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Abstract: Hardware complexity of a motor drive can be reduced by estimating controls rather than measuring
using sensors. In this way the corresponding sensors are eliminated and the system becomes more robust. This
article is about speed control of a sensor less induction motor with predictive current controller technique. This
particular speed control technique does not require direct measurements of motor speed or motor flux. The PCC
is based on a closed loop observer, which is insensitive to parameter variations. This closed loop observer
calculates the required state variables over wide frequency range. This technique is more reliable even at very
low frequency due to its insensitive nature against changes of motor parameters. It is proved that the drive
system is applicable to the high dynamic performance and wide range of rotor speed. The obtained simulation
results confirm the good properties of the proposed speed sensor less induction motor drive.

Keywords- predictive current control, closed loop observer, sensorless induction motor.

I. Nomenclature
PCC  — Predictive current controller
IM — Induction motor,
FOC —Field oriented control,
PWM - Pulse width modulation,
EMF - Electromagnetic force (back EMF)
SVM — Space vector modulation,

af — Stationary frame of references,

dg — Rotating frame of references,

p.u. — per unit system

com  — Superscript denotes commanded value,
pred  — Superscript denotes predicted value,

N

— Denotes value calculated in the observer,
bold style font denotes vector
CEMF — EMF transformation matrices,
C2EMF — EMF transformation matrices,

e — Motor EMF,
i, i,  — Stator and rotor current vector,
J — Inertia,
k, k-1 — Instants of calculation: actual, previous, etc.,
Kab — Observer gain,
L, — Rotor inductance,
L — Stator inductance,
L — Mutual inductance,
R, — Rotor resistance,
R — Stator resistance
Timp  — Inverter switching period,
T — Load torque,
Us — Stator voltage vector,
e — Angle position of the motor EMF vector,
Puys — Angle position of the rotor flux vector,
Oy — Rotor mechanical speed,
Oy — Motor slip,

Il.  Introduction
Induction motors are ideal for most industrial and commercial applications and are widely used. A
continuous trend in induction motor is to improve the reliability of the system. One solution is to decrease the
number of sensors being used. ie most modern induction motor sensor elimination is required.
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On going research were concentrated on the elimination of speed sensor at the machine shaft without
detoriating dynamic performance of the drive system. If we remove sensors we will get some advantages like
low cost, reduced size, elimination of sensor cable etc In sensorless induction motor we are not measuring the
actual speed, the same will be extracted from the measured stator voltage and current at the motor terminal. The
calculated values will have some non-linearities.For overcoming these non-linearities and to get good dynamic
response predictive current control is implemented.

In AC-drive systems, fast current and torque responses are necessary. The development of high
performance controls for AC-machine drives has motivated considerable attention in recent years. Many studies
are reported for current controls.

The main objective of the current control is to ensure the tracking of the desired stator currents in a
transient interval as short as possible. There are different strategies for current controllers. The main ones are
linear control, hysteresis control, and predictive control. Among them, a widely used scheme for high
performance is the predictive control.

For more than 20 years the field oriented control is state of- the-art in industrial drive applications,
though first ideas of predictive control have already been proposed in the 60s. After a more “silent” period in the
following decade, many fundamental predictive control systems like Direct Torque Control (DTC), Predictive
Current Control appeared during the 80s. More methods have been invented to control the armature current of
DC-machines connected to a line-commutated converter. Since DC-drives have lost their importance in
applications with dynamic requirements more and more, these paper only deals with predictive control
structures concerning inverter supplied AC-machines.

In this paper PCC is implemented in the IM speed sensorless system with field oriented control
method. One of the mature control systems of induction motor is the field oriented control method. The FOC
method is widely used and presents some high standards in modern industrial drives. In the FOC system instead
of linear Pl current controllers, predictive current controllers may be used. The current control algorithm
previously presented [6] was modified by using the observer system instead of simple load model .With such
approach, better results were recorded. To avoid the system complication for the PCC, the back EMF calculation
was integrated to flux and speed observer for FOC IM drive.

