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Abstract: Sliding mode control (SMC) of electric drives constitutes a very popular control method for
nonlinear multivariable and time-varying systems, e.g., induction motor (IM) drives. Nowadays, IM
are the most popular electrical machines (EM) applied in many industrial applications as motion
control devices, including electrical and hybrid vehicles. Nowadays, the control systems of EM
are mostly realized using digital techniques (microprocessors and microcontrollers). Therefore, all
control algorithms should be discretized or the whole control system should be designed in the
discrete-time domain. This paper deals with a discrete-time sliding mode control (DSMC) for IM
drives. The discrete algorithms for sliding mode control of the motor speed and rotor flux are
derived in detail and next tested in simulation research. The simulation tests include the discrete
nature of the power converter supplying the IM and present excellent performance of the developed
control structure. To obtain the rotor speed regulation invariant to external disturbances, like load
torque or inertia, especially during the reaching phase of the switching line, the discrete version of a
time-varying switching line was introduced. It is shown that the assumed dynamics of the IM flux
and speed is achieved and the proposed control algorithm can be realized using commonly available
microcontrollers. The paper is illustrated with comprehensive simulation results for 1.5 kW IM drive,
which are verified by experimental tests.

Keywords: sliding mode control; induction motor; discrete-time domain; time-varying switching
line; robust control

1. Introduction

Currently, induction motor drives are extensively used in many industrial mechatronics systems,
such as tool spindle drives, robotic systems, electrical vehicles (EVs) and different manufacturing
systems, due to their low manufacturing cost, low maintenance cost, high ruggedness and reliability.
IM are used for position, speed and torque control, using different control methods, like vector control,
adaptive control, predictive control, and sliding mode control (SMC). These control methods enable
precise control of all state variables of such nonlinear multivariable and time-varying systems, like IM
drives. However, the above control strategies are mostly based on the continuous time-domain IM
mathematical models and can become less effective in microprocessor-based implementation, mainly
under low control and switching frequency, which is essential, e.g., in medium to high power drives.
Therefore, in this paper, the SMC strategy for the IM speed is developed and analyzed, based on the
discrete-time domain approach.

SMC is most frequently designed taking into account continuous time operation, and afterwards
the control structure is discretized, to allow digital implementation on a final control system. The sliding
mode (SM) ensures excellent dynamics, easy implementation, robustness over parameter uncertainties
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and external disturbances [1]. It can be effectively applied to control induction motor flux, torque,
speed and position [2-5].

The continuous time domain-based SMC ensures perfect dynamics and robustness to parametric
or external disturbances. However, the chattering phenomena (high frequency oscillations of controlled
variables) can arise and deteriorate performance of the final control structure. There are many reasons
for chattering to appear. One of them is called the discretization chattering [6], and appears after the
control structure is implemented using microprocessor system. One of possible methods to alleviate
the chattering is to design the discrete-time sliding mode control (DSMC) [7]. Thus, in this paper, the
DSMC approach is selected to avoid mentioned discretization chattering, taking the digital nature of
the modern controllers into consideration, simultaneously.

The discrete sliding mode control has been successfully applied in the control of induction
motor-based drives [8-10]. Motor torque and rotor flux amplitude are controlled with DSMC in [8],
and [9]. Torque, flux and current components are controlled in a cascade structure in [10]. In all three
papers, a similar sampled model of IM [7] is used. In [11], an interesting approach to variable structure
control of both position or speed of the IM is presented. The control algorithm is decomposed into two
parts: the equivalent and discontinuous one. Despite this, the designed control is characterized by a
chattering, which is reduced using the saturation function instead of the sign function in a control law.
An active disturbance estimator is presented in [12] in order to extend the robustness of the DSMC of
the IM position. A two-scale reaching law to control the IM position is proposed in [13].

The existence and stability of the SMC in the discrete-time domain has been analyzed and
discussed in many papers [14-17]. In this paper, in order to ensure high quality of speed control and
no-chattering operation the approach presented in [17] is considered.

Although the SMC ensures the robustness over parametric and external disturbances, after
the sliding hyperplane is reached, it does not ensure robust operation during its reaching phase.
This reaching phase repeats each time the reference value is changed and the state trajectory has to
reach a new sliding hyperplane. In order to ensure the robustness of the plant to the changes of
operating point and parametric as well as external disturbances under the whole control range, the
idea of a time-varying, rotating switching line has been proposed in [18] and further developed in [19].
The design of the varying in time switching lines, taking into account control saturations [20] and
time optimal (IAE, ITAE) operation [21] have been also proposed. A nice review of time-varying
sliding hyperplanes approaches and applications can be found in [22]. Generally, two main kinds of
the hypersurface (surface, plane, line) movement can be distinguished: a rotating and a shifting one.

