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Abstract—A sensorless finite state predictive torque control inner current control loop. Moreover, PTC structure is danp
(FS-PTC) strategy uses stator current, estimated stator andotor  compared to the classical DTC and FOC. However, compared
flux, and estimated rotor speed to predict stator flux and torque with classic DTC and FOC, PTC produces worse stator current
Direct application of measured stator currents, and using a noisy S . i - .
estimated speed in the prediction model degrade the steadytOtaI harmonic (_Jlstortlon (THD) [6]. Itis because PTC regsi
state performance in terms of higher current total harmonic ~1arge computation and also uses the measured stator airrent
distortion (THD), torque ripple, and flux ripple, especially at low in the prediction model directly and, therefore, predict@re
speeds. This paper proposes an extended Kalman filter (EKF), affected by the measurement errors and stator currents THD.
a promising state observer, based improved prediction model of Generally, in PTC, a speed control loop is used to gener-

sensorless FS-PTC for induction motor (IM) drives. The EKF te th f t h h " lint
has been used to estimate rotor speed, rotor/stator flux, and ate the reference torque through a proportional-integP8l (

stator currents accurately. The estimated stator currents ingead  controller [5]. The speed is measured through a speed en-
of measured currents are fed back to the prediction model and coder/sensor, which is mounted on the motor shaft and is

thus small stator current total harmonic distortion (THD) is  expensive and less reliable. Moreover, the encoder resjuire
confirmed. Depending on the commanded speed, either rotor gneaq measurement card and other necessary software., Hence

current model or open-loop stator voltage model is proposed for . . . .
the EKF to achieve better performance in a wide speed range induction motor (IM) drives without a speed sensor are

including field weakening region. The proposed control system attractive due to their lower cost and higher reliability. [7
has been verified experimentally, and excellent torque and flux Unfortunately, to date, very few works on sensorless FS-PTC

responses, robustness, and stable operation at lower and higherhave been published. The speed sensor must be avoided to
speeds have been achieved. get the control system widely accepted by different ingustr
Index Terms—Sensorless control, finite state predictive torque applications. When a speed sensor from the PTC is removed,
_COﬂtI’0_| (FS-PTC), extended Kalman filter (EKF), field weakening, rotor Speed must be estimated through proper design of
induction motor (IM). observer using measurements of stator voltages and csirrent
Many speed observers have been proposed in the past
l. INTRODUCTION years, such as full-order and reduced-order observersgimod
reference adaptive system (MRAS) observer [8], sliding enod

PRED'CT'VE torque control (PTC) strategy is a recenbpserver (SMO) [9], Luenberger observer [10], extended
a!ternatlye to t.he conventional direct torque control (DT9<a|man filter (EKF) [11], [12], etc. In [10], an exact speed
and field orientation control (FOC) strategies. Due 10 ifsstimation model is proposed to operate the machine in
intuitive features, easy implementation, and easy inofusiyhe field weakening region by using Luenberger observer to
of nonlinearities and constraints, PTC has widely been igyercome the sampled data modeling error. But the current
vestigated [1]-[5]. In finite state PTC (FS-PTC), torque anghnroller introduces instability at the lower speeds. Ao
stator flux are predicted for the finite number of possiblg) the aforementioned strategies, reduced-order SMO@s th
switching states of a power converter. The switching stadGnplest one, but its robustness and estimation accuracy is
which minimizes torque and flux ripples most is finally chosefot satisfactory. In order to compensate the estimaticor,ear
as the_opt|mal swﬂchmg state and is obta_lned by_ acﬁuat'”%émpensated voltage model is proposed in [8], [13]; however
predefined cost function. The selected optimal switchiagest it requires actual inverter parameters, and additionaroters
is directly applied to the converter to produce the voltagg ayoid offset and drift problems. Thus, the estimation ac-
vector to be applied to the motor in the next samplingyracy of SMO is only fair, and the controller suffers from
instant, without requiring an intermediate modulationgsta chattering noise. Recently, PTC has been implemented utitho
[2]. Another important advantage of PTC is that it has N@heed encoder for motor drives applications [9], [13]-[15]

_ _ _ In [13], an encoderless FS-PTC has been proposed with a

MF 2;5‘;%?5@"9”"? 2' ‘;Xem'i? 228'152 it e ot compensated MRAS observer. The robustness of the system is
Apri , , accepte ay 13, . I ) ) : : .
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avoided, and satisfactory speed response is achieved ermgsults are discussed in sections VI and VII, respectively.
though the estimated speed is still noisy. However, thergbse Finally, the paper is concluded in section VIII.

is greatly influenced by the stator resistance variation and

produces oscillations in torque and flux responses. In both 1. INDUCTION MOTOR MODEL

aforementioned study, the stability of the controller atMew he state space model of IM is described in a stationary

T
and high speeds i.e., field weakening have not been addres .
Moreover, to date, all previous studies on PTC with Speeii%;?igzes f(rf)T?g'. #), and can be expressed by the following

sensor or without speed sensor use the measured statantsurre

directly at prediction stage. Direct use of these measured v _Ri dJS 1
currents leads to undesired switching actuation, and wesrse Vs = S’Sf dt @
- di,. R

the stator currents. As a consequence, the controller pesdu 0=Ri + Yr ot @)
high current THD, especially at lower speeds. dt

Extended Kalman filter (EKF) is a promising optimization Us = Lyis + Lymir ©)
observer because of the robustness against parameter uncer . . .
tainties [11], [12], [16]-[19], and many sensorless praide Yr = Linis + Lyiy 4
have been successfully solved with it. The observer bagical - N PO
deals with linearization of the nonlinear discrete model\of Te = Lopsm {% '7'5} ©®)
using the present estimated states and available inpujsI{12 dw,,
can estimate the speed from zero to nominal speed accurately S =Te =T (6)

Recently, EKF is proposed for FS-PTC in [20] to estimate the ) o

speed accurately. But only simulation results are predentéhered; is the stator voltage vector, is the stator current
to show its effectiveness. However, EKF requires more c3ECtOrir IS the rotor current vectoty is the stator flux vector,
culations, which limits the sampling frequency. Nevertsel wT'is the rotor flux vectprTe is the electromagnetic'torque,
modern digital signal processors (DSPs) can easily sofge td! 1S the load torquew,, is the rotor angular speed, is the
problem due to the high computational power. To estimafgtor angular frequency is the number of pole pairs, and the
the speed, EKF automatically estimates the other states s@E1ers are the system parameters. .

