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Abstract—A variable speed drive system using three-phase cases invariant to uncertainty and disturbances [5]; itdiss
induction motor is presented. The system comprises a direct properties of order reduction, decoupling design procednd
torque control strategy using sliding mode control and space gjmple jmplementation in electric drives, since they have a
vector modulation method. The sensorless strategy was based on “ " . . .

a high efficiency model-reference adaptative system that is able natural “on-off” operating modg [6]. When designed follogin

to Operate in a wide Speed range. This method was designed tothe DTC Control rules (Controlhng the stator ﬂUX and eleetr

combine the good characteristics of the direct torque and the magnetic torque) it behaves much like a DTC controller and

sliding mode controllers, and operate with constant switching produces good results [3].

frequency provided by the space vector modulation method. * gengorless drives are becoming more and more important

Simulation and experimental results are presented showing the .

behavior of the proposed method. as they can eliminate the shaft speed sensor_anq also the
complex and costly flux and torque sensors, still with good

and accurate response. Monitoring only the stator curnedt a

stator voltages, it is possible to estimate the necessanyato

variables. The estimator type used here, a model-reference

adaptative systemMRAS) [7], achieved a good accuracy,

Three-phase induction machines have a main role in todagkhough the low speed estimation is still an unsolved bl
industrial applications. Due to its ruggedness and very lovhe observer presented in [8] is an improved model, and it is
maintenance requirements, they turned out to be widely usathlemented in this paper.
today. With the emerging of advanced control techniques
starting in the late 80's, the induction machine became even II. DIRECT TORQUECONTROL
more interesting' for variable Speed drive systems_ From the induction machine mathematical model, the main

Among many control methods of induction machines, orRduation of the direct torque control method [9] defines a
of the most important today is the Direct Torque Contrdelationship between the electromagnetic torque and thkean
(DTC) method, introduced in [1] and [2]. It can provide a veryetween the stator and rotor fluxes shown in (1)
fast, accurate and reliable flux control and torque response 3P L, .
achieving a high degree of accuracy and being somewhat Tem = §§m|¢s‘|¢”|sm(5) @)

simpler than the previous methods, like the field orientewhereT is the electromagnetic torqué? is the number
control. Instead of using the classical approach with swiig poles, s, and), are, in order, the stator and rotor linkage

|Og.IC rglays s SW't.C hing vector table operatmg n \balag fluxes,L;s andL;, are the stator and rotor leakage inductances,
;wnchmg frc_aquency, higher accuracy can be a9h|eved BINAnd 5 is the angle between the stator flux and rotor flux
f')fed switching fr.equency. space vec.tor modulation (SVM) [3 ectors. Ignoring parameter variations, as long as therstat
leferent' strateg|e's 'co'nS|der|ng various aspects are BhDV\_’ flux magnitude remains constant, the rotor flux magnitudé wil
[4]. In this paper,_|t is implemented the SVM strategy aFIIbIIebe constant too and, from (1), the electromagnetic torque is
to the DTC algorithm. related only to the flux angle differende

Sliding Mode Control theory plays a main role in variable g stator flux linkage vector depends directly on the stator
structure control research. As a discontinuous controhoukt voltages [10] and can be calculated as

it introduces discontinuities in the mathematical modeitilJ

recently, solving these equations was a difficult task, mw n s = /(VS — ryig)dt 2)
mathematical tools and theorems emerged and now sliding * o -

mode control is gaining much more attention. A typicalvhereV; is the terminals voltage of the machine, is the
discontinuous function is the sign function but in order tetator resistance, and is the stator current. The underline
achieve good performance in discrete-time systems, itus uslenotes a 2-coordinate vector variable, the statiodargoor-

ally replaced by a linear function, to obtain closer behaviadinate system, which is assumed along this work, unless when
As a discontinuous control, the sliding mode control has kewted otherwise. In most cases the ohmic drop is small and
advantages like the ability to be a very robust control, imyna can be neglected, and the flux variations can be approximated

Keywords— induction motor, sensorless, sliding mode, torque
control

I. INTRODUCTION
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N Fig. 2. DTC-Sliding mode control law

Fig. 1. Speed controler and DTC block diagram .
The selected box encloses the control block of this DTC

scheme; the implemented algorithm is quite represented in

considering, = 0. Equation (2) shows that the flux variationti9- 2 and is discussed in details in the next section. Of the
is then due only to the applied stator voltage. In other word¥0 Pl controllers shown, although recommended by some
to control the stator winding linkage flux vector, the ineert @uthors [3], one controller can be removed without significa
generates a stator voltage vector that moves the statordluxPgnalty to the dynamics of the system. Becalise can be
a convenient position; this stator voltage vector is radated approximated to the variation of the stator flux according to
at each switching period. (3), the stator winding linkage flux output errdg)¢|* — |vs])