The technique of the non-stationary switching line has been applied in the field of controlled
direct current (DC) and alternating current (AC) drives [23-26]. The vast majority of papers deal with
position control. In [23] the linear feedback control with switched gains is combined with time-varying
switching line to ensure the system robustness over mechanical parameter changes. In [24,25] a
generalized electrical servo is taken into consideration. However, SM speed control of IM drive in
combination with the non-stationary switching line has been presented as well [26].

The idea of moving sliding line has been also applied in the field of DSMC [27]. It has been used
for designing control structures for few industrial applications, as hard disks [28], vertical driving
arm [29] or Uninterruptible Power Supplies (UPSs) [30]. This technique has been also applied to motor
position control systems [31,32]. In [31] a generalized position servo drive is analyzed—a rotating
sliding line is used to ensure identical dynamics regardless the disturbance existence, which is change
of the mechanical time constant. In [32] the IM-based servo position control based on the indirect
field-orientation is proposed. The sliding line is applied as well and the time-optimal trajectories
are analyzed.

Recently, concepts of discrete-time higher order sliding mode control, including adaptive switching
gain control have been developed [33,34], however these concepts are not verified in the nonlinear drive
systems yet. The authors of this paper intend to undertake in the near future research on the possibility
of using such control in the vector-controlled electric drive (for speed and/or position control), subject
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to parametric (changes in motor parameters, change of drive inertia) and external (changeable load
torque) disturbances and the obtained are compared with the results with those proposed in this paper.
According to the discussion presented above, the objectives of the paper are as follows:

- Application of the discrete-time sliding mode control concept presented in [17] to obtain
chattering-free control of induction motor speed.

- Extending the reaching law of [17] with the idea of the time-varying switching line to obtain
robustness of the whole drive operation over parametric and external disturbances. In this
paper the robustness is defined as ensuring identical dynamical transients of the controlled
variable. The switching line is supposed to move from initial to the final position with a constant,
shifting movement.

This paper is organized as follows. After the Introduction, the mathematical model of the
controlled plant-induction motor is presented in the second section, first in the continuous-time
domain and next in the discrete-time domain. In the third section the algorithm for the DSMC of the
IM speed and the rotor flux magnitude is derived, as well as the overall developed control structure is
presented. In the next section the simulation research results of the proposed DSMC for the IM drive
are presented and analyzed in detail. The fifth section presents the application of the time-varying
switching line, which results in the robustness of the reaching phase of the proposed DSMC to external
disturbances, like load torque and moment of inertia changes. The obtained results are verified by
experimental tests of the real drive. The paper is summarized with short conclusions.

2. Mathematical Models of Induction Motor

2.1. Continuous Time-Domain Mathematical Model

The commonly used classical mathematical model of a squirrel-cage IM is created with the
well-known simplifying assumptions, such as: lumped and symmetrical stator and rotor windings,
constant parameters, neglected higher harmonics in the air gap, eddy currents and the magnetizing
characteristic [35]. Thus, the IM model can be written in a time domain by differential and algebraic
equations with constant parameters, using space vector notation expressed in a stationary reference

frame vectors are marked with a bold font; k = [ ko kg ]T), in the following form:

- Stator and rotor voltage equations (U, = 0 for a squirrel-cage IM):

d
Us - Rsls + &TS/ (1)
d
U, =R/ + aYr - PmeJYrr )
0 -1
here: ] =

where: | [ 1 0 ],
- Stator and rotor flux-current equations:

‘Fs = LsIs + LmIr/ (3)

‘Yr = LrIr + LmIs/ (4)
- IM torque expression:

3 L
Te=spp L%, 5)

- Equation of motion:
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dQ,,
— =T.-T
dt e L, (6)
- Rotor position equation:
de
—_— 7
dt ny ( )

where: I, I, Us, Uy, ¥, ¥ —stator and rotor current, voltage and flux space vectors, respectively, R,
R,—stator and rotor resistance, Ls, Ly, L,,—stator, rotor and main inductance, Ty = 1/(27tf;n)—nominal
time constant, fy—nominal stator frequency, T,, Ty—motor and load torque, (,,—rotor speed,
©—position of the motor shaft, [—moment of inertia, p,—number of pole pairs, subscripts s, r refer to
stator and rotor variables and parameters, respectively.