as stator currents and flux, without further increasing the The dynamic model of IM accounts stator current and
computational burden. Using these states, the predictimtem flUx ¢ (eithery,; or¢,) as state variables [19]. For rotor speed
in ES-PTC can avoid the measurement noises and reduce 4he€stimation, the speed is to be treated as an additional state
current THD. It results improved transient and steady staf@riable, and itis directly related to the rotor angulagfrency
stator flux and torque responses. Hence, it is expected to4sePy the number of pole pairs as

facilitated the attainment of full benefits of FS-PTC usirgFE We = Pem- @

The performance of FS-PTC is greatly affected by the speed ) _ _
estimation error and the currents measurement noises; espd N€ 10ad torqud; is taken into account as a state variable to

cially at low speeds. In this paper, an accurate predictiodgh 'MProve the speed estimation accuracy at very low speeds. Fo
is proposed by estimating the rotor speed and stator csrrefifnPlicity, since the sampling time is too short comparethwi
using EKF. In order to avoid the currents measurement noisHi desired torque response, it is a common practice to &sum
the estimated stator currents instead of measured cumeatstn€ derivative of the load torqu#; = 0 [11], [19]. Therefore,

fed back to the prediction model. The stator currents THRs daranging (1)=(7), the extended sixth-order nonlingates
reduced and thus improved speed, torque and flux respondace model of IM can be expressed as follows:

are achieved. The proposed control system is also robust i = f(z,u) (8)
against stator resistance variations. To reduce the speed e

in a wide speed range, both current and open-loop voltag&ere, for rotor current modgl (CM),

models of IM are proposed for EKF. Taking into account — [Zsa isp Vro Prs W Tz]

stator currents (.., is3)", rotor/stator flux (ﬁa, ) L (e 5]
- S S

rotor speed &,,", and load torque T;" as states, sixth-order ¢ z,u) =
nonlinear discrete model of IM is considered. The propose R, , L2R.\ 7 LnRy 7 Linwe 77 o
. . —\T +LL2 Zsa"‘LLzl/}ra'i‘LLwrﬁ'i‘L
control system has been carried out experimentally, and gop ’ oty ks o o
i _( Rs LmRT 7 _ Lnwe 7 LnR, T Usp
performance in terms of torque and flux responses, robustnes o T 1oz ) s — ToL: Yra + ToL2 Yrp + .
ili i i i LRy Ry 7 7
speed accuracy, anq stability at low apd high speeds ingjudi nling , — T,Wm — Wethrp
field weakening region has been achieved. LRy~ 7 R, .7
o i L, 158 + wewr(x - [TwTB
The remaining parts of the paper are organized as followk: 3p L. 7 3pLm, 7 T
o L Vrslsa + 5 T T Vralss =

Section Il provides mathematical models of IM. Section IlI 0
p(esents a br.ief description of the proposed control :g_ya.teand’ for stator voltage model (VM),
Field weakening operation of the proposed sensorless drive S T
discussed briefly in section IV. Simulation results are jed  * ~ [ZS@ is8 Vsa Ysp W Ty

in section V. The experimental setup and the experimentalk= [, ﬁsﬁ]T
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Predictive control
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Fig. 1. Sensorless FS-PTC based IM drive.
flx,u) = to estimate the rotor speed and the rotor flux, otherwise, the
_ (% n f;ﬁ) Toa — Welsg + %Jw + ‘L"fﬁsﬁ 4 &=\ voltage model based EKF is used to estimate the rotor speed
i R R\~ " R = Qs and the stator flux. Measurement noises and harmonics in
“Welsa = (I, T LUL;> iss — Lo¥sa+ 7,1 %ss + T, | the stator currents are also filtered out through EKF, and the
Rsz;w + U estimated currents are fed back to the controller. Fig. dqires
Rgisp + Usp the overall control diagram of the proposed sensorless FS-
,331;' P §£1;' ) PTC, which mainly includes three parts: EKF for rotor/stato
5 J¥sBlsa 2 J¥satsp 7

flux estimation, stator flux and torque prediction, and cost

whereoc = 1 — L2, /L,L, is the total leakage factor, andfunction optimization (voltage vector selection).
L, = oL is the leakage inductance.

A. EKF for rotor/stator flux estimation
IIl. SENSORLESSFS-PTCMODEL The extended model of IM in either CM or VM, depends on

In a conventional sensorless FS-PTC based drive, the rofdf reference speed, is used in EKF to estimate the rotin/sta
current model of IM is considered to estimate the rotor flufUx- Since the EKF is an optimal state estimator based on
and the voltage model is considered to predict the stafjPchastic uncertainties of the system variables, twewfit
flux and the torque. The estimated speed is fed back to ¥{Bit€ noises are injected into the system model: one is geoce
controller. The speed is also compared with a referencedspd®iS€; and the other one is measurement noise. The sixé-ord

and the error is processed through a PI controller to gesmerﬁ?”'_i”ear extended model of IM for EKF can be expressed as

the reference torque. For speed sensorless drive, curelm [17]:

based estimator can not estimate the speed accuratelyyat ver &= f(z,u) +w(t) (System) )
low speeds. It is because the stator currents start to Idse ro

inforrr?ation when the speed approaches zero and cease com- y=Cr+oft) (Measurement) (10)
pletely at zero speed. On the other hand, voltage model baggtkreC is the model output matrixy(t) is the process noise,
estimator can estimate any speed from zero to rated spegi v(¢) is the measurement noise. The covariance matrices
But open-loop voltage model based stator flux is not goast w(t) and v(t) areQ and R, respectively.

enough for the controller, and the estimator becomes ulestab Therefore, C, Q and R can be expressed as

at higher speeds due to some problems such as dc offset,
/10 0 000

drifts, and more parameter sensitivity. These problemshean C = (11)
compensated but not fully unavoidable resulting in complex 010000