The control algorithm calculates the magnitude and the a@ifeady gives the proper variation and can drig directly.
gle to move the stator flux winding linkage vector to a positio
producing torque according to (1). Flux vector magnitude is
usually hold at rated value to generate the fastest possiblesliding Mode Control 8MC) is presented today as a feasible
response, but it is also possible to work with an underratatternative to implement a robust control, taking advaatafy
flux vector magnitude, in order to have lower acoustic noiske “on-off” inverter switches characteristics and itsengnt
and a better energy efficiency machine in specific situatidnsdiscontinuous algorithm to control the electrical machine
the cost of a slower response [1]. However this causes a major disvantage: a variable swichin

In the classical DTC control, the traditional two-level infrequency. To get a fixed switching frequency operation it is
verter can only produce 6 active and 2 inactive voltage vectoused the space vector modulation strategy, while presgthiz
This is an important constrain to the system and it is thgod characteristics of the SMC. Implementation in diseret
cause of torque ripple in steady-state situations. Instfadtime digital signal processor also demands changes to avoid
the classical approach [1], using the space vector modulatunwanted chattering, as explained below.
strategy for a given fixed-time switching period, it is p#si  The sliding mode controller was designed to operate over
to generate a much wider range of average voltage vectafg same variables used in the DTC method. The main goal of
producing a much more smooth and accurate response. this approach is to obtain a sliding mode controller withttadi

In order to find the correct magnitude and the new statqualities of DTC, which calculates the optimal stator voéa
winding linkage flux vector position, the induction machingector to maintain the stator winding linkage flux magnitude
stator voltage equations [11] can be re-written. From [#$, t and angle within the desired ranges to produce the desired

Il. SLIDING MODE CONTROL

dq components in the stationary reference frame are electromagnetic torque, and outputs this reference to Wi S
i inverter. The implemented control block diagram is shown
Ved =15 lisq + —=> = — = (3)  within a dotted rectangle in Fig. 2.

dt dt

s In this fi , theeval block Ily i functi f
Vsq:Ts'isq"’_ws'wZ:ws'w:—‘r%Tem @ n this figure, theev ock usually is any function o

the following: sign, relay or linear with saturation, as aimo
in Fig. 3. Both the sign and the relay functions alone do

where superscripts means reference value and is the not perform accurately in a discrete-time system, resylitn
synchonous angular speed of the stator flux vector. The above

equations show, for a constant magnitude stator flux vector,

that thed component of the stator voltage only affects the ; ;

stator flux and can be used to control it directly. The _|_
component of the stator voltage affects the torque varjable ; ; i
and if the termw;e?} is decoupled, it can be used to control a) b) 0)

the produced torque.
Fig. 1 illustrates the control block diagram of system.Fig. 3. Typicaleval functions: a) sign, b) relay, c) linear with saturation
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oscillations and undesired chattering. Using a linear tionc analysis, replacing discontinuous equations with cowtirsu
with a proper slope gain and saturation levels provides muebuivalents, where its trajectory is the sliding surfacelft
better results in reducing oscillations while still maintag Therefore it is possible to calculate traditional coefiitge
the properties of sliding mode [6]. like damping factor and natural frequency for a step respons

The individual sliding surfaces are designed to behave if@ example. A more detailed view of the background theory
similar way to the DTC control. First it is defined the erroand sliding surface design can be seen in [6].

functions between the reference and the estimated values
IV. ESTIMATOR SUBSYSTEM

ey, = |Ps|" — 12}5 . . .
v _ |T* ; | (%) The adopted estimation structure is a model-reference-adap
CTem = Lem — Lem tative systemNIRAS) [7], and it consists of three stage system:
where the hat symbol means estimated quantity amglan two independent estimators and an adaptive mechanism to
error value to be minimized. correct the estimations, producing the final result. An ioved
The diding surface set S is defined from (5) model, discussed in [8], was the basic scheme. The adopted
d structure is presented in Fig. 4.
g — |:51:| _ eys T+ Cops @ (ews) E
S92 o *
er,,, + cr, - (ern,,) -
dt I Yr
' . = Reference Model—
wherecys e cr,,, are constants to be defined according to the
desired dynamics response. e Wy
The surfacess; and sy were defined according to (3) and A
(4), using the same idea that thestator voltage componerjt Adjustable Modell—
is related with stator flux ang stator voltage component is (%
related with electromagnetic torque. ( o

Therefore, the control law is proposed in a similar way
1 Fig. 4. MRAS block diagram
Vsa = (KP¢ + KLp) eval(sl)
S @) In the following subsections, the various parts of the esti-
mator are discussed. The two independent estimators peoduc