After transforming Equation (2) using expressions (3), (4) and writing the IM mathematical model
in a canonical form, we get:

de

= = Om (8a)

dft’” - % ]LL” 1y, - }T L, (8b)

d(;r - —%‘n + Py Q¥ + RLLT’”I 3 (8¢)

% - GLLS U, - Ry, + %Tr —prL—TQmJ‘I’r , (8d)
_-RS+-R5%.

2.2. Discrete Time-Domain Mathematical Model of Induction Motor

To determine the DSMC algorithm, the mathematical model of the control object-induction motor
should be discretized, which will be presented in this subsection. In this paper the discrete model
derived in detail in [7] is adopted. It takes the following form:

Rotor position equation:

Lm Lr T T52
Ouet = O+ Tes+ 51 = o (1= ) T e = 5T ©
Rotor speed equation:
T
Opjes1 = Qg + TS(TE,k ~Try), (10)
where electromagnetic torque expression is as follows:
1- 7/ 3 L
Te,k - pb_m k] k" (11)
Rotor flux equation:
Frpr1 = €O ()¥ i+ (1-9)Lulsi), (12)
. _Re
with: y = e Ir** and:

A0 _ [ cos A@y,  —sin ABy ] (13)

SinA@,  cos AOy

where the electrical angle increment is defined as follows:

A®y = pp(Ox 41— By). (14)
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Stator current equation is discretized with sampling period T, using the Tustin method:

R'Lé"' (‘Yr,k+1 + ‘I’r,k) ~Pp 2L—Z’,(Qm,k+1 + Qm,k)] (‘I’r,k+1 + ‘I’r,k)) (15)

L1 = +SR1(IS,1< + 515 (Usks1 + Usi — Ri,
( 2Lso )
The Tustin method was used for the discretization of the stator current Equation (8d) because,
according to [36], it ensures much better results than forward or backward Euler methods and is easier
in implementation than, e.g., the modified Euler method.

3. Discrete Time Sliding Mode Control of Induction Motor Speed

3.1. Discrete Sliding Mode Control of Induction Motor Speed

The discrete-time control of IM speed is designed to force the motor speed to its reference value
with required dynamical transients. Moreover, the control structure is supposed to operate in a
synchronous reference frame x—y, in a similar way as the commonly known direct and indirect field
oriented control methods for IMs. The reference frame rotates with rotor flux vector, therefore, it is
assumed that ¥, = [¥, 0]T.

In order to control the IM speed, a variable x; is defined as the difference between the reference
and actual value of the speed:

X2 1 = Q:,f],i 1~ Cmger1s (16)

where ref stands for the reference value.
Consequently, defining x; as the discrete increase of x,, the following discrete-time domain state
equations are defined:

, (17)

Ox1 = xp — Tw(SQ;jf
Sxp = 60 — 50,

where T, is the desired time constant of the speed control and 6x = X"*%—X" indicates the forward
difference of a given variable.

According to (10) and (11), Equation (17) can be rewritten in a matrix form:

Sx — (le o 01 X1 4 0 I 4
Tlowm | |0 0 x —EW, e | T

Under the assumption that the reference speed is stepwise or slowly varying 6():,?( =0,
Equation (18) can be simplified to:

~T0Q"

QT + 1Ty

(18)

o0x = Ax + bu +df,

01 X1 0 0
A - ! b - 4 d = , U= I 7
[ 0 0 ] [ X2 ] [ —Ell/,,kﬂ ] [ W, hq ] syk+1

f= 1w

-yl

(19)

3, L
Ssz/

where A—state matrix, x—state variable vector, u—control signal, d—disturbance vector, f—external
disturbance function.

The control signal is selected as the y-axis component of the stator current state vector, i.e., Isy,
due to the fact that the motor torque depends only on this variable when the rotor flux amplitude
is constant (11). These two signals are not dependent on the control system. It is assumed that the
disturbance function is bounded, i.e., |fx| < fmax-
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The control structure’s objective is to force the following switching function to zero:

s = X,
(20)
—__1 |
c=-ypizl 1)
It is evident that:
cb=cd=1. (21)

On the other hand, this form of the switching Function (20) ensures that the final dynamics of the
speed, after the control goal is achieved, i.e., s = 0, is as follows:

1 1

T—(Qrmelaﬂ - Qm,k+1) = X2 k+1- (22)
[

Q. =
6Oy T,

It corresponds to the discrete-time domain form of the first order inertia transfer function with a
time constant T, i.e., the settling time (95%) of the system is equal to 3T,.
The reaching law is defined in the following way:

