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ABSTRACT. The accuracy knowledge of some state variables and motor parameters is
required to the design of an efficient decoupled block or an exact linearization step dedi-
cated for the classical Field Oriented Control (FOC) strategies. The aim of this paper is
the elaboration of FOC strategy with high tracking performances and free of the on line
adjustable decoupled block to drive a Single-Phase Induction Motor (SPIM). A full digital
implementation of a novel speed vector control strategy based on Sliding Mode Control
(SMC), to drive a SPIM, is presented. Adopting a very simple sliding surface design,
and with the aim to generate a control signal free of chattering, three controllers quali-
fied as Proportional Sliding Mode Controller (PSMC) are investigated. Adaptive sliding
gain is conceived to improve the speed trajectory tracking performances under load dis-
turbances. The asymptotically stability of the adaptive sliding mode control system is
proved by means of the Lyapunov stability approach. An experimental platform around
a DSP (dSPACE DS1104) is conceived to evaluate the real time implementation and the
performances of the proposed speed vector control strategy. Simulation and experimental
results highlight the effectiveness of the presented scheme and the performances of the
adopted control law.

Keywords: Sliding mode control, Chattering, Single-phase induction motor, Indirect
rotor field-oriented control, DSP implementation

1. Introduction. The Single-Phase Induction Motor (SPIM) is usually used for con-
sumer fixed-speed applications such as in blowers, compressors, fans, refrigerators, wash-
ing machines, conveyors, machine tools, pumps, freezers and residential devices such as a
wide variety of HVAC (Heating, Ventilation and Air-Conditioning). Under most advanta-
geous conditions, the SPIM efficiency is typically low (less than 50%) [1-4]. Approximately
10% of the total electricity used in all kinds of motors is consumed by the SPIM [1]. Tt is
predictable in [1] that 1.7 billion KWh/year of energy is saved if the efficiency of SPIM
increases by only 1%. Motivated by the considerable cost reduction the use of the variable
speed drives (VSDs) is one of the most effective technical ways to save a great deal of
energy, money for consumers and increase the motor efficiency [5-7]. Therefore, this is
a current topic of research interest. A number of works have reported the improvement
of SPIM efficiency up to now. The research interested in the SPIM aimed essentially to
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reduce the energy consumption via the improvement of the electromagnetic torque quality
for fixed speed and VSDs [4,8].

The classical technique firstly invented for the induction motor control and secondly
applied to SPIM control, is the field-oriented control. This technique needs a partial
feedback linearization [9] or a decoupled block [10,11], for applying linear control method
such as PID controller. Moreover, the performances of field-oriented control strategy
depend on the accuracy knowledge of some states variables and parameters. Previous
analysis has shown that in the case of the SPIM it is necessary to look for new con-
troller structures that offer better disturbance rejection properties [12]. Many controller
structures have been proposed during the last years to drive the SPIM. In [8,11] classical
PI controllers are integrated in Indirect Rotor Field Oriented Control (IRFOC) strategy
to drive a SPIM. In [12] the authors employ two different synchronous controllers: the
positive-sequence synchronous controller is designed to compensate the direct sequence
term and the negative-sequence synchronous controller is designed to compensate the
inverse-sequence term. Despite their good performances, this technique requires the use
of four controllers and the same number of coordinate transformation which can conse-
quently affect the cost of real time implementation. Recently, a diametrical inversion of
the stator voltages associated with a sliding mode controller was proposed to implement
a speed controller for SPIM in [13]. This method is easy to implement but it generates
non neglect currents and torque oscillations.

It is well known that the Sliding Mode Control (SMC) technique offers fast response
and good transient performances for a wide operating range as compared with the conven-
tional linear methods. Moreover, it was particularly utilized thanks to its ability to deal
with nonlinearities and its robust behavior against parameters uncertainties and external
disturbances [14-16]. However, the chattering phenomenon is the main obstacle encoun-
tered in real time applications of SMC technique. In order to generate a control law free
of chattering or at least with lower oscillations effects, many techniques are used [17-20)].
The most popular ones are the low pass filter and the approximation of the signum func-
tion by a smoother continuous one [17-20]. Thus, we propose a new IRFOC strategy
without resort to the decoupled block or the linearization step to drive a SPIM. The pro-
posed strategy includes the design of three high performances Proportional Sliding Mode
Controllers (PSMC); one is reserved to control the SPIM speed and the two others are
dedicated to controlling the stator currents. The speed PSMC incorporates an adaptive
sliding gain to improve the trajectory tracking performance. To attain the prospective of
SMC technique and to reduce the chattering effect, the last technique is utilized inside
the adaptive sliding gain. The stability of the PSMCs is proved by using the Lyapunov
approach. In addition, the suitable values of the switching gains ensuring sliding mode to
occur and achieving the control objectives will be determined from the obvious-stability
study. So that, we can avoid undesirable oscillations of the system responses, caused by
a bad choice of the switching gains when they are fixed to the maximum value of the
control effort for simplicity reasons [16].