1 .
Vsg = | KPr+ KIr— ) eva sV T . .
? ( n Ts) (s2) +wsv a rotor flux estimation, and the final rotor speed is then

where K Py, KI,, KPr and KIr are Pl gains. Thesval calculated from these values.
function is implemented as a linear gain with saturation A Reference Model

Tkey if lower limit < x < upper limit The reference model discussed here is adaptive itself. The
evalz) = < upper limit if 2 > upper limit rotor winding linkage flux is calculated from a closed loop
system presented in Fig. 5. This method, analyzed in details
®) [8], uses two distinct reference frames to get an improved es
wherek,, is a constant related to the system dynamics. timation. Two reference frames were used during calcuiatio

The system’s state can start outside the sliding surface B rotor flux reference frame (nameid) and the stationary
it will be driven toward the sliding surface as control effor'éférence frame (nameds), as presented in the figure.
will be produced according to (7) to reduce the errors (5) andUsing the rotor flux reference frame, the rotor flux equations
reachS = 0. This is thereaching phase. are simpler to be_descrlbed: the axis is ahgned ywth Fhe
When the system state reaches he: 0 surface and enters "otor flux and receives all the flux contribution, while theés
in the dliding phase or sliding mode, the same control law (7)oerpend|cular.to the rotor flux, receiving no contrlbutlﬂi.hus,
restricts the state to the slide surfag@nd the system actionsthe rotor flux in rotor flux reference frame can be written as
is governed by the dynamics imposed By= 0 only. The o :d 1f§"T i,
system state is not allowed to leave thesurface, generating Y = [ T ] - { 0 } ©)
a quick and large enough control effort to keep the system _ _ ! . _ _
state very close to the sliding surface. This intense reacti Where L, is the machine magnetizing self-inductan@, is
besides producing a very fast response, can also generamfgmtor time-constant and superscript r denotates \ariab
undesired ripple in discrete-time systems, as a sideteffec the rotor flux reference frame.

limit cycle in the state space plane. Close to the steadg,stat Performing a coordinate system conversion of (9) back to
using the linear function from Fig. 3 instead of sign funatio the stationary reference frame, the stator flux can be el

lower limit if z < lower limit.

the system response is fast and stable. from the rotor flux and stator current as
The equivalent control is a fundamental theory in vari- i L, LisLiy — L2 10
able structure systems that simplify the discontinuousesys ¥ = L Y + I (10)
r Ir
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Fig. 5. MRAS Reference Model

The superscript i denotates the stator flux calculated from |
the stator currents. Sl
The reference model also calculates the stator flux using ang
other method, through a feedback system where the stator flu%/
1, is the feedeback variable. A Pl compensator — represented |
by (K'Py + %) — dictates the error contribution between the g

two flux estimations (10) and (11)

S _ KIS .
ws = — | Vs —7sis — szz + 7(1/15 — Ys . -800f-
- S \T - S I — i ; B / :

The superscript is used to avoid confusion with others ' Time (s)
Pl compensators gains. This model uses stator currents angig. 6. System response to the reference speed step cHemgepu
voltages, and the Pl compensator is used to correct pure
integrator errors and small stator resistance variatiooutjh
the voltage model estimation. R V. SIMULATION RESULTS

The reference model final rotor flux estimation valiieis
calculated from stator voltages and currents by

—400}

A
3

Angu

The above proposed method was simulated using Mat-
lab/Simulink. The complete system was implemented, in a

by = Lir by — LisLiy — L, is. (12) closed-loop speed estimation feedback.
— L,— Ly, - The machine parameters arB: = 2.2 kW, V, = 220 V,
B. Adjustable Model In =9 A, fs =60 Hz, P = 2 pole pairs,r;, = 0.6853 2,

The adjustable or adaptive model equation is simpler and’is = 0-6688 £, L;; = Ly, = 6.281 mH, L, = 713,1 mH.
obtained from the current model of the machine equations The machine calculated rated values dg, = 12 Nm and
stationary reference frame [7] using stator currents amor ro¥’s = 0-48 Wb. A switching frequency ol0 kHz was used.

angular velocity The simulated scenario covers the following situations: a
) I step change in the speed reference (from 0.5 pu to -0.5 pu)
P = (*{/ﬂ) ( *17% ) D+ Tmis (13) with no load attached, a step change in torque (from 0 to 0.5

— Wy - T - ro

pu) and a very low speed operation (30 rpm) with no load.
The superscript: denotates the stator flux calculated from The results of step change in the speed reference are
the adaptative model. presented in Fig. 6, where the real spegdand estimated
C. Rotor speed estimation spe'edu.)T are shown. Although with some osc!latlon, the
) ) ) estimation tracked the real speed very close and it was able t
With the rotor flux estimation from two methods — thgqio the rotor speed within 5% accuracy most of the time.
voltage modely, (reference model) and the current model g stator flux was also estimated and is shown in Fig. 7.
¥y (adaptive model) — the rotor speed can be calculated pyring the startup phase, the stator flux grows from zero to

with a Pl adaptation mechanism by the rated value. The flux magnitude is held constant from this
. KI, moment on, and this can be verified as the stator flux locus in
wr=|(KPy+——- (14) a2y plane is a circle.