0s = —Oy. (23)
Taking into account (18) and (19), Equation (23) becomes:
0s = cdx = c(Ax+ bu +df), (24)

and the control signal should take the following form (with (21) taken into account):

_qref
U= Isy,k+1 = —cAx— f - . (25)

However, it is clear that the load torque T} in (19) cannot be measured directly, therefore, in this
paper this signal is assumed to be unavailable. In this case, the function @y that ensures the sliding
motion along the switching line and the whole system stability, regardless of the disturbances, is

selected as [17]:
O, = min(ljf—l,a + qlsl)sgn(s), (26)
S
where: sgn(s)—sign function, g, c—control parameters to be selected, 0 < gTs <1, 0 > pfmax, p > 1.
The form of the state-space representation of the controlled system (19), together with matching
conditions (21), control signal definition (25) and the conditions given below (26) make the system

stable, as was proved in detail in [17].
3.2. Discrete-Time Rotor Flux Amplitude Control

3.2.1. IM Model-Based Flux Control

In order to control the motor torque effectively, and in consequence of the speed, the rotor flux
amplitude should be stabilized on its nominal level or decreased if the speed exceeds its nominal value,
i.e., in the field-weakening range. Assuming field-oriented control, i.e., ¥;, = 0, the squared value of
the rotor flux can be calculated using Equation (12):

2 _ T _
1zpr,kJrl - Tr,k+1Trrk+1 -

— (209 () ¥y + (1= 7)Lulsr)) (€309 (yFe + (1 =) Luky ). 27)

2
= Vzllffk +2(1 =)L Wy ilsei + (1=7) L%n(lz + Iszy,k)

sx,k
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When the x-axis stator current vector component is selected as:

1
I = m(—ﬂ’nk + ITxl), (28)

the squared rotor flux amplitude (27) is simplified to:

2
ijkﬂ =T+ (1-y) Lfnlfy,k. (29)
If the following formula is selected:

2ref | Tyy2
vt

k+1 0 Ts Trk 272 12

r=———""""_(1-y)L42 , (30)
(1+7) et

one can obtain the final dynamics of the rotor flux regulation:

sy2 1 (Wref,2 _y2

Pkl T Ty ket r,k+1)' (31)

The squared rotor flux tends to its squared reference value in a similar way as the rotor speed (22),
with time constant Ty. It is obvious that the rotor flux amplitude follows its reference value as well.

3.2.2. Proportional-Integral (PI) Regulator Based Control

The type of the flux control described above (Section 3.2.1), similar to [8], is based directly on the
discretized induction motor model. Unfortunately, according to this, the control is strongly dependent
on motor parameters. Additionally, there are no feedbacks and any integrating action, therefore as it
will be shown in experimental results, the steady-state error can appear in a final, industrial control
application. To avoid this, knowing that the rotor flux amplitude should be kept constant during all
the operation of the drive a simple PI controller-based flux control can be realized. The input of the
PI controller is the flux control error, while the output is the x-axis stator current vector component.
If the dynamics of the rotor flux is required to be like of a first-order inertial element, the shape of the
reference flux can be switched from step-like to smoothed one.

3.3. Discrete-Time Sliding Mode Control of Stator Current Vector Components

The rotor speed and flux control algorithms define appropriate reference values for both
components of the stator current vector, the field-producing component (25) and the torque-producing
component (28), respectively. These components in the synchronous frame are limited to ensure that
the stator phase currents does not exceed the maximum allowable value [smax:

ref

sxmaxk+1 Ismax,

(32)
ref _ 2 _ ([ yref )
Isymax,k+l - Ismax (st,kJrl '

This form of the constraints (32) ensures that that the rotor flux amplitude stabilization is a priority,
and then after the flux is stabilized, the maximum possible value of the second controller can be applied
to effectively control the torque and speed.

Then, the components are transformed into the stationary frame using the inverse

Park transformation:
Iref — Iref e]@l}/,k+]
s,k+1 sxy k+1 4
33
o) — ol Wip 1 (33)
Vil =18\ 7 o )
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Consequently, in order to ensure ideal control of mentioned components the following stator
voltage can be applied [10]:

ref ref
et seq k1 when Us,k Jrl| < Usmax )
S,k+1 - 7
Usmaxsgn(Ugtf7 k +1) when U;e]f +1| > Usmax

where the reference voltage is calculated according to the selected stator current approximation
Formula (15):

seq,k+1 sk+1

Ul = U 22((1 4 el = o)+ Rulge = K552 (¥ + i)+
Py ’%(erkﬂ + Qm,k)l (‘I’r,k+1 + ‘I’r,k)

, (35)

and Usmax is the maximum accessible value of the voltage that can be applied by the voltage source
inverter (VSI). It must be large enough to ensure stable control of stator current components [10].