PTC structure. This is why, in compared with current model, Q = cov(w) = E {ww} (12)
voltage model produces more steady state torque and flux

ripples. However, for better speed response, open-lodpgel R=cov(v)=FE {WT} . (13)

model can be used at lower speeds to estimate rotor speed and

stator flux directly without compensating the aforemergin  The continuous model in (9) and (10) is discretized for
negative effects. This will cost a bit higher torque and flue implementation of EKF using standard forward-Euler
ripples which are acceptable for lower speeds considerifg§Proximation by

improved speed response. In this paper, for the refereressp dx X (k+1)—x(k)

w’, > +60rpm @2Hz), the rotor model based EKF is used P T — (14)
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where T is the sampling time, and(k) and x(k 4+ 1) are
present and next states of the system, respectively.

is the equivalent resistance referred to statpr= L, /R, is
the transient time stator constant, and= L, /R, is the rotor

The recursive form of the EKF, including stochastic untime constant.

certainties, may be expressed by the following system
equations [18].
Prediction process:
lk|k—1] = &k =1k =11+ f (Z[k — 1|k — 1], u[k]) Ts (15)

_ Of (lk], ulk]) o 0 OF (alk], ulk)) "
D k] Ox|k]

Plk|k — 1] Plk|k] +Q

(16)
where i is the state estimate? is the state estimate error
covariance matrix, amg—g: #[k),a[k) IS the corresponding Ja-
cobian matrix which involves linearization of nonlineaatst
space model of IM. For simplicity, all covariance matrice
are assumed to be diagonal [18]. The diagonal elements
tuned in MATLAB/Simulink environment using a trial and
error method.

Kalman gain:
K [k] = P[k|k —1)CT (CP[klk—1CT +R)™  (17)
Innovation process:
ilk|k] = &[k|k — 1] + K[K] (y[k] — Ca[klk —1])  (18)
Plk|k] = Plk|k — 1] — K[K]CP[k|k —1]  (19)

oflt is evident that stator current (22) and torque (23) pre-
dictions are greatly affected by the speed estimation .error
Therefore, in this paper, the speed is estimated accurabely

an improved prediction model is achieved.

C. Voltage vector selection

The optimal voltage vector is selected based on the tra-
ditional PTC [5] which includes two steps: torque and flux
prediction and cost function optimization, as shown in Hig.
State-space model of IM for estimation and prediction of the
states, and a priority based cost function for actuatioruaesl
tb select the optimal voltage vector. Priority is given catst
& in compared with the torque. The cost function can be
expressed as

9= [Tz 04 1) = Tulls+ 1) 4+ Ay 155 -

duk+1)|| @4)

whereT”(k 4+ 1) is the reference torque grﬂ(k +1) is the
predicted torque for a given switching stat€, is the reference

stator flux and), (k+1) is the predicted stator flux, and, is

the weighting factor which sets the importance of stator flux
in compared with the torque. The reference stator ifgxis
constant for all time. Since the sampling frequency is tahhi

The predictions in (15) and (16) are updated with thgsmpared with the probability of load change over the cdntro
present measurements by (18) and (19) using the Kalman ggiRation, which is too short, it is a general practice to assu

calculated in (17).

After estimating the rotor/stator flux using EKF, the othere|

flux (stator/rotor) is calculated using the following sirapl
relationship between stator and rotor flux:

Ly,
L,

—

1/15 = 12)7" + O—Lsis

(20)

T (k) = T7 (k + 1).
n a two-level voltage source inverter (2L-VSI), there are
eight possible switching states and the state which mirmiz
g most is selected for the next step to produce the voltage
vector to be applied to the motor.

In a real time implementation, calculation time of control
algorithm introduces a time delay which must be compensated

where i, is the estimated stator current. Equation (20) says1]. It is done by two-step ahead prediction considering

stator flux performance is greatly affected by the quality Qf (11 1) and7, (k1) as initial conditions for the predictions
the stator currents. If the stator currents contain measemé 54 instantt+2. Since the frequency of the rotor flux is too low

noise or harmonics, it will produce ripple in the eshmatermeared with the sampling frequency, the rotor ﬂfzp(k)

stator flux which expedites the wrong actuation of voltagé )
vectors, yielding poorer speed and torque responses. ~ and¢r(k + 1) are assumed to be same. Hence, to implement
the delay compensation scheme, the predicted stator flux and

B. Prediction of stator flux and torque th? torque at Tstarft +2 are obtained by
Knowing v, (k) and using standard forward-Euler approx- ¥s(k +2) = ¢s(k +1) + Ts0s(k +1) = Ts Ryis(k +1) (25)
imation (14), the magnitude of the stator flux and the torque

S

i Ts ird
at the instan{k + 1) can be predicted as is(k +2) = (1 T TG) is(k+1) + (15 + T) (26)
Dok +1) = o (k) + Tuti(k) — ToRain(k)  (20) {Rl K’j - m@) bk + 1) + 5k + 1)]}
is(k +1) <1+T‘g)?(k)+ L o 7
lg = — | 15 D A . ~ . 7
{1 Kk’“ — k'r'j(*ae) 1;7-(16) + gs(k)} } qu, considering the. calculat.io.n Qelqy in real time impleme
Rs [\ 7r tation, the cost function to minimize is
Te(k+1):1.5psm{zzs(k+1)*-Zs(k+1)} @3 g= Te*(k+2)—Te(k+2)‘+)\w‘ ol - zﬁs(k+2)‘ ] (28)

wherew, = po,, is the estimated rotor angular frequency, In order to protect over current through the stator, the cost
k. = L,,/L, is the rotor coupling factorR, = R, + k?R, function g must include a third ternd,,, which is designed on
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the basis of maximum allowable current through the machimemains at maximum value, provided that the stator current
If the absolute value of predicted currdag(k + 2)| for any and the stator flux are maximum. Region Il starts when
particular switching state is higher than the maximum auigre s ,.q > Vi, and the stator flux starts to decrease to keep
then that particular switching state will be canceled byirsga  the back emf nearly constant. But the stator current coesinu

higher value againdt,,. Therefore, the tern,, can be defined to remain at its rated value to ensure the maximum torque

as - capability of the machine. Since the torque reduces with
o) if |is(k +2)] > imax increasing speed, the power delivered to the load in th@megi
™ )0, otherwise Il is approximately constant. If the speed increases furthie

a particular point, the maximum available voltalg,. can
not inject the required stator current and the current start
decrease; the point is the starting point of region Ill. Thever