The step change in the torque, from 0 to 0.5 pu at 50%
a2 0 rated speed is shown in Fig. 8. Operating at no load, the speed
e=Yrq Vrq = Vrg rd (15)  estimation almost matches the real speed; with 0.5 pu load,
is the cross-error between the adjustable and referencelmodhe system settle to a new steady state, where the difference

where
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Chi[ 200mV W@iF 200mv &M[400ms A Ch2 F 512mv

Fig. 8. System response to the load torque step change 0.5 pu  Fig. 11. Real and estimaded rotor speed in step chah8e,Hz (10 Hz/div)

between the real and the estimated speed is less than 2%py a 6 kW Semikron three-phase inverter (SKS 27F B6U +

Operating with no load at low speed (Fig. 9), the low stat@6C| 10V06). No other microcontroler was used; the DSP
voltages and low stator currents have an negative effedten performed all the necessary steps, timing and calculatitimes
quality of the speed estimation. The estimator cannot comp&witching frequency was defined as 10 kHz, and the dead-time
sate accordingly such problems and, operating at freqeencjas defined as 0.8s.
of about 1 Hz, the error between real and estimated speedrhe yoltages and currents sampling frequency was defined
grows to about 25%. Due to the poor estimation at this speed, eight times the switching frequency (80 kHz) and a moving
the system take longer to reach a steady state. The torgygrage filter with a uniform weight df/8 was used to smooth
responde is still fast, but generetes oscilation, as shawnhe sampled signal. The machine parameters are the same from
Fig. 10. the simulation.

In the experiments, the following parameters were used in
the controllersK P,, = 5, K1, = 12000; KPi =40, KIfb =
The experimental setup consists of a DSP (Texas Instaifor both d andq axis; K P, = 2.2, K1, = 04; KPr = 10,
ments TMS320F2812) connected to an induction motor, drive\/;- = 100; and for the outter speed loof,P = 1.6, KI =
0.05.

Fig. 11 shows the speed reversal test, varying between
+30 Hz and -30 Hz each 2s. In this test, the estimator gave
good results, as both signals were almost superimposed; the
steady state error is below 2%. The figure shows that the
breaking phase is faster than the acceleration phase, dgecau
the friction force wasn’t considered in the equations, lut i
wasn't negligible in this machine. Fig. 12 shows the devetbp
torque for the same situation. It fluctuates around zerodspee
as the estimator performance is worse at this region, bugirem
constant close to the allowed maximum (the rated value, 12
Nm). The estimated stator flux is also presented in Fig. 13,
where its magnitude remains almost constant during the test
Speed response at low speed change between 1 Hz and 2Hz |n a much similar situation to the one presented in Fig.

VI. EXPERIMENTAL RESULTS

apee e =

Time (s)
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Fig. 15. Speed estimation at low speed, 2 Hz to 1 Hz (3.2 Hz/div)

switching logic, using a fixed switching frequency. The islgl
mode controller presented good results in various conditio
and the MRAS observer was able to produce good estimates in
a wide speed range, although very low speed operation lis stil
unsolved. Future works involves testing the robustnessi®f t
implemented SMC with DTC+SVM strategy against parame-

Chi1[ 500mV &@EF 500mV &M[200ms A Ch2 F 510mv

Fig. 13. Stator fluxdg components;+30 Hz (0.5 Wb/div)

ters variations and comparing different estimation meshod
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8, the experimental setup produced the output in Fig. 14.
Although the estimator was not capable of tracking the real
speed closely, the oscillations were minimal. 1

A low speed operation of the experiments (Fig. 15) con-
firmed the expectations from the simulations, giving venyj2]
similar results for the same conditions.

VII. CONCLUSION g

During the simulations and experiments, the currently pre;,
sented speed drive method performed well under a variee{y
of the proposed conditions and the experiments validated
the simulations. The association of the DTC control stryateg[5
with the space-vector modulation increased the accuracy of
the results when compared to the classical DTC with relay$]
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Fig. 14. Speed response to a 0.5 pu torque step change at 30 Hz
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