The paper is organized as follows. Section 2 presents the SPIM dynamic model and the
proposed IRFOC strategy. Section 3 briefly reviews the SMC theory and deals with the
speed and the currents sliding mode controllers design. The developed prototype used for
the experimental test followed by simulation and experimental results is presented and
discussed in Section 4. Finally, some concluding remarks are drawn in Section 5.
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2. Indirect Field Oriented Control.

2.1. SPIM symmetrical model. The dynamic model of the SPIM in a stationary ref-
erence frame can be described as follows:
— Stator voltages:

BN A R 8

— Rotor voltages:

HEEE AR B o

— Stator flux:
Psa _ Lsd 0 isa Msrd 0 ira
|: 905[3 :| N |: 0 qu :| |: isﬁ :| + |: 0 Msrq irﬁ (3)
— Rotor flux:
Pra o Lr 0 ira Msrd 0 Z.soz
=18 e e g
— Mechanical equation:
du,
T+ fur = my(T, — Ty) (5)

— Electromagnetic torque:
Te = np(Msrqisﬁira - Msrdisairﬁ) (6)

Due to the reality that the main and auxiliary stator windings present unequal stator
resistances and inductances, this model is qualified as asymmetrical. In order to apply
the IRFOC strategy for a SPIM, a symmetrical model must be established and variables
transformation is requisite. The following stator variables transformation 1" proposed in

[12] is adopted.
o 10 . o Msrd
T_{OK}’ K_Msrq (7)
where the new stator variables are given by:

|:Z.so¢:|:T|:Z.so¢1:|; |:Usa:|:T—1|:Usa1:|and|:905a:|:T—1|:(psa1:| (8)
lsp lsp1 Vsp VsB1 Psp Psp1
Substituting, the new stator variables in (1)-(4), we obtain:

Usal — de 0 isal + p 0 Psal

Vsp1 0 de Z.5,6’1 0 p Psp1

0 isal
+ |: KZqu - de :| |: Z.5,6’1 :|
0 o RT O ira p w QOT'OC
o)1 RHWH—MHW] a0

Psal — Lsd Zsozl srd 0 Z.1"04

Psp1 0 Z5[31 srd irﬁ
+ Zsozl
K2 sq - Lsd Zsﬂl
+

[5:;]=[%’“3][z,ﬁ] ]l e




2730 N. ZAIDI, H. BEN AZZA, M. JEMLI, M. BOUSSAK AND A. CHAARI

The set of Equations (9)-(12) besides the mechanical Equation (5) represents the sym-
metrical model of the SPIM in stationary reference frame; therefore, the field-oriented
approach can be applied.

2.2. IRFOC strategy. The main idea behind the field-oriented strategy is to align the
flux vector along a chosen direction so that the behaviours of the SPIM look as a DC
motor behaviours’, where the flux and the torque can be controlled independently by the

direct and quadratic currents. The first derivative rotor flux form can be obtained by the
substitution of (12) in (10):

1 Msrg )
Pra o T —Wr Pra T 0 lsal
= r + r . 13
di Bl el ) I P Pl B
wherein 7, represents the rotor constant time.

Using the synchronous transformation 7%, this form can be transformed in synchronous
reference frame (denoted by the superscript d, ¢) as:

©Ord —7 W ©Ord Med 0 isdl
r — " r + r 8 14
P { Prq ] { —Wst _T% ] { Prq ] { 0 Agf:d ] { Lsql (1)
where:
Prd Pra isdl Z.sozl i0
=T N =T . : Ty = €% and = ws — 15
|: (107'(1 :| : |: (107',3 :| |: qul :| s |: Zsﬁl :| s ¢ 1 st Ws wr ( )