Here,i,,q. iS the maximum current rating of the IM.
Thus, the complete cost functignfor the controller is

g =17 (k+2) —Te(k+2)’ +/\¢‘ 1/7: _ ‘is(k n 2)‘ ’ I ;jn(j:l:\ézgeetjsto the load in the region Ill decreases as the speed
(29) When the speed of the machine enters into the field
weakening region, the reference stator flux which is coristan
IV. PROPOSED SENSORLESBES-PTCIN THE FIELD in the FS-PTC should be changed. In this paper, the new
WEAKENING REGION reference stator flux’ . is obtained by the conventional

For high speed applications, such as ac servo, gearless tigcv,, method [10], [26], wherev,. is the rotor speed. In this
tion drives, and spindle drives, the machine requires toaipe method, the stator flux reference is changed in proportion to
in the field weakening region [10], [22]-[24]. For maximunthe inverse of rotor speed. The base speed of the machine
torque capability of the machine in the field weakening regiothe estimated speed. as the control scheme is sensorless,
the required voltage, ,.., and stator current, .., are equal and the rated stator flux: are used to determing; ., and
to their maximum values. However, the maximum voltagde relationship among them can be expressed as
and stator current to be applied to the machine terminal are - Wy | =,
limited by the available inverter output voltagé,... and Vs new = &e|¢s|' (33)
inverter current ratingl,,.... Along with dc link voltage, R
the inverter output voltage is also dependent on the used'ne new reference stator flux; ., will be used in (29)
modulation strategy. For instance, maximum voltage,, of replacing the rated stator flux referengg;|. The weighting
pulse width modulation (PWM) with space vector modulatiofctor A, in (29) will also be adjusted. Hence, the new cost
(SVM) strategy isVy./v/3 [25]. Since, FS-PTC strategy di-function for the field weakening operation can be expressed
rectly applies the switching signals to the inverter withany as
intermediate modulation stage, the maximum availableagelt
Vinaz 1S 2/3Vy.. If the required voltage and current to drive g
the machine in the field weakening region &g, andfs,m],
respectively, the limit conditions of the control systenm dze
represented by the following inequalities:

T2 (k+2) = Tollk +2)| + Agunew bs(k + 2|+ I

(34)

=
w*
s,new

where Ay e iS the new weighting factor.
It is well known that the expected maximum torque in the
field weakening region is a consequence of the voltage and

Tsreq < Vinas (30) current limit. To achieve maximum torque, conventionadly,
- current controller injects maximum available torque pradg
is re < Ima:v~ (31) i ini i

req component of stator current maintaining the current lir8it)(

In this study, the inverter current rating is higher thafl order to avoid the instability of the machine at very high
the machine current rating. Hencg,... is set equal to the speeds, a predefined limit of flux producing component of
maximum current rating,.... of the motor. stator current is also used in the controller [24].

The voltage drop across the stator resistance at high speelf? the FS-PTC, as already mentioned in the section-lll, the
(above base speed) is negligible. Hence, modifying (1) thiéh required voltage vector is predicted by minimizing torquel a

rotor speed dependent back emf I% — weib,, the required flux tracking errors, and the reference torque is generaged b

maximum voltagey, ,., in the field weakening region can beantl-wmdup mechanism. Hence, f_or a certain level of sta_ltor
- ’ flux, the selected voltage vector will always produce pdssib
approximated as . i !
maximum torque. If the reference torque is too high, the

Ts req =V 20e|ths]. (32)  required stator current can exceed the current limit (31). |
_In the proposed FS-PTC, for time delay impLe:mentatioHYi|| be maintained automatically by thg terfy, in (34), thus
|,l[}s| in (32) will be replaced by the absolute value@f(kﬁ—l) no additional current controller is required.

from (21).
The total dynamic operation of the machine can be divided V. SIMULATION RESULTS
into three speed regions: region |, region Il, and region Il In order to verify the effectiveness of the proposed

namely, constant torque region, constant power region, asehsorlessless FS-PTC strategy, some simulation tests
reduced power region, respectively. The regions Il and Ildre carried out in MATLAB/Simulink environment. The
are basically field weakening regions. In region I, the terqparameters of the IM used for simulation are listed in



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

TABLE | is constant. It is seen that the estimator can track the speed
INDUCTION MOTOR PARAMETERS the stator flux, and the load torque properly in both dirextio
R.=47.90 | L, =2.437H Donom = 0.85W5h pf operati_ng frequency. Fig. 2 a_llso shows that the stator flux
R, =3780 | Ny=2 Trhom = 1L.ONm is producing very good sinusoidal stator current and torque
és = 2-6315 J = 0-?0159-7712 P= 175W4 - waveforms. Since the stator flux is constant with the charfige o
r =263 wm = 1382rpm__ | ts;rms = 0.46 load torque, a complete decoupled control of torque and flux
is achieved. In order to verify the robustness of the system
CoNTROLLER Zﬁg'—él‘D ARAMETERS against load disturbance, initially, the load torque is et
0.25Nm, then it is suddenly changed to 0.8Nm at 0.5s. It is
Controller parameters|| Load parameters seen that there is no transient in the stator current andrstat
kp = 0.125 Tnom = 3N'm flux. Thus, high-performance torque control is achieved.
ki = 1.376 P =175W
Ay =5, Ap new = 2 w = 2500rpm
tmaz = 0.65A Friction torque=0.15Nm @ 1500rpm

Table I, and the controller and the load parameters are

listed in Table Il. The optimized voltage vector is produced

by using a 2L-VSI. The inverter is characterized by a

dc link voltage of 586V. For estimation, prediction, and

actuation of the objective function, a sampling time is set

to 130us. The gain coefficients of the Pl speed control

loop have been set considering the bandwidth of 20Hz and

the phase margin o085°. In the EKF algorithm, the initial

values of states and the diagonal elements of covariance :

matrices have been set as(0) = [0; 0; 0; 0; 0; 0], ;

PO) = 1077 % diag([1 1111 1,0, Q =

diag (]0.01 0.01 0.0001 0.0001 0.005 0.01],0), and Fig. 3. Experimental setup.

