to be tested, and convergent iteration can be derived as well.

V. EXPERIMENTAL RESULTS

The experimental platform is shown in Fig. 8 and parame-
ters of a servo motor are given in Table L. It is based on the
RENESAS DSP SH2A and Lattice FPGA. ISMC algorithm
is written by C language in the control board. The feedback
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TABLE I
MOTOR PARAMETERS

Symbol Quantity Value

Py rated power 2 kW

Uy rated voltage 380V

ny rated speed 2500 rpm

Iy rated torque 7.7 N'm

v rated frequence 50 Hz

Ry stator resistance 0.1Q

La d-Axis stator inductance 24.3 mH

L, q-Axis stator inductance 243 mH

J rotational inertia 0.23 kg'm?

n, number of pole pair 4

] PM flux 0.081 Wb
58 180 deg/di 55
2% L0 egir] £ :§ [180 deg/div]
o ) .
57 o (200 pndiv] 53, 1100 pm/div]
25 24

Time (300 ms/div) Time (300 ms/div)
(a) (®)
Fig. 9. Responses of position and speed based on individual SMC and ISMC.

(a) Individual SMC. (b) ISMC.

information of the servo system is delivered to host computer
under the environment of VC +-+, and it makes use of Windows
application program interface to realize USB interface commu-
nication method. DE algorithm is applied to tune parameters
offline in the host computer.

A. Correctness Verification of ISMC

The correctness of ISMC is tested with no load in Fig. 9,
and sampling rate of ISMC is 62.5 us. Fig. 9(a) shows that
a servo motor switches back and forth between 0° and 180°
under individual SMC, which means that position regulator is
replaced by the SMC. In this case, the motor rotor speed is
uncontrollable and it is more likely to cause high current shock.
However, that speed could be controlled by ISMC in Fig. 9(b),
and the given 7y, 1s 200 r/min. After the motor rotor speed
arrives at 200 r/min, it is limited at 200 r/min. Once actual
position of the motor rotor is close to reference position, motor
rotor speed is ready to go down until the motor stops. As can be
seen, the correctness of ISMC is verified effectively in the servo
drive system.

B. Effectiveness Verification of DE-ISMC

The robustness of the proposed method has been mainly in-
vestigated under four cases including R, mismatch, L; mis-
match, low speed crawling, and load disturbance. Before relative
performance of ISMC is optimized by DE algorithm, given per-
formance indices should be set. The given performance indices
are mentioned in Table II.
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TABLE II
PARAMETERS INDICES

Case Symbol Quantity Index
parameter mismatch Tise speed rise time ( small position) <120 ms
parameter mismatch Tise speed rise time ( middle position) <150 ms
parameter mismatch Trise speed rise time ( large position) <250 ms
parameter mismatch £ speed steady error <5%
low speed crawling . speed steady error <20%
low speed crawling Tise speed rise time <100 ms

load disturbance ANovirop speed drop <3%
load disturbance AN,y speed up <3%
load disturbance Tyert recovery time of rated load <40 ms
load disturbance Trent recovery time of no load <40 ms

180! —e—cl |

——K

160 —

—e—c2
140 o

[}
S
© 120
>
8 100 o os
£
s 80,
8 60

40

e
20,
o ‘ ‘ ‘ 1
0 5 10 15 18 | 20 25

iteration time

Fig. 10.  Optimization processes of five main parameters.

TABLE III
PARAMETERS VALUE

Iteration cl k1 el c2
8th 104 52 50 143
18th 101 63 39 132

The optimization processes of five main parameters k, €1, 1,
€2, and cy are shown in Fig. 10. The servo drive system is steady
and five parameters are convergent until the 18th iteration, and
the system performance reaches given performance indices. For
verifying the correctness of convergent iteration and robustness
of the system, the system operating values are derived under
8th and 18th with different cases. From experimental results
comparisons, it is evident that the servo system performance
achieves given indices to enhance robustness of the system after
convergent iteration. Initial set of parameters are ready at the
beginning of optimization. These parameters, which are chosen
according to the empirical value, could guarantee fundamental
operation of motor.

The numerical calculation of the five design parameters is
shown in Fig. 10. Variable process of ISMC parameters de-
pends on DE algorithm in DSP. Therefore, these five parameters
change as optimization iteration changes. For instance, concrete
parameters values of 8th and 18th are given in Table III.