3.4. Time-Varying Switching Line

Equation (22) defines the desired dynamics and the switching line, simultaneously. After the
speed reaches the vicinity of the switching line, the drive behaves with required dynamical transient.
It can be said, as an analogy to continuous-time sliding-mode control structures, that the drive is robust
to parametric and external disturbances. However, before the line is reached, e.g., during rapid speed
reversal, the speed is dependent on a disturbance. Therefore, an idea of moving in time sliding lines
has appeared [18,19,27]. In this paper, this idea is utilized, assuming that the line motion is parallel to
its final position, and the movement is uniformly varying in time. Therefore, Equation (22) becomes:

1 kT
0Qy = — Bi|1-—). 36
m= 7%kt 1( nTs) (36)

Thus, the switching line does not change its slope, while its position changes in time starts in the
initial position (defined by x, = x; ¢ just before the switching line alters, for k = 0). The movement lasts
for nTs, where n is to be determined appropriately, taking into account the moment of inertia of the
drive system and the desired speed settling time. The final position of the switching line, after nT5,
is equivalent to Equation (22). Taking into consideration the above analysis, B becomes:

X2,0

= 7
By T, (37)

In order to fulfill Equation (36), the following modification of (17) can be done:
5x X1 = Tud Q) ~xp(1= ) KTs < T (38)
K1 = s .
v X2 k41~ Ta)éQ,rﬁf kTs > nT

3.5. Overall Control Structure

The block diagram of the control structure is shown in Figure 1. The whole control algorithm is
discretized with sampling time Ts. Due to the lower dynamics of the IM speed, the sampling time of
the speed control algorithm could be decreased comparing to the current and flux control, however, it
was not an assumption of this research.

The flux control algorithm (28) defines the first component of the reference stator current vector,
based on reference flux amplitude value, estimated flux and the second reference stator current
component. In this paper it is assumed that the rotor flux estimation is available and is ideal.

The proposed speed control algorithm (25) determines the second component of the reference
stator current vector, based on the reference and real speeds and the estimated flux amplitude (necessary
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in order to calculate the switching function). Both stator current components are limited (33) and
transformed into the stationary frame (33), using the estimated rotor flux vector angle.

Based on the reference signals, estimated flux, speed, current and voltage, the discrete SMC of
the stator currents is applied (35). Its output is reference voltage signal, which becomes the input
of the space vector modulation (SVM). Based on its output signals, i.e., duty cycles d4, dp, dc and
the DC-bus voltage Upc, the motor voltage vector Uapc is estimated. It is assumed that the stator
currents Iagc and the motor speed (2, are measured by current transducers and incremental encoder
(Enc), respectively.

wred Eq. (28) D U,
rk+l g Iref 1
v I sok+l Eq. (35) T_”_T
5 > Eq. (33) : 2

5 V4 Eq. 32) Discrete d,

y’ »> r o- Ircf Urcf N N
r okl > s,k+l SM skl ”d J

- ”] current SVM \ } dB

Q7 Eg. (25) Iref 7 X-y control c i
‘m,k+1 sy k+1 L smax A A 4 v
"@" Discrete SM d T Voltage
| speed control . 0 ' calculation
A rk+1 m,k+1 U
9‘1’.k+1 I ABC
k+1 Jo-
Qm,/H—I < S ﬁ < I
Rotor flux U ABC
A/D ¥"/r ol €— estimation | sk+1 A/D |« o
o ’ B ABC,
Sampling time T}
Enc
0

Figure 1. Block diagram of the proposed discrete-time sliding mode control (DSMC) structure.

4. Simulation Results

Wide simulation tests have been conducted to verify the operation of the proposed control
structure. Various aspects of the operation have been checked: load torque impact, regulation time
constants and sampling time influence. All tests are obtained using MATLAB/Simulink software,
for the IM with rated data and parameters given in the Appendix A. The model of VSI and IM is
sampled with le-6 s, using the Euler method. The control structure is sampled with 10 kHz, unless
stated otherwise. The sampling and switching frequencies are the same.