Since the d-axis of the reference frame is oriented along the rotor flux vector, rotor flux
components become:

Prd = Pr;  Prq = 0 (16)

Therefore, we get the following fundamental expressions of oriented flux control from

which the direct and quadratic reference currents iy,, 5, and slip frequency wj; are carried

out:
1 Mg,q .
Por = —mpr + — i 17
r Tr r Tr sdl ( )
% Msrd %
Wt = 7 e (18)
Msrd k ok
Te = np Lr gprlsql (19)

According to (15), (16) and the fact that (K?Ls,— Lsq = 0), the stator voltage commands
can be expressed, in synchronous rotating reference frame as:

M? .
Vsd1l | _ Rgq + Trsff WsLigq0sq Lsdl
VUsq1

2 M '
_wSLSdO-Sd K qu + ﬁ qul 20)
y Msr
4 Lstsd 0 D Z-sdl + LLTT;? Pr
0 Lsq0sq Lsq1 fmwcpr

Figure 1 presents the block diagram of the ameliorated IRFOC strategy. In addition to
the control model, it involves three sliding mode controllers. Two of them are designed to
control the main and auxiliary windings currents, while the next one permits to drive the
SPIM speed. An appropriate design of the currents controllers, permit us to overcome
the compensative block, usually utilised with the conventional controllers.
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FicUure 1. Block diagram of ameliorated IRFOC strategy

3. Sliding Mode Control Design. SMC is a technique derived from variable structure
control originally introduced by Utkin [19]. The goal of the SMC is to find a Sliding
Surface (SS) and a control law, so that the system states will reach the SS in a finite
time and reside on it. So, the design of such control involves two steps [9,21]. The first
one is mainly reserved to the choice of an SS which provides the desired behaviour when
the system dynamics reach the sliding mode. In the second step, an appropriate control
law is elaborated; which will force the system state trajectories to reach the SS and stay
there. In order to accomplish this goal, a reaching condition must be fulfilled [17,21].
This condition driven from Lyapunov stability theory is expressed by:

V=55<0 (21)

where V' and § are respectively a candidate Lyapunov function and a switching function.

In order to ensure a finite time convergence to the SS, this condition is often replaced
by:

V=85<-n|S|; n>0 (22)

Furthermore, Equation (22) implies that some dynamic uncertainties or disturbances can

be tolerated while the states stay in the SS. The required reaching time (¢,) to the SS,
starting from initial condition S(0), is bounded by:

S(0
t, < u (23)
Ui
The control law U is usually composed of two terms:

The first term Uy, is the so-called equivalent control law, calculated from the choice of
the sliding mode dynamics. The second term U, is the non-linear control law, designed
around the basic form expressed by:

U, = Ksign(S) (25)

This term is carried out respecting the reaching condition and explains the control nature.
At the same time, this term takes care of the uncertainties and makes certain that the
states will be governed towards the SS.
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The sliding surfaces, used to elaborate the different control schemes presented in this
work, are based on the simple tracking error expression. This choice is justified by the
simplicity of the required analysis and by the fact that the errors will be cancelled if the
SSs are attained and maintained.

3.1. Current sliding mode controllers design. Let us consider the following switch-
ing functions (S, and S,):

[ S ] — [ Cdtd ] where [ €d } = [ Z.idl T Lsdl ] and ¢4, ¢, >0 (26)
Sq CqCq €q bsqr — Usql

If the main and auxiliary windings currents reach the switching functions and stay there,
then their errors will be cancelled and they tend to the desired values. This can be

expressed as: ‘
Sq Sq 0 lsdl = Lagy
. = = . .s 2
RNk k) g it s o

Expression (20) can be arranged (considering (17), (18) and (27)) as follows:

D |: Isd1 :| _ _ 1 Rsq + Srd 0 |: lsdl :|
lsql L4054 0 K2qu + S“i Lsq1 (28)
1 Usd1 G
+— +
Lsdasd |: Usql :| |: Gq
where the decoupled terms G4 and G, are given by:
[ Gy ] _ —Wslsqt + T T]yLSZjUSd(’O (20)
Go R