1) Verification of Control Performance With Ry, Mismatch:
Figs. 11-14 illustrate comparative experimental results when
the system is under 8th and 18th with R, mismatch, which aims
to the dynamic and steady performance of speed response. In
order to realize positioning control with a given speed value of
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Speed

Torque
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Fig. 11.
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Rotor
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[80 deg/div]

[20 rpm/div]
[TA/div] [1A/div]™
a2 BmE
0—
0
Time (750 ms/div)

(b)

Rotot
Speed

[5 A/div]

Torque
current

Comparative results between 8th and 18th under small and middle
positions with 2 Ry. (a) 8th. (b) 18th.

58 58
K (1500 deg/div] gz [1500 deg/div]
o -9
0 0
573 [1500 rpmy/div] 573 [1500 rpmv/div]
520 = cEe0— e
2 a [1 A/div] 2o [1 A/div]
25 [5Adiv] %’f‘f il /:.)?'V\\"JN 28 [sadivl lé“w"‘w \’c\\"'&
550 550
=3 =5
Time (300 ms/div) Time (300 ms/div)
(a) (®)
Fig. 12.  Comparative results between 8th and 18th under large position with

2 Rs. (a) 8th. (b) 18th.

58 5 £
2 ;8_ [80 deg/div] < n%_ [80 deg/div]
0 0 -

o [20 rpm/div] o [20 rpm/div]
238  [1AMiV] [1Aiv] £8  [Adiv] [1AMIV]
g /& Al g AN : = o P ® e N
. \/ N HN [s A/$] oy VY M [5 A/div]
250 580
i g N

Time (750 ms/div) Time (750 ms/div)

(a) (b)
Fig. 13.  Comparative results between 8th and 18th under small and middle

positions with 0.5 R;. (a) 8th. (b) 18th.

=1 =
g< B
22 [1500 deg/div] 23 [1500 deg/div]
0 0
573 [1500 rpm/div] 573 [1500 rpmy/div]
20 - 520 b J
4 [1 A/div] a2 [1 A/div]
5 T R sl
28 s I 28 saaw KM N
550 S50
=3 =0
Time (300 ms/div) Time (300 ms/div)
() (b)
Fig. 14.  Comparative results between 8th and 18th under large position with

0.5 R. (a) 8th. (b) 18th.

limited maximum speed, which depends on position reference,
must be set. The larger the position reference is, the larger the
limited maximum speed is. Fig. 11 shows position response,
trapezoidal speed profile and torque current under small and
middle positions of the system with 2 R, mismatch. Fig. 12
shows analogous comparative results under large position with
2 R, mismatch. Similarly, Figs. 13 and 14 also verify analogous
comparative results with 0.5 R, mismatch. It is clear that rise

=] =1
5.8 53
g2 : 2% i
] [80 deg/div] ] [80 deg/div]
- 0 [20 rprvdiv] - 0 [20 pm/div]
5 3 [1AMV] [1AdV]™ 5:% [1A/div] [1A/div]™™
RO Ay Yy EERRSTYYY ” Wi R
L u\mM [5 A/div] . hkl 5 Ajdiv]
250 . ze0 N N
ER) R ]
&3 £ 3
Time (750 ms/div) Time (750 ms/div)
(a) (b)

Fig. 15. Comparative results between 8th and 18th under small and middle
positions with 2 L. (a) 8th. (b) 18th.

58 5 £
3% 53 :
~ 0 [1500 deg/div] ] [1500 deg/div]
0 0

573 [1500 rpm/div] 53 [1500 rpm/div]
%) i 20— : =
%) [1 A/div] &~ o [1 A/div]
] ; R ! A
gg 0[5A/dw]¢ gg 0[5A/d1v] M\ -
=3 =9

Time (300 ms/div) Time (300 ms/div)

(a) (®)
Fig. 16. Comparative results between 8th and 18th under large position with
g p ge p

2 L. (a) 8th. (b) 18th.

5 & 58
28 [80 deg/div] < DZ_ [80 deg/div]
0 - 0
3 [20 rpm/div] . [20 pmvdiv]
23 [IAAV [1AGiV) 25 AV 1AV
SRy IR Yy i e M
Y KA FLL [5ﬁiv] . il il (5 Ajdiv]
=
(50 N -\ 50N A
€g 0 €30
Time (750 ms/div) Time (750 ms/div)
(a) (b)
Fig. 17. Comparative results between 8th and 18th under small and middle

positions with 0.5 L. (a) 8th. (b) 18th.

time and steady error of motor speed under 18th are smaller than
that under 8th, and vibration of torque current is smaller under
18th. Meanwhile, speed response reaches given performance
indices until 18th. The conclusion is drawn that the effectiveness
of ISMC is verified with R mismatch.