R = diag([10 10],0). The sequence of elements in

covariance matrices are same as the sequence of states in the

machine model. In the simulation results, actual state miean VI. EXPERIMENTAL SETUP

the state calculated by the discrete current model of the IM. The proposed sensorless control system is implemented in
the laboratory. The setup is composed by a squirrel-cage IM
driven by an IGBT based 2L-VSI of 1.1KVA with maximum

e =
= Power supply unit
~ = ] : 000 o7

Induction motor

7}
-
S
a
£
o
S
©
<
o
a
2
o}
a

: 2000 — current rating of 1.5A peak. A dc machine with integrated
i —— Estimated | torque and speed display is coupled to the motor shaft by
5 o000 | | | ‘ timing belt. The control algorithm is implemented using
N °-‘5 f 1"5 f %5 dSPACE DS1104 R&D controller board with ControlDesk and
= b | MATLAB Simulink software packages. For safety reasons, the
0 ' inverter is characterized by a dc link voltage of 400V. Hence
-1 ‘ ‘ : . ‘ the machine can not be tested with rated speed at nominal load

: ‘ ‘ ‘ The sampling time similar to simulation is set to 130 All

F SR ay (_—— other system parameters are also same as those of simulation
Saf ‘ : . 1 The experimental setup is shown in Fig. 3.

0 05 1 15 2 25 For verification purposes, an incremental encoder with
= ! ‘ ‘ ‘ ‘ 2500ppr is used to measure the actual speed, and it is malize
%08 by the dSPACE 1104. The output of the encoder is sampled
50_60 " : - : ” in every 4ns in order to reduce the quantization error and,

therefore, for better realization of the measured speed.

Two current sensors and one voltage sensor are used to mea-
Fig. 2. Simulation results of speed, stator current, esticheiejue, and stator sure the stator currents and dc link voltage, respectivdig .
flux at rated speed reversal and load change conditions. output offsets of current and voltage sensors are detednine

using dSPACE and ControlDesk software. Then, the offsets

The simulated results present the dynamic responsesaoé compensated by subtracting those values directly fihem t
sensorless FS-PTC system at rated speed (1382rpm) revarssdsured stator currents and dc link voltage before fe&dbac
condition, as shown in Fig. 2. From top to bottom, théo the controller.
curves are actual and estimated speed, stator currembaest The machine is operated in two modes: normal and field
electromagnetic torque, and estimated stator flux, reisedct weakening. For field weakening operation, the dc machine is
The stator flux is set to the nominal value at 0.85Wb whictisconnected, and tests have been carried out with onltiaher

Timelsec|
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of the motor. In order to maintain the speed limit of the te:
setup, a reduced dc link voltage of 300V which is 51.19% « §7°°;/\V/\/\W\WW
the rated voltage is applied to the inverter. Hence, the ne

base speed will be about 760rpm. The speed of the test se
is limited to 400% of the new base speed. In order to avo

the instability at very high speed, in this study, the stdliox
is limited to 21%-100% of the rated stator flux.
The diagonal elements of covariance matrices

( ) -05 I I I I

EKF used in the simulation are slightly adjusted fo o5 o o o o N

the experiments.
Q =
R =

The new covariance matrices
diag ([0.5 0.5 0.0001 0.0001 0.1 0.01],0) and
diag ([1 1],0). The initial

remain same for both CM and VM.

VIlI. EXPERIMENTAL RESULTS

E
a 2
&

state estimate error :
covariance matrix P(0), and the initial values of state’®)X( =
are considered similar as simulation. The covariance n&sri

Time [sec]

Fig. 5. Experimental steady state waveforms of measured spséated
speed, stator current, torque, and flux at 700rpm with 25%hefrtominal
load.

At first the effects of current measurement noises and
harmonics on the prediction model are observed. Fig. 4 tepic

the improvement in torque and flux ripples due to the usgate behavior of the control system at 700rpm with 25% of
of estimated stator current in the prediction model when thge nominal load is presented in Fig. 5. From top to bottom,
machine is operating at 100rpm with 25% of the nominal loafle waveforms are measured speed, estimated speed, stator
torque. It is worth noting that the current THD is reducedrrent, electromagnetic torque, and stator flux, respeti

from 2.82% to 2.01%, thus the torque and flux ripples arerpe average steady state speed efxar, which is calculated
reduced significantly. The current THD is computed withy () /&% 100%, is about 0.7%, and the estimated speed
13 cycles of the stator current up to twenty times of itg completely noise free. The average speed is determined by
fundamental frequency using MATLAB Powergui. The steadysing ControlDesk software and also confirmed by observing

' " JHD=2.82 ' j
= o —

—05 L L I I
0 0.4 0.8 12 1.6 2

Time [sec]

@

T "THD = 2.01Y T !
= of ]
‘

L L L
0.4 0.8 1.2 1.6 2

Time [sec]

(b)

Fig. 4. Experimental steady state waveforms of stator currestimated
torque, and estimated stator flux using (a) measured and (b)atst stator
current in the prediction model.

the speed on integrated LED display. The calculated stator
current THD is 4.98%. It is also seen that the stator flux
produces a very good sinusoidal current waveform, yielding
improved torque response.

Fig. 6 illustrates the dynamic behavior of the machine at the
rated speed (1382rpm) reversal condition with a load toofue
0.35Nm. The experimental results are similar to the siredlat
results. The average steady state speed error is about 0.5%,
and the estimated speed is free from noise. It is seen that the
stator flux produces very good sinusoidal stator current and
torque waveforms. The stator current THD is 7.72% at steady
state condition. However, a very small deviation of statox fl
magnitude is evident during speed reversal. This is not the
coupling effect between torque and flux. It is because of less
dc link voltage. It can be verified from the simulated results
where full dc link voltage is applied to the machine, and ¢her
is no dip in the stator flux waveform.