4.1. Performance of the Control Structure

Performance of the proposed control structure is shown in Figure 2. It can be seen (Figure 2a) that
the reference speed changes suddenly at 0.1 s and reaches 100% of its nominal value. The demanded
dynamics of the rotor speed is marked as wiyn and indicated with blue color. The settling time of the
speed control is equal to Ty, = 3T, = 0.25 s. The objective of the control structure is fulfilled, as the real
speed of the drive follows the reference value with desired dynamics. At 0.5 s the drive is loaded with
nominal torque. The speed reacts slightly and returns to its reference value very fast. Although many
sliding-mode control algorithms have a tendency to induce a steady-state regulation error, usage of the
proposed DSMC structure eliminates this phenomenon. It is connected with the form of the switching
Function (20)—it uses x1, which is calculated with a numerical integration, using the forward Euler
method (17).
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a) 150 F T T T T T T
o
Té 100 - -
B
o S0F ref dyn [
wm wm wrn
ﬂ 1 1 1 1 1 1
0 0.1 0.2 0.3 0[.4] 0.5 0.6 0.7 0.8
r|s
b_ 1 ' ' ' 030 : :
)
Z s | | L2} I—Te—TLI
5 3 _ "Drm — E 10k [—.
! I I = 0 : :
00 02 04 0.6 0.8 0 0.2 0[.4] 0.6 08
. . . . tls
d) wF-———"-—- L d [5.] : z i ©) wh i I ) I ref _._ _ pmax
— ref _ _ _ ymax|+ -~ sy sy st
E L = I I ! i 5y
25 1z |
0 - : : 2 '
0 0.2 0.4 0.6 08
I|s
f) . . [s] .
2000} asi slidi . ] | l i
T quasi sliding motion ) 0 02 0.4 0.6 0.8
3 1000f ] & t[s]
‘—‘E reaching phase 0.02 H
& 0F - 0 ]
) — load torque effect _1//—-\—
-1000 £ i i 1 .02
0 50 100 150 0 0.2 04 0.6 0.8
X, [rad/s] £[s]

Figure 2. Performance of the proposed DSMC control structure: (a) real and reference speeds, (b) real
and reference amplitude of the rotor flux, (c) electromagnetic and load torques, (d) reference, real and
maximum x-axis component of stator current, (e) reference, real and maximum y-axis component of
stator current, (f) speed phase trajectory, (g) switching function. Simulation study.

Before the speed is controlled, the rotor flux amplitude is stabilized at its nominal level (Figure 2b)
to ensure linear dependence between the torque and torque-producing current Is,. The flux is regulated
with the settling time Tsy = 3Ty = 0.1 s, according to Equation (31). The torque of the motor is shown
in Figure 2c. Its shape corresponds to the y-axis component of the stator current vector, shown in
Figure 2e. Both components of the stator current vector are controlled precisely, as illustrated in
Figure 2d,e, respectively.

The rotor speed phase trajectory is shown in Figure 2f. Three different stages of the regulation can
be seen: the reaching phase, next the quasi-sliding phase and the load torque disturbance. After short
reaching phase the speed trajectory remains in the vicinity of the sliding line, defined by Equation (20)
and marked with a straight black line. Because of the discrete realization, the ideal sliding motion
along the switching line is not possible. The trajectory tends to the origin of the coordinate system—the
reference speed is equal to the real speed. The load torque appearance effects in a perturbation of the
trajectory, since it leaves the close vicinity of the switching line for a short time. However, the speed
returns to the origin again very fast. The switching function, as shown in Figure 2g remains near zero
value—it reaches the highest values when the y-axis component of the stator current vector is close to
its maximum value.

Speed time constant and final dynamics of the rotor speed can be easily modified according to
the final drive application. This is shown in Figure 3. Performance of the control structure for four
different time constants and four different load torque values are presented. The tests are made for
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half of the nominal speed. All of the trajectories start with the same point, defined by the difference
between reference and real speed (xy is about 78 rad/s) and zero value of the speed increase 6Q2;, = 0.
Then, they follow similar path, in order to reach the vicinity of the switching line finally. The lower the
time constant, the lower the slope of the theoretical switching line and the faster the speed trajectory
reaches its vicinity. Some small high-frequency oscillations (chattering) can be seen during the reaching
phase. However, they vanish quickly. The second effect of the load torque is obvious—the accessible
value of 60, is limited by the difference between the motor and load torque (10).

u) 2000 b) 2000

1800

1800

1600 1600

1400 1400

1200 1200

[rad/s”]

1000 1000

m

800

79, [radis]
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Figure 3. Phase trajectories of the motor speed for different time constants and load torque values:
(a) no load, (b) 10% of nominal torque, (c) 50% of nominal torque, (d) 100% of nominal torque.
Simulation study.