2) Verification of Control Performance With L; Mismatch:
Similarly, Figs. 15-18 illustrate comparative experimental re-
sults when the system is under 8th and 18th with L; mismatch.
When the d-axis inductance is under 2 L, or 0.5 L4, alike exper-
iments are verified. Fig. 15 shows position response, trapezoidal
speed profile, and torque current under small and middle posi-
tions of the system with 2 L; mismatch. Fig. 16 shows analogous
comparative results under large position with 2 L; mismatch.
Figs. 17 and 18 also verify analogous comparative results with
0.5 L; mismatch. The conclusion is drawn that steady state er-
ror of speed and vibration of torque current decrease obviously.
In addition, speed response is faster under 18th and relative
performance reaches to given performance indices until 18th.
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55 55
< n@_ [1500 deg/div] & nZ: [1500 deg/div]
0 0
573 [1500 rpmv/div] 573 [1500 rpm/div]
220 - ~ c20
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P “J'/\“- fthas 21 ] WA AL
55 sadvi A - 55 [sadiy oM
T~ N Eey ' N\
3 3
Time (300 ms/div) Time (300 ms/div)
(@) (b)
Fig. 18.  Comparative results between 8th and 18th under large position with

0.5 Ly. (a) 8th. (b) 18th.
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Fig. 19. Histogram of the comparative results between 8th and 18th with
parameter mismatch. (a) Ry mismatch. (b) L; mismatch.
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Fig. 20. Comparative results between 8th and 18th with low speed crawling.

(a) 8th. (b) 18th.

In order to show the experimental data of control performance
more clearly under 8th and 18th with parameter mismatch, the
histogram of the comparative results is given in Fig. 19.

3) Verification of Control Performance With Low Speed
Crawling: The low speed crawling is a common phenomenon
in a servo drive system, and it could cause vibration very of-
ten. Comparative results of control performance are under 8th
and 18th. Reference position switches between 0° and 15° at
41 r/min in Fig. 20. It is obvious that motor rotor is
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Fig. 21. Position enlarged figures between 8th and 18th with low speed

crawling. (a) 8th. (b) 18th.
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Fig. 22. Comparative results between 8th and 18th with load disturbance at

2500 r/min. (a) 8th. (b) 18th.
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Fig. 23.  Comparative results between 8th and 18th with load disturbance at
250 r/min. (a) 8th. (b) 18th.

fluctuating at 1 r/min, and fluctuation of speed response is
about 0.5 r/min under 8th (Fgs spe = 50%, Trise = 120 ms) in
Fig. 20(a), but speed response is optimized and fluctuation is
about 0.1 r/min under 18th (Eys spe = 10%, T}ise = 80 ms) in
Fig. 20(b). Position response is enlarged at +1 r/min under 8th
and 18th in Fig. 21. Comparing Fig. 21(a) and (b), position re-
sponse rises more smoothly under 18th, and fluctuation of speed
response decreases obviously. It is validated that control perfor-
mance of low speed reaches to control indices under 18th, and
relieves low speed crawling phenomenon effectively. The con-
clusion is drawn that relative performance of low speed crawling
reaches to given performance indices until 18th.

4) Verification of Control Performance With Load Distur-
bance: Figs. 22 and 23 show comparative experimental results
under 8th and 18th, respectively. The load steps up from no
load to the rated load, and steps down from the rated load to no
load. Speed reference is 2500 r/min in Fig. 22 and 250 r/min in
Fig. 23. Dynamic performance of step load steps up and down
is enlarged. It is shown that better robustness and more rapid
dynamic response are obtained under 18th when the load torque
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Fig.24. Histogram of the comparative results between 8th and 18th with load
disturbance.

varies suddenly. The conclusion is drawn that the relative perfor-
mance reaches control indices until 18th, and DE-ISMC plays
a role of “anti-disturbance.”

In order to show the difference of control performance more
clearly under 8th and 18th with load disturbance, the histogram
of the comparative results is given in Fig. 24.

VI. CONCLUSION

A novel DE-ISMC method is proposed to guarantee that a
motor rotor can arrive at given position with given travel speed in
a servo drive system. The travel speed means the speed in speed
control region w = wy,ax - In order to make system performance
achieve given indices, indirectly the robustness of system is
improved as well. After suitable iteration of DE algorithm, main
parameters of ISMC are optimized well. It is more efficient
to achieve dynamic and steady given performance indices of
position and speed response within limited iterations by using
DE algorithm. In addition, DE-ISMC reduces the low speed
crawling phenomenon effectively under convergent iteration. In
other words, DE-ISMC is feasible to improve robustness and
achieve given control indices of a servo system after a suitable
iteration.
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