I11.  The Basic Scheme For The Foc
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Figurel: Basic scheme of FOC for AC-motor

Two motor phase currents are measured. These measurements feed the Clarke transformation module.
The outputs of this projection are designated i, and i. These two components of the current are the inputs of
the Park transformation that gives the current in the d,q rotating reference frame. The isy and is; components are
compared to the references isqrer (the flux reference) and isqer (the torque reference). At this point, this control
structure shows an interesting advantage: it can be used to control either synchronous or induction machines by
simply changing the flux reference and obtaining rotor flux position. As in synchronous permanent magnet
motors, the rotor flux is fixed (determined by the magnets) there is no need to create one.

Hence, when controlling a PMSM, isqrs Should be set to zero. As induction motors need a rotor flux
creation in order to operate, the flux reference must not be zero.This conveniently solves one of the major
drawbacks of the “classic” control structures: the portability from asynchronous to synchronous drives. The
torque command isqrer could be the output of the speed regulator when we use a speed FOC. The outputs of the
current regulators are Vsqgrer and Vsgrer; they are applied to the inverse Park transformation. The outputs of this
projection are Vyyer and Vgr Which are the components of the stator vector voltage in the a,p stationary
orthogonal reference frame. These are the inputs of the Space Vector PWM. The outputs of this block are the
signals that drive the inverter. Note that both Park and inverse Park transformations need the rotor flux position.
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Obtaining this rotor flux position rotor flux position depends on the AC machine type (synchronous or
asynchronous machine).

IV. Proposed System
The structure of the proposed system is presented in Fig. 2.
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Fig. 2. Structure of the proposed speed sensorless field oriented control with closed-loop observer and predictive current
controller.[1]

The stator field oriented control method is used in the drive. The superior PI controllers regulate the
motor speed and rotor flux. The commanded motor current is i°" transformed from dq to of coordinates. The
PCC controls the motor stator current in of coordinates. Calculations of the PCC are synchronized with PWM
algorithm used for the inverter output voltage generation. The inverter with PWM and PCC works as controlled
current source. The system works without speed sensor, while only the inverter input voltage and output
currents are measured by hall-effect sensors. Other variables required by control system are calculated in closed-

loop observer system.

A Closed Loop Observer System

oUTPUTS &

\OBSERVER STRUCTURE
Fig. 3. Structure of the closed-loop observer.

Closed loop observer system [1] is based up on the voltage model of an induction motor with the
combination of rotor and stator fluxes. In this the whole control does not need the measurement of motor speed
and flux. The required rotor flux and motor speed by the controllers are calculated in the observer,
simultaneously motor emf is calculated for the use in predictive current controller feedback,ie the state variables
are calculated by the observer system by using only the command value of stator voltage and the measured
stator current and dc link voltage.

In this project a closed loop observer with robustness against parameter variation is used for the control
approach.

Input to the observer system are Stator voltage and Stator current Output from the observer system are Rotor
mechanical speed , Stator flux , Angle position of the stator flux vector , Back emf for the use in PCC .

Two commonly used methods of flux estimation are Voltage model and Current model . In this
project voltage model is used in this method the machine terminal voltages and currents are sensed and fluxes
are computed from the stationary frame(o’,8%).from the equivalent circuit of induction machine in stationary
reference frame.

\llus:J- (Vus'RsiuS) dt (l)

wp=! (VpoRig)dt @)
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WA=V (W s + W) ®3)

Equations(1) and (2)has the advantage that motor speed information is not required for the flux calculation.
Rotor flux estimation is done by doing further calculations and by knowing the values of stator fluxes,
we can calculate the rotor fluxes.
\Var: Lr/ Lm(‘l’as_GLsias) (4)

Y= L/ Lm(‘l’ﬁs_GLsi ﬁs) )

Y=y s oLsis) ke (6)
where
6=1-Ln% L Lg k= Lo/L.