As mentioned at the precedent paragraph, we propose the control law made by the
combination of equivalent term and nonlinear term. The expression of the equivalent
control (30) can be obtained from Equation (28), and under the conditions expressed by
(27).

sr ) d
Vsdieq (de + d) b1 T Gl
V, - LSdUSd 2 ok d
sqleq (K qu + srd) qul + Equl
where the proposed nonlinear term is given by:

. Ud . deign(Sd) — GdLst'sd
tn = { U, } B { Ksign(Sy) — GyLsaosa (31)

Indeed, we consider the following candidate Lyapunov functions:
Vd 152
-] )
The switching gains K, and K, must be calculated satisfying the reaching condition (22).
This means that: )
sign(Sq) Sy Mg

where 74 and 7, are positives reels chosen according to the desired SS currents reaching
times. Moreover, the currents switching functions are reached in finite times (¢4, t4)

bounded as: S S
1S40 gy < 1S000) 5
Nd Tq

(30)

trd
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Arranging ((28)-(31) and (33)), we get:

N4 _ Req
[ Loasay = "t 154 ]S [Kd] (35)

Mg KQRSQ K
Lsq0sq cq Cq |S(I| q

Equation (35) must be verified some are the value of switching functions, so we adopted
the following inferior limit gains:

Lst'st—d K
|: Lsdo-sdﬁ :| = |: Kd :| (36)

q

The on line adjustable decoupled terms G and G, can be replaced by a fixed nominal
terms. This substitution is only possible when the considered instantly state variables are
equal to their references values. Such condition is guaranteed during the entire sliding
phase. While in reaching phase, the difference between terms will be regarded as external
disturbances and will be implicitly recovered by the non-linear control law terms.

Thus, the designed PSMCs do not necessitate a decoupled block as well as accuracy
knowledge of their terms to compensate the effect of the coupled terms Gy and G as in
the case of conventional controllers.

3.2. Speed sliding mode controller design. The same approach is utilised to synthe-
size the SM speed controller. So, let us consider the following switching function S,:

S = cwe, where e, = w’ — w, and ¢, > 0 (37)

If the switching function is reached and the system still with, then the error will be
cancelled and the speed will tend to the reference. As the precedent paragraph, we
propose the same control law form composed by two terms: equivalent and discontinue
control terms (Equation (24)). Under the conditions expressed by (38), the expression of
the equivalent control (39) can be obtained from mechanical equation.

Sy =2S,=0and T, =0 (38)
]' d * *
Uweq = n—p |:JEW + fw :| (39)

Adopting the same candidate Lyapunov function form as (21) and using the Lyapunov
stability approach, we get the inferior limit gain K, of the discontinue control term U,,:

J
Kw Z C_T]w + np |TLmaX| (40)
For a desired speed reaching time ¢, the inferior limit gain is:

Kw Z iw: + np |TLmaX| (41)
tT‘UJ
Expressions (40) and (41) are independents of motor parameters (except the inertia which
remains constant in our case), so the developed speed PSMC maneuvers in robust mode
against eventual motor parameters variation. In order to improve the trajectory tracking
performance and make the SS more attractive, we are going to adopt a speed PSMC law
U, that incorporates an adaptive sliding gain mechanism as follows:

U = Useq + Ko (1 + €[50 )sign(S.) (42)
where £ is a positive constant that permits us to ameliorate the reaching time from an
initial condition.

As shown in Figure 1, the output of the speed regulator represents the torque reference.
So, in order to generate a reference value free or at least with lower oscillations effects
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of chattering the approximation of the signum function by a smoother continuous one is
utilized. This approximated function is given by the following form:

S,

Sign(Sw) = m

where e > § > 0 (43)

4. Simulation and Experimental Results.

4.1. Experimental setup presentation. In order to validate the novel IRFOC strategy
of the SPIM and to verify SM controllers’ performances, a laboratory stand was developed.
Figure 2 illustrates the adopted experimental setup synoptic and gives the most important
materials utilized. A photograph of this experimental prototype is shown in Figure 3,
where, the SPIM is supplied by three-leg voltage source inverter, through six bipolar
transistors. Two legs are dedicated for the control of the main and auxiliary windings
voltages and the third one is used for the control of the offset voltage. The connection
topology of the main and auxiliary windings to the three-leg inverter is also shown. The
load torque is applied via a magnetic powder brake coupled to the SPIM.