In order to test the dynamics of the proposed sensorless
FS-PTC, the torque step response from 0.25Nm to 1.0Nm
is observed, and presented in Fig. 7. The torque step is
achieved by changing the speed suddenly from 100rpm to rated
1382rpm. The settling time of the torque responsdniss,
as shown by dashed line in Fig. 7, which is excellent. Thus,
the proposed sensorless FS-PTC preserves the fast dynamic
behavior of the basic DTC. The robustness of the proposed
sensorless control system is tested by changing the logdeor
suddenly from 0.25Nm to full-load 1.0Nm, and the waveforms
are presented in Fig. 8. From top to bottom, the waveforms are
stator current, estimated speed, estimated torque, aintbést
stator flux, respectively. The calculated THDs of statorenir
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0 0.5 1.0 1.5 2.0 25
Time [sec]

Fig. 6. Experimental waveforms of measured speed, estimated sgitor current, estimated torque, and estimated stakodditing rated speed (1382rpm)
reversal condition with a constant load torque of 0.35Nm.

is robust against load disturbance.
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Fig. 8. Experimental waveforms of stator current, estimateekedp elec- = w w w w w w w w w ]
tromagnetic torque, and stator flux at 955rpm (100rad/s) wifidéload %O-ST ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1
disturbance. =08, 1 2 3 s 5 6 7 8 9 1
Time [sec]
(b)

before and after added load are 3.2% and 2.55%, respectivgl _ .
. . . ig, 9. Experimental waveforms at low speed reversal using @set EKF.

The load torque which is dependent on speed is chanqg%ﬂHz (60rpm) and (b}:1Hz (30rpm).

manually. This is why the torque response is a bhit slower.

It is also seen that, there is a very small dip in the speedFig. 9 shows the low speed performance of the proposed

response before compensation. However, no dip is obsengemsorless FS-PTC system. The machine is operated at 60rpm

in the stator flux response and, therefore, the torque and fl#2Hz) and 30rpm £1Hz%) in either direction of operating

are completely decoupled. Thus, the proposed sensorliess direquencies, and the average measured speed errors a98610.0
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and 32.26%, respectively, which are too high. The THDs 1
stator currents are 2.13% and 3.7% corresponding to th& sp
of 60rpm and 30rpm, respectively. It is seen that curre
model based speed estimator is producing high speed el
at lower speeds even though the currents THDs are ve

good. Moreover, it is quite impossible to estimate zero dpe 05 ; : : ; : : ; : :
using rotor current model. After many tests, it is observe chMWVWW\/\W’\N\MM’VWM

Winrpm]

100 T T T T T T T T T
* -61.5 rpm
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that the speed response is good when the command spee [ S S N N N N S R R
greater thant2Hz which is 4% of rated speed. However, fo z OW
normal operation, within the rang&2Hz < w,, < +50Hz, B S b L T S e S
the estimated torque and Stator fluX rESPONSES Are Still Vi £, bee——————————————————
good, and the system is stable. = 0-6([ s e ey s ]0
In order to reduce the speed error at lower speeds, 1 Time [sec)
open-loop voltage model based EKF is used. The machine @)
is operated again at 60rpmt2Hz) and 30rpm £1Hz); the
waveforms are presented in Fig. 10. It is seen that the spe : 5§ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘-27»5rl‘3m ‘
errors are reduced to 3.36% and 8.33% corresponding to e e e e e e !
speed of 60rpm and 30rpm, respectively. The THDs of stat i — T~ w w w T m—
currents are increased to 6.69% and 10.08%, respectivdly & :ssﬁ ‘ | ‘L ) ‘ — ‘ ‘
therefore, the torque and flux ripples are increased. Howev B 05, : : SR ; ; ; LY
these ripples and current THDs are still acceptable at low T ‘ ‘ / ‘ \ : / ‘ ‘
speeds considering improved speed response. The adpist f'io ! 2 s 4 s 6 7 i s w0
speed range of the proposed control system is increased e e N
+1Hz compared with the rotor current model based EK B e R H S S S S S
Hence, the adjustable speed range of the proposed con ;0;\ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
system, for normal operation, #81Hz < w,, < £50Hz. After = o.sg . S T : : : . ]0
many tests, it was observed that the speed deviation iresec Time fsec
rapidly below the adjustable speed range. ®)

The steady state performance of the proposed control system

10. Experimental waveforms at low speed reversal usingbdsed EKF.
below adjustable speed range is tested for 1rpm with 50% (g? “£2Hz (60rpm) and (b)-1Hz (30rpm).
rated load, and the responses are presented in Fig. 11y/First
the measured speed is filtered using a low-pass filter, th 3 \ \ \ ‘ ‘ ‘ ‘ ‘ ‘
it is compared with the estimated speed. The percentages Ej 1
speed errord\w are shown in Fig. 12. For easy understandin i, ‘ ‘ ‘ ‘ ‘ | ‘ ‘ T
and clear information, the percentage of average speetsgerr o ¢ 2 3 4 5 & 7 8 0 10
one average value of every 1k data points from the sour T T

are plotted in the Fig. 12. The calculated average speed el
for the whole duration of 10sec is 42.18%, which is ver S T S

high. It is because very low and variable switching freqyenc 08 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
characteristics of the FS-PTC strategy. However, the otheir Z ZjM
produces constant stator flux and good torque waveforn = ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

’ 1

which indicate the system is stable. The estimated speéshis ¢
more accurate, and thus the prediction model is complete
free from speed estimation error.
Fig. 13 shows the effects of transition between CM and VI % 1 2 3 4 5 & 1 8 s 10
in EKF; this is done by changing rotor speed from 100rpm tu Time feecl
50rpm. It is seen that _there is no significant _transie_nt _in tr,ygg_ 11. Experimental waveforms at very low speed (1rpm).
stator flux, but the estimated torque for VM is a bit higher
due to the variation of rotor speed. However, the transient
responses of speed and torque are not very good. Since, ithabout 6.5%. It is also seen that the torque is a bit seasitiv
speed is very low, it is generally acceptable. However, the stator flux is completely insensitive to theéosta
The parameter sensitivity of the proposed sensorless F8sistance variations.
PTC is also investigated at60rpm, and shown in Fig. 14. Some tests have also been carried out to confirm the effec-
Since, the most critical parameter of the VM is stator resitiveness of the proposed sensorless control system in tlde fie
tance and its change greatly influences the control perfocema weakening region. Fig. 15 shows the dynamic performance of
at lower speeds, step change of stator resistance from RQ0%he proposed control system in the field weakening region in
to 130%R, is applied in both directions of low operatingstep speed command from 1rpm to 300% of new rated speed.
frequency. The average deviation in speed is very small;Tihe torque is constant at its maximum value, as expected, in

T, [Nm]

Il (W]
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Fig. 12. Experimental percentage steady state speed etrarpra.
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‘ ‘ ! ‘ ‘ ‘ ‘ ‘ ‘ Fig. 14. Stator resistance sensitivity of the voltage modskl flux estimator.