Sensorless vector control of an induction drive essentially means vector control without any speed
sensor. An incremental shaft-mounted speed encoder is required for closed loop speed or position control in
both vector and scalar controlled drives.lt is possible to estimate the speed signal from machine terminal voltage
and currents with the help of DSP. However the estimation is highly complex and heavily dependent on
machine parameters. The parameter variation near zero speed imposes a challenge in the accuracy of speed
estimation.

In induction motor there are different methods of speed estimation like 1) Slip calculation ,2) Direct
synthesis from state equation,3) MRAS,4) Speed adaptive flux observer,5) Extended kalman filter etc.The
closed loop observer used in this project uses the method direct synthesis from state equations for the calculation
of speed. In this project voltage model is used in this method the machine terminal voltages and currents are
sensed and fluxes are computed from the stationary frame(o®,$%).from the equivalent circuit of induction
machine in stationary reference frame.

By knowing the values of rotor fluxes in o and B co-ordinates position of rotor flux can be obtained as

pyr=arctg(y /v ) (7)

Rotor mechanical speed is obtained from the difference between rotor flux synchronous speed and slip speed.
Rotor meAchaniAcaI sgeed = Rotor flux synchronous speed — Slip speed

Or=0 0, (8)
where

© = p Y/dt 9)

Q)A2=\VAariBs'\VABrias/|\VArZ (10)
Then

Or= VWPl War W g W W ooy Lo e(War 1ps- Wpr asy] (11)

From the equation of speed obtained(11) it is clear that speed can be estimated from the stator voltage
and current and also by using the rotor flux from the observer.
By knowing the values of stator and rotor flux we can estimate the stator current. The estimated current will
be different from what we given as input because is is the last measured sample and i is the estimated value for
next step of operation.

isA:(\VAs' Kr\lfAr)/ (oLs) (12)
e'=dy’s/dt (13)

This emf is being used for further calculation in the predictive current controller.1f we notice the speed
equations from the observer, the parameters appearing in the observer are the motor inductance and the stator
resistance. However the closed loop observer used in sensorless induction motor has robustness against
parameter variations. When the parameter values are changed from its nominal value there won’t be any effect.

The motor parameters appearing in the observer are the motor inductances and the stator resistance.
The inductances have little effect on the performance, while the stator resistance has a small effect at
frequencies close to zero. The presented flux and speed observer has proved to be highly insensitive against
stator resistance mismatch. This significantly extends the stable operating region even without parameter tuning.
Rotor resistance is not included in the observer system, so it has no noticeable effect on it; however it is
included in slip calculation.
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B. PREDICTIVE CURRENT CONTROLLER

PCC is an approach to estimate induction motor speed from measured terminal voltage and currents for
speed-sensor less motor control. It is based on the computation of backemf by the closed loop observer. The
technique is simple, robust to variations of motor parameters due to operating conditions. This approach is not
dependent upon the knowledge of the stator resistance, nor is affected by stator resistance thermal variations.
The basis of this thesis is the development and implementation of a predictive current controller.

The basics of the predictive controller are the simplified Thevenin circuit for an induction machine. For
derivation purpose induction motor was modeled as an inductance and an emf connected in series, while the
small motor resistance is neglected. The control process involves estimation of back-emf and estimation of
inductance.

Fig4.The two-phase equivalent induction machine model

In order to use the two-phase model shown in Figure4 to determine control voltages, it is necessary to
know the model back-emf. On each control interval, the back-emf must be estimated from the past behavior of
the model.

Vi — e = L|/T (lk - ik-l) (14)

The aim of the controller is to determine the inverter voltage vy.; required to achieve the set point
current ug; on each cycle. For constant frequency PWM, it is necessary to know the voltage at the start of the
switching cycle. This is because the output must switch immediately from the zero vector at the start of the
cycle if the maximum voltage is required.