St . L. = ' . Load torque
IRFOC Strategy Digital 1O [} ' 230 VAC ‘ Eit
— ' 50Hz
Matlab-Simulink - . - 5 i i
= Slave 1O |4 F ! H Magnetic
: PWM - _ H ol o Powder
______________ o o g >
ADCHI !
.............. — =5 H
- BlE N »
o sens HIMEE Ol o
A 5 O = = [
o — # B H
] I[]Z < _‘ ! |}
& :
= DACHI [ ' L L
1
) — : ':|_—[ :]_
DACHS [ '
! L L
1
4 vart : 3
[ 1t b
H s L |
UART H T
RS485 ' i +
Real tume work shop, JdSPACE Trmmmmmmmmmee =
T Sgeed Sensor _I

Isolation
amplifier

Control unit

Alternative

power supply SPIM

IGBTs
inverter

Magnetic
powder brake

Control panel Diriver interface

CP 1104

FIGURE 3. Experimental setup photograph
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The experimentation was achieved using MATLAB Simulink and dSPACE DS1104 real-
time controller board. This board incorporates a Motorola Power PC 603e model, which
operates at a frequency of 250 MHz, and a Digital Signal Processing (TMS320F240-20
MHz). In this experimentation, we adopted a sinusoidal PWM technique to generate the
PWM signals with a switching frequency of 3 kHz and a dead time of 2 s for the three-leg
inverter as follows:

— Leg 1 PWM duty cycle: calculated with respect to the direct control voltage Viqrey.

— Leg 2 PWM duty cycle: calculated with respect to the quadratic control voltage
‘/sﬁref-

— Leg 3 PWM duty cycle: kept constant equal to 0.5 to supply a zero reference voltage.
The sampling time of the control algorithm is of 60 us.

The used SPIM parameters are detailed in Table 1, where the SM speed controller and
the SM d-q axis currents controller parameters are listed in Table 2.

TABLE 1. SPIM parameters

Ryy: 0.473 Q2 | Rated power: 1.1 kW
R, 6.274 Q| Rated voltage: 220 V

R,: 5.514 @ | Rated current: 5.1 A

Lgq: 0.0904 H | Rated frequency: 50 Hz
Ly 0.1099 H | Number of pole pairs: 2
L,: 0.0904 H | Rated speed: 1430 rpm
Mgq: 0.0817 |.J: 0.9 x 1073 kg-m?
Mgq: 0.0715 | f: 1.2 % 103 N-m-s-rad !

TABLE 2. PSMCs parameters

Parameters Speed controller Current, controller
Switching factor | (), = 0.0001 | Cj4s = 0.01, Cjys = 0.01
Controller gain K, =50 Kiqs = 150, K;q = 250

4.2. Results and interpretation. Many experimental tests are realised to check out
the effectiveness of the proposed IRFOC strategy and the dynamic performances of the
designed SM controllers. The SPIM is subject to different scenarios of speed and load
torque, where the reference rotor flux is kept constant at the nominal value 0.7 Wb. In
such tests, the simulated and experimental waveforms of the SPIM speed, d-q rotor flux,
d-q currents and switching functions are given simultaneously.

e Test 1: nominal speed (no load torque)

Initially, the SPIM is started up to nominal speed (1500 rpm) followed by an inversion
of sign at 5 s and without load. The results show the quasi similarity between simu-
lation and experimental behaviours. The rotor speed behaviours (Figure 4.1) express a
good transient response (0.75 s), with a neglected steady error (< 0.5%) and no relevant
overshoot (< 1%). Compared with the results obtained in [8], using the conventional PI
regulators, a rapid response amelioration (about 25%) is noted. The direct and quadratic
rotor flux waveforms (Figure 4.3) show that the rotor flux is totally aligned with the
d-axis. Figure 4.2 demonstrates that the state variable (speed) reaches the desired SS in
finite time (,, = 0.65 s) and remains there.