4.2. Influence of the Sampling Time

The influence of the sampling frequency on the operation of the proposed DSMC is verified as
well. In Figure 4, three different frequencies are analyzed: 500 Hz, 1000 Hz and 4000 Hz. After 0.7 s the
nominal passive load torque appears, while a speed reversal takes place after about 1.0 s. It can be seen
that the speed control is in all cases almost identical. The real speed follows the reference one with
required dynamics. The only difference, visible in the transients is the influence of the load torque,
the lower the sampling frequency, the influence is increased. The frequency of 500 Hz is in fact an
extremely low sampling frequency for this power machines (see Appendix A). However, the behavior
of the drive system is satisfactory. It must be stated that the control parameters must be modified for
each applied sampling frequency, as shown below in Equation (26). The inequality of gTs < 1 can be
rewritten to g < f;. Therefore, in the tests, the parameter is changed accordingly.
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Figure 4. Performance of the proposed DSMC structure under reference speed changes (reverse

operation) for different sampling frequencies: (a,b) sampling frequency 500 Hz (g = 100), (c,d) sampling
frequency 1000 Hz (g = 250), (e,f) sampling frequency 4000 Hz (g = 750); reference and real speeds
(left column); reference and real torque-producing current (right column). Simulation study.

4.3. Time-Varying Switching Time

As was shown in Figure 3, speed trajectory during the reaching phase can be different depending
on the disturbances, e.g., load torque. Therefore, in order to ensure the robustness during all regulation
stages, including the reaching phase, the technique of moving switching line is applied (38). In order
to verify the operation of the DSMC with time-varying switching line, a series of tests have been
conducted (Figures 5 and 6). The operation of the drive with different values of the load torque T7 is
presented in Figure 5. It can be seen that in the case of stationary switching line, the reaching phase is
different in each shown case. Additionally, some oscillations arise during the reaching phase. On the
contrary, when the moving switching line is applied, the speed phase trajectories all look the same.
The drive is robust to different load torque values, as its behavior is the same in all analyzed cases.

Similarly, the operation of the drive is robust in the case of varying moment of inertia, when the

time-varying switching line is implemented. It is shown in Figure 6b.
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Figure 5. Influence of the load torque changes on the speed phase trajectory in the case of: (a) stationary,
(b) time-varying switching line. Simulation study.
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Figure 6. Influence of the moment of inertia changes on the speed phase trajectories in the case of:

(a) stationary, (b) time-varying switching line. Simulation study.
5. Experimental Tests

5.1. Experimental Setup

The block diagram and a photo from Figure 7 show the experimental setup used during the research.
The key element of the setup was the rapid prototyping system based on National Instruments NI
PXlIe-1071. The setup was equipped with a field-programmable gate array (FPGA) and data acquisition
(DAQ) cards. The FPGA card was responsible for generating PWM signals k4, kg, kc and counting
impulses from the incremental encoder (En), to determine the speed of the drive Q,,. The DAQ card
acquired analogue signals of stator phase currents I;4, I;p, I;c and the DC-bus voltage Upc of the
voltage source inverter (VSI) that supplied the machine under consideration. These signals were
measured with LEM transducers. The DAQ card transfers also required value of the load torque
Tzef to another industrial VSI supplying the load-generating machine. Industrial Permanent Magnet
Synchronous Motor (PMSM) of 4.7 kW was used to ensure the load torque. It is equipped with a
resolver (R) to determine the position of the shaft ©,,.

Control of the TWERD VSI is made by a fiber-optics signals, therefore a card ensuring the
transition between electrical and optical signals is applied—it can be seen in Figure 7b. This card is
also responsible for generating the dead-time, equal to 2 ps in this case.
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Figure 7. Experimental setup: (a) block diagram, (b) photo.