Region | Region Il Region Il

_ ik I T | T
éo.s— I i 1
< ! T T T i“ oF : ‘: ‘ ‘ Il v ‘Wmmu!
fios 3000 ' T ' T T T
0 | ‘ | £ I__!____'_ig‘ ______________
0 4 8 12 16 ) % 28 2 3% 40 = | I_\ ! !
Time [sec] qE 1500 | ! I
1 ! hn
3 0 1 I I I I I
Fig. 13. Experimental waveforms of the effects of transiti@ween CM 1 1 L ‘ \ \
and VM. = i :
Zost i Ny
z i !
the region | (up to 760rpm), where the stator flux is consta 02 T ‘ ‘ ‘
. . . . 1 1
at its nominal value and the stator current is maximum. In tf ' o ‘ ‘ ‘
region Il (760rpm to 1495rpm), both the stator voltage ared tt < of
stator current are equal to the limit values, and the statar fl | i
decreases, as expected, to keep the back emf constant. T 1 E— 06 09 12 15

the maximum torque control is achieved. It can be noted th..., Time [sec]
.the torque decrease; from its maXIm.um value as the Sp%%dlS. Experimental dynamic behavior of the machine in thd fietakening
increases further, which keeps the delivered power to thé I.egion in step speed command.

constant. Once the speed enters into the region Il (higher

than 1495rpm), the stator current and thus the torque deerea

which are also expected, since the available dc link voltagee prediction model is more accurate. Same elements of co-
is not sufficient to inject the required maximum current. Theariance matrices are considered throughout the expetémen
vertical dash-dotted lines separate the aforementionege ththis also enhances the reliability of the control system.
different regions of operation of the IM. It is also seen that The experimental results show that the proposed sensorless
there is a delay between measured and estimated speedsSaPTC yields very good speed response in a very wide speed
transient; it is due to the effect of speed quantizationretto range, and the system is completely stable. Since the THD of
is particularly important to note that, the controller ippable stator current is less, excellent torque and flux responses a
of estimating the speed properly in the whole speed rande Wichieved. However, current THD is a bit higher for voltage
smooth transition among the field weakening regions and thfdel, which is generally acceptable considering improved

constant torque region. speed response at low speed. This higher current THD corre-
sponds to the lower and variable switching frequency of PTC
VIIl. CONCLUSIONS strategy. It is also investigated that the proposed cdatrs

An improved prediction model is proposed for sensorleggbust against load disturbance and parameter uncertainty
FS-PTC strategy using EKF and verified by simulation and In the field weakening region, the controller is well capable
experiment. Depending on the reference speed, either rodbrestimating the speed accurately. Also, there is no teasi
flux or stator flux is estimated by EKF, then the other oni@ the estimated torque and flux, when the speed enters from
is estimated using the simple relationship between statdr sone region to another.
rotor flux. The proposed prediction model uses the estimatedThe performance of the proposed controller can be improved
currents instead of measured currents and thus the curremther by using an optimized algorithm of EKF which will
THD is reduced compared with the conventional FS-PT@duce the control execution time. In that case, the voltage
where measured currents are directly applied to the piedictmodel can be modified by compensating dc offset and drift
model. The estimated speed is also free from noise and thueblems. Hence, the performance at higher speeds in terms
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of torque and flux ripples will be comparable with the rotori9] F. Alonge, F. D'lppolito, and A. Sferlazza, “Sensodesontrol of

model based sensorless control strategy.

REFERENCES

[1] S. Kouro, P. Cortes, R. Vargas, U. Ammann, and J. RodrigtMdpdel
predictive control-a simple and powerful method to controlv@ocon-

verters,”|IEEE Trans. Ind. Electron.vol. 56, no. 6, pp. 1826-1838, Jun.

2009.

[2] J. Rodriguez, M. P. Kazmierkowski, J. R. Espinoza, P. hatt@, H. Abu-
Rub, H. A. Young, and C. A. Rojas, “State of the art of finite woh
set model predictive control in power electronicgEE Trans. Ind. Inf.
vol. 9, no. 2, pp. 1003-1016, May 2013.

[3] J. H. Lee, “Model predictive control: Review of the threlecades of

[22] J. M. D. Murphy and F. G.

induction-motor drive based on robust Kalman filter and ageptpeed
estimation,”|IEEE Trans. Ind. Electron.vol. 61, no. 3, pp. 1444-1453,
Mar. 2014.

[20] M. Habibullah and D.D.C. Lu, “Encoderless FS-PTC faduiction motor

with extended Kalman filter,in Proc. Australasian Univ. Power Eng.
Conf. (AUPEC) Sep./Oct. 2014, pp. 1-5.

[21] P. Cortes, J. Rodriguez, C. Silva, and A. Flores, “Dalagnpensation in

model predictive current control of a three-phase invéri®&EE Trans.

Ind. Electron, vol. 59, no. 2, pp. 1323-1325, Feb. 2012.
urnbullPower electronic control of ac

motors New York: Pergamon, 1988, pp. 284-287.

[23] S-H Kim and S-K Sul, “Maximum torque control of an induari

machine in the field weakening regionEEE Trans. Ind. Appl.vol.
31, no. 4, pp. 787-794, Jul./Aug. 1995.

development,”Int. J. Contr. Autom. Systvol. 9, no. 3, pp. 415-424, [24] M. Mengoni, L. Zarri, A. Tani, G. Serra, and D. Casadedtétor flux

2011.