As the current measurement at the end of the previous cycle (iy) is not available until after the next has
started, this measurement cannot be used in the control calculation. Instead this value is estimated from the
previous measurements of the current. Because of the symmetric switching pattern, the average applied voltage
is the same over the second half of the switching cycle as over the first half. For a constant back-emf, the
change in current over each of the halves of control interval is the same according to the e -1 model.

The predictive control algorithm involves first estimating the model parameters. This is done from past
measurements. The model is then used to determine the voltage necessary to meet the control objective for each
control interval. Using discrete-time notation, where i*is the current at the midpoint, a set of estimation and
control equations are:

ekes‘=ka2 L|/T(i*k*ik.1) (15)

Virr=1 ™+ LT (ike1—2i%c+ika)  (16)

PT Caleulation time

Curremi

Figure 5: The variables used in the controller
The controller developed using these equations was able to successfully control the machine current,
but the bandwidth was affected by the delay in the back-emf estimate. For typical operating conditions, an error
of up to 4% can be expected in the current tracking.
Here EMF was calculated using the simple equation of the IM model. In this paper, the accuracy of
EMF calculation is improved. Better accuracy of EMF calculation is obtained using flux and speed closed-loop
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observer presented in the previous section. The observer structure is extended in order to calculate the EMF
simultaneously with flux and speed computation. So in PCC the EMF calculation part is removed and
substituted by the signals obtained directly from the observer system. [1]

Stator current dynamic system is described by:

dig/dt=(u"™—e)/(cLs) (17
Ifk1) ik
T ko T N T
imp imp ¢ mp
1 ]
8.(k-2) & k1) ; &k
ufk-2) u.fk-1) : u.(k)

Fig.6: Used notation in PCC for switching periods.

Assuming the notation presented in Fig. 6 and for small Tiy, it is possible to convert (17) to the next discrete
form:

(k) -1k~ YT = [u;jﬂ{k —1)-elk- '_]y[ﬁL;.l (18)
Considering (17) for period (k-1)..(k) the known values are: commanded voltage us™" (k-1)and measured
current is(k-1) . Other variables as is(k) and e(k-1) are unknown and should be predicted. The EMF value e(k-1)

was simply predicted based on known samples of e(k-2) and e(k-3) as follows:
élk - 2) = oL i (k - 2) - ik — 1)) T = 2™ (k- 2) 19

ek -3)=ol (i.(k-3)-i.(k- —.‘I':If‘ll-l:i.l'_“l_:! ™ (k- 3) (20)

In this thesis instead of (20)-(21) the EMF is calculated in the flux and speed observer according to (18) . The
samples of eM(k-2)and e~(k-3) calculated by the observer are memorized and used in the successive
calculations.

The change of position of the EMF vector is

sk =20k -3 =20, =0,k -2)-0,k-3) (21)

The calculations of (21) require two arc tangent calculations for obtaining @e(k-1)and @e(k-2). To simplify
(21) calculation of trigonometric relation with only one arc tangent function is used:
ol -2k —3)-e (k-2 (k-3)
g k-2, (k-3)+e.k-2k:k-3] (22

In the IM the EMF speed changes slowly so for small Tiy it is possible to predict e”(k-1) by rotating EMF

vector with small A, angle calculated by (22).
The predicted value of e™(k-1) is:

eF (k= 1)=Cp ek -2) (23)

Apg =atan

[ coslap,)  sinfao, |7
Cone=| % e
=% | -sinlag,) coslap,)) (24)

The IM stator current sample at instant (k) is predicted[1]
70 =, (k- 1) [0 (k- 1) - " (k- 1) floL, ) (25)
To optimize PCC action the minimization of current regulation error was chosen as cost function. The
current regulation error at instant (k-1) and (k) is as follows:
Ak —1)=i"2(k-1)-i,(k-1) (26