e Test 2: inversion of sign with load torque

In the second test, a step speed reference of 1000 rpm and a load torque equal to 4
N.m are applied to the SPIM via the magnetic powder brake followed by an inversion
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of sign at 7 s. The SPIM performances exhibit a good transient speed response and
a good disturbances rejection (Figure 5.1). Then, the disturbances resulting from the
load torque application have no relevant effect on the SPIM speed behaviour which stays
inside the 0.5% error strip. The currents waveforms (Figure 5.4) prove obviously that the
decoupled objective of the IRFOC strategy is achieved and so the direct and quadratic
currents are controlled separately via the flux and the electromagnetic torque. Even with
the presence of disturbances, the desired speed SS is reached and are maintained in finite
time (¢,, = 0.5 s). This proved the robustness of the designed control law against external
disturbances.

e Test 3: low speed with load torque

The last test was made to check the performances of the SM controllers in the low
speed range. So, a step speed reference of 300 rpm with the same load torque is applied
to the SPIM followed by an inversion of sign at 6 s. Figure 6.1 gives the speed behaviour
which remains acceptable and not affected by the load torque insertion.

The speed SS (Figure 6.2) is also reached in finite time. The obtained speed reaching
time is inferior to the one obtained in the second test, which is in concordance with the
Equation (41). Figure 6.4 shows that the direct and quadratic currents oscillate around
their desired values. Despite the notated currents oscillations, Figure 6.3 indicates that
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Spesd switching function

Speed (rpm)
Sidtching function Sur

FIGURE 5.1 Rotor speed response FIGURE 5.2 Speed switching function
(with load torque)

FIGURE 5.3.1 Direct flux waveform FIGURE 5.3.2 Quadratic flux waveform

direct cument Isd quadratic current Isg

Cumert (4
Cunert (7

t(s)

FIGURE 5.4.1 Direct current waveform  FIGURE 5.4.2 Quadratic current waveform

the direct and quadratic rotor flux attain their references and that the decoupled objective
is maintained even at low speed range.

5. Conclusion. A novel IRFOC approach to drive the speed of two windings SPIM
based PSMC was proposed. The originality was the removal of the decoupling bloc,
usually required to implement the IRFOC method with the conventional controllers. This
purpose was achieved using the SMC technique based on a very simple sliding surface
design. Furthermore, the adoption of adaptive sliding gain within the approximation of
signum function by smoother continuous one enables us to reduce the chattering effects for
real time DSP implementation. After developing the theoretical aspects of the proposed
IRFOC strategy, the entire control scheme of the SPIM drive including the design of three
PSMCs was analyzed. As well, the stability of the designed PSMCs was proved using the
Lyapunov theory. In order to investigate the validity of the whole proposed IRFOC
strategy, an experimental platform was built. This platform was conceived around: a
digital signal processor board dSPACE DS 1104, three-leg voltage source inverter and
a commercial squirrel-cage SPIM. The simulation and experimental results obtained via
several tests exhibit high-dynamic performances and guarantee a good rejection of external
torque disturbances. So, both the speed and stator current reach their references without
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Nomenclature

VUsas Usg/Usd, Usq: Stator voltages in stationary/synchronous reference frame;
~ Usa, U8/ Usd; 1sq: Stator currents in stationary/synchronous reference frame;
— QYsa, Psp: stator fluxes in stationary reference frame;
~ ira, ipg: TOtOr currents in stationary reference frame;
~ Qra> Pra/@ra; Prq: rotor fluxes in stationary/synchronous reference frame;

- Lsd;

sq»

Ly, Ly, Mgq, M, stator and rotor self and mutual inductances;

— Rsq, Rsq, and R,: stator and rotor resistances;
— wy, wg: rotor angular frequency, slip angular frequency;
— Te, Tp: electromagnetic and load torque;

— f: friction coefficient;
— J: total inertia;

— np: pole pairs number;
— p: Laplace operator;

V. candidate Lyapunov function;

— Sy, S4, Sqt Speed, direct current, quadratic current switching function;

~ €y, Ca, Cq: Speed, direct current, quadratic current switching function factor;
K., K4, K;: Speed, direct current, quadratic current sliding gain;

— trw, trd, trq: Speed, direct current, quadratic current reaching time;

— Ueq: equivalent control law;
— Uyg: non-linear control law;
— sign: signum function.
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relevant damping or overshoot under loaded or unloaded conditions. In addition, the
developed speed PSMC depends only on the engineer parameters choice. Therefore, they
operate in robust mode against eventual motor parameters variation. A sensor-less speed
controller using the sliding mode technique will be a natural perspective of this work.
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