[4] J. Rodriguez and P. CorteBredictive control of power converters and

electrical drives New York, Wiley, Mar. 2012, pp. 31-35.
[5] C. A. Rojas, J. Rodriguez, F. Villarroel, J. R. Espinofa, A. Silva,
and M. Trincado, “Predictive torque and flux control withaueighting

vector control of induction motor drive in the field weakenirggion,”
|IEEE Trans. Power Electronvol. 23, no. 2, pp. 941-949, Mar. 2008.

[25] H. W. Van Der Broeck, H-C. Skudelny, and G. V. Stanke, &ysis and

realization of a pulsewidth modulator based on voltage spactors,”
IEEE Trans. Ind. Appl.vol. 24, no. 1, pp. 142-150, Jan./Feb. 1988.

factors,” IEEE Trans. Ind. Electron.vol. 60, no. 2, pp. 681-690, Feb. [26] P. Vas,Vector control of ac machine©xford, U.K.: Clarendon, 1990,
pp. 124-126.

2013.

[6] R. Kennel, J. Rodriguez, J. Espinoza, and M. TrincadoigtHperfor-
mance speed control methods for electrical machines: An assagsin
Proc. IEEE Int. Conf. Ind. TechMar. 2010, pp. 1793-1799.

[7] I. M. Alsofyani and N.R.N. Idris, “A review on sensorlegschniques for
sustainable reliablity and efficient variable frequenciyel of induction
motors,” Renewable and Sustainable Energy Reviexst 24, pp. 111—
121, Aug. 2013.

[8] J. Holtz, “Sensorless control of induction motor driveBroceedings of
the IEEE vol. 90, no. 8, pp. 1359-1394, Aug. 2002.

[9] S. A. Davari, D. A. Khaburi, F. Wang, and R. M. Kennel, “Usi full
order and reduced order observers for robust sensorledifire torque
control of induction motors,IEEE Trans. Power Electronvol. 27, no.
7, pp. 3424-3433, Jul. 2012.

[10] T.-S. Kwon, M.-H. Shin, and D.-S. Hyun, “Speed senssslstator flux-
oriented control of induction motor in the field weakeningioegusing
Luenberger observerlEEE Trans. Ind. Electronvol. 20, no. 4, pp. 864—
869, Jul. 2005.

[11] M. Barut, S. Bogosyan, and M. Gokasan, “Speed-sersogstimation
for induction motors using extended Kalman filtert2EE Trans. Ind.
Electron, vol. 54, no. 1, pp. 272-280, Feb. 2007.

[12] Y.-R. Kim, S.-K. Sul, and M.-H. Park, “Speed sensorlesstor control
of induction motor using extended Kalman filteiZEE Trans. Ind. App].
vol. 30, no. 5, pp. 1225-1233, Sep./Oct. 1994.

[13] F. Wang, Z. Chen, P. Stolze, J-F. Stumper, J. Rodrguet RarKennel,
“Encoderless finite-state predictive torque control faduotion machine
with a compensated MRASJEEE Trans. Ind. Inf. vol. 10, no. 2,
pp. 1097-1106, May 2014.

[14] J. Guzinski and H. Abu-Rub, “Speed sensorless indoctimtor drive
with predictive current controller,JEEE Trans. Ind. Electron.vol. 60,
no. 2, pp. 699-709, Feb. 2013.

[15] F. Wang, Z. Zhang, S. A. Davari, R. Fotouhi, D. A. KhahudriRodrguez,
and R. Kennel, “An encoderless predictive torque controbfoinduction
machine with a revised prediction model and EFOSMIEEE Trans.
Ind. Electron, vol. 61, no. 12, pp. 6635-6644, Dec. 2014.

[16] Zhong-gang Yin, Chang Zhao, Yan-Ru Zhong, and Jing LRgsearch
on robust performance of speed-sensorless vector contriidanduction
motor using an interfacing multiple-model extended Kalmanrfili&EEE
Trans. Power Electronvol. 29, no. 6, pp. 3011-3019, Jun. 2014.

[17] K. L. Shi, T. F. Chan, Y. K. Wong, and S. L. Ho, “Speed estiima
of an induction motor drive using an optimized extended Kalmbaer fi
IEEE Trans. Ind. Electron.vol. 49, no. 1, pp. 124-133, Feb. 2002.

[18] S. Blognani, L. Tubiana, and M. Zigliotto, “Extended Iiean filter
tuning in sensorless PMSM drivedEEE Trans. Ind. App].vol. 39, no.
6, pp. 1741-1747, Nov./Dec. 2003.

Md. Habibullah (S'13) received the B.Sc. and

M.Sc. degrees in Electrical and Electronic Engi-
neering from Khulna University of Engineering &

Technology (KUET), Bangladesh in 2008 and 2012,
respectively. He is currently pursuing his PhD de-
gree in the School of Electrical and Information
Engineering at The University of Sydney, Sydney,
Australia. He is also a faculty member of the De-
partment of Electrical and Electronic Engineering at
KUET, Khulna, Bangladesh. His research interests
include power electronics and control applications

to electrical drives.

Dylan Dah-Chuan Lu (S'00 M'04 SM'09) re-
ceived his B.Eng. (Hons.) and Ph.D. degrees in
Electronic and Information Engineering from The
Hong Kong Polytechnic University, Hong Kong in
1999 and 2004 respectively.

In 2003, he joined Poweékab Ltd. as a Senior
Design Engineer. His major responsibilities included
project development and management, circuit de-
sign, and contribution of research in power electron-
ics. In 2006, he joined the School of Electrical and
Information Engineering, The University of Sydney,
Australia, where he is currently a Senior Lecturer. FromyJR013 to
December 2013, he was with the University of Hong Kong as dingsi
Associate Professor. He is the author and co-author of o2€r dapers
in the areas of power electronics and engineering educakienhas two
patents on efficient power conversion. His current researtests include
power electronics circuits and control for efficient poweneersion, lighting,
renewable electrical energy systems, microgrids, motor damd power
quality improvement, and engineering education.

Dr. Lu is a member of the Institute of Engineers Australia. Hespntly
serves as an Associate Editor of the IET Renewable Powerr&ére and
the International Journal of Electronics. He also servedh &uest Editor
of the IEEE Transactions on Industrial Electronics; speisisue on Power
Converters, Control and Energy Management for DistributesheBation in
2014.




	Blank Page