5.2. Experimental Test Results

As it was written in Section 3.2.2 the rotor flux control is based on discretized motor model and
can be subjected to modelling errors and mismatched parameters. This phenomenon is presented in
Figure 8. The reference rotor flux is equal to its nominal value, while the transients of estimated rotor
flux amplitudes are shown for different values time constants Ty. It can be shown that the steady-state
error increases with increasing time constant. Due to this effect, in the following results the PI based
flux control will be applied, while the reference signal is similar to first-order inertial dynamics.
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Figure 8. Influence of the rotor flux time constant on the operation of the model-based rotor flux control.
Experimental study.
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Figure 9 presents the experimental test results being an equivalent to simulation study shown
in Figure 2. First, performance of the control system without time-varying switching line is verified.
It is shown that the speed of the motor follows precisely the reference speed (equal to 80% of its
nominal value) with required dynamics. The speed settling time constant is small, equal to Ts = 0.15 s.
The rotor flux amplitude is controlled in a similar exponential way, as can be seen in Figure 9b. As
was mentioned before, the flux is controlled with a PI controller realized in a discrete-time domain.
After about 1 second the load torque appears—it is presented in Figure 9¢c. The load torque is equal
to 80% of its nominal value, and makes the speed drop slightly. This effect is bigger than the one
obtained during the simulation tests. However, the speed returns to its reference value very fast and
without any steady-state error. The components of the stator current vector (Figure 9d,e) are controlled
effectively, with some acceptable level of noise. The level of the noise increases especially after the
speed differs from zero. The phase portrait from Figure 9f is similar to the one from Figure 2f. After
initial reaching phase the trajectory stays in the vicinity of the sliding line and goes towards zero
(objective of the regulation). The appearance of the load torque disturbs the trajectory from the origin
of the coordinate system. However, as said, it returns there very quickly. The switching function value
has analogue shape as during simulation tests (Figure 2g), only its value is bigger.

The time-varying switching line is applied to verify its usefulness in ensuring the robustness of the
drive from beginning of the motion (reaching phase) till reaching the origin of the coordinate system.
Obtained results, for four different values of the load torque, are shown in Figure 10. They show
the comparison of the performance of the speed control in the case of stationary (Figure 10a) and
non-stationary switching lines (Figure 10b). The final position of the switching line is shown with black
color in Figure 10b. Similarly to Figure 5, the application of the time-varying switching line causes that the
speed phase trajectories are almost the same regardless the disturbance value. When the line is stationary
the trajectories can vary significantly and the robustness of the operation is not guaranteed (Figure 10a).
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Figure 9. Performance of the proposed DSMC control structure: (a) real and reference speeds, (b) real
and reference amplitude of the rotor flux, (c) electromagnetic and load torques, (d) reference, real and
maximum x-axis component of stator current, (e) reference, real and maximum y-axis component of
stator current, (f) speed phase trajectory, (g) switching function. Experimental study.
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Figure 10. Influence of the load torque changes on the speed phase trajectory in the case of: (a) stationary,
(b) time-varying switching line. Experimental study.

6. Conclusions

This paper is focused on chattering-free discrete-time Sliding mode control of induction motor
speed. Rotor flux amplitude as well as internal discrete control of the stator current components in
the stationary reference frame is taken into account as well. The control structure ensures to take into
account the constraints of both stator current and voltage as well ensures the rotor flux and speed are
controlled to follow their reference values precisely, with the required dynamics.

Two different kinds of rotor flux amplitude control are considered. The one, based directly on the
discretized mathematical model of the induction motor is proved to produce steady-state error, visible
during the experimental tests. Therefore, in this paper, simple control with usage of the discretized PI
controller is used.

A time-varying switching line concept is proposed to extend the DSMC, in order to ensure the
robustness of the speed control structure over parametric and external disturbances, also during the
reaching phase. It is shown that the phase trajectories are the same for different levels of load torque
and values of moment of inertia. In this meaning the drive system is robust.

The influence of the sampling time on the control quality is verified as well. It is proved that the
control quality deteriorates insignificantly if the sampling frequency decreases, however, it retains the
required dynamics of the speed control.
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Appendix A

The parameters and nominal data of the motor are shown in Table Al.

Table A1l. Induction Motor Parameters.

Parameter Value [Ph. U.]
Nominal power Py = 1.5 [kW]
Nominal torque Ty =10.16 [Nm]
Nominal voltage Uy =400 [V]
Nominal current In=34[A]

Nominal speed
Main inductance

ny = 1410 [rpm]
Ly, =424.6 [mH]

17 of 18

Stator/rotor leakage inductance Lss = Lyo=17.3 [mH]

Stator resistance Rs =5.307 [Q]
Rotor resistance R, =4.843[Q]
Rotor flux V¥, =0.93 [Wb]
Nominal stator frequency fen =50 [Hz]
Pair of poles pp=2

Moment of inertia Jn =0.0117 [kg m?]
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