A (k) =i ._"“|_k,|—.1._‘"“|_k,| @7)
In [6] the next controller function was used:

uS (k) = oL ™ i+ 1)~ 18 )+ Dy, [Ty + € (k)

(28)
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The voltage vector u™°™ (k) calculated with (28) is applied to the minimize stator current regulation error at
(k+1). Equation (23) is based on (11) with addition of correction part Djs:

Dy, = WiCrypatiy [k)+ Wy Copypati, (k ~1) @)

(k)= Cypprelk - 2) (30)
Tcosllap, ) sin(2ap, )] (31)

| —sin2ap, ] cosli2ap, )
The controller coefficients W1 and W2 are tuned to minimize regulation error.
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Figure 7: Predictive current controller structure[1]

V. Experimental Results

The experimental results are presented in Fig. 8 to Fig. 12.
Firstly the results for speed sensorless of the proposed FOC IM drive are presented.

[p.u]

Time {s}
Fig. 8.Sensorless operation - motor current control in af and dq references during commanded speed changes

In Fig. 8 motor speed changes are commanded — decreasing and increasing. The waveforms of the current
present consistency between commanded and actual currents components. Proper work of the whole system is

noticeable.
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Fig. 9. Step change of motor frequency related to wr
20% to 30% of the motor rated mechanical speed.

The speed is being first increased t020% of rated speed(1740rpm) and then to 1885rpm . the corresponding
changes in actual current, estimated emf , command value of voltage in a-coordinate and error in current

estimation are shown ,from the graph it is clear that error | is always obtained at a minimum level, ie up to the
3% level.

Time{s}
Fig. 10. Response of the system for the simultaneously changes of motor parameters (runs at 5% of rated speed) — for t> 3s
system is unstable (the result of high simultaneous parameters changes). Nominal par. are in Tab. 1.
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The robustness on motor parameters changes is presented in fig.10.where a simultaneous rotor and stator
resistances as well mutual inductance, used in the observer and PCC, are changed. The test shows motor
operation with extreme deviations of the motor parameters. The varied parameters were lower as well as greater
than initial nominal parameters. Nominal values are shown in Table 1.In spite of changes, the system maintains
stability. Only after very high and simultaneous changes of all parameters, the system starts to work unstably for
time >3s.If the parameter s variations are limited to values which can practically appear in the real motor the
drive can work prolonged properly.

The fig.11 shows the operation condition under motor load for 10% of rated motor speed reversing. The motor
speed has been reduced to 1305rpm,then the actual speed follows the reference after taking some time for
stabilization. we can also observe that the current regulation error is under 3%.This shows the proper working of
the proposed system. The system also passes the regenerative mode of operation successfully.

Aisa

Time {s}
Fig.11. Motor reversing from 10% to -10% of rated speed under load.

Time {s}
Fig. 12. Motor reversing from 4% to -4% of rated speed under load.
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The motor reverse from 4%(60rpm) of normal speed is done. The system passes the regenerative mode of
operation successfully.

VI. Conclusions
Low speed sensorless control of induction motor with the predictive current controller is simulated.
Accuracy of calculation is improved since PCC is based on the computation of back EMF by the observer. All
state variables are calculated by the observer system which is practically insensitive to inaccuracy of
calculations and the deviation of motor parameters. The simulation results confirm the dynamic performance of
the proposed speed sensorless IM drive. The proposed IM drive works correctly even at very low speed.

TABLEI
INDUCTION MOTOR DATA
Parameter Valus Desmnpton

By 55EW MNominal power
L 3400V 50H= Mominsl voliage
Iy 114 Nominal current
ny 1450 rpm Mominal spead
J 0028 kam® Inerda

R, 10 (0.48pu) Stator resisiance
R 1.070  (0.48pu) FLotor resistance
L 215mH (1.608pu) Defuiual inductance
L, 220mH (1.651pu) Stator inductance
L 220mH (1.651pu) Rutor mductance
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