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A study of sensorless speed estimation and model predictive
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Abstract - The study is focused on predictive control algorithm Model, induction motor (IM) modeling, sensorless speed
techniques for speed estimation. In this report, torque and flux are controlled using a model predictive control algorithm
for an induction motor with speed estimation by sensorless speed technique. Mathematical modeling of asynchronous motor
is done using only two state variables, the stator current and rotor flux, yr and the electromagnetic torque obtained as a
function of these two state variables. The rate of direct synthesis is estimated from the equations of state. The dynamic state
equations ds — gs of the machine are modified to estimate the velocity signal. Synthesis is highly sensitive to machine
parameters. A fault observer is also implemented to obtain a better torque reference.
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l INTRODUCTION
The induction motor is widely used in industry because of its reliability and low cost. However, because the dynamic model of the
induction motor is strongly nonlinear, the control of the induction motor is a challenging problem and attracts much attention. Many
schemes have been proposed for the control of induction motor drives, among them field-oriented control. Traditionally, a Pl
controller is used to achieve fast 4-quadrant operation, smooth starting and acceleration of an induction motor drive. The PI-
controller has several advantages such as simple control structure, easy design and low cost. However, the Pl-controller exhibits
poor transient response against system parameter changes and load disturbances, especially during low-speed operation. Due to
rapid improvements in power electronic devices and microelectronics, field-oriented control and feedback linearization techniques
have enabled high-performance induction motor drive applications. However, the motor parameters must be precisely known and
accurate flux information is required. In addition, performance will be reduced due to changes in engine parameters and unknown
external disturbances.
Due to rapid improvements in power electronic devices and microelectronics, field-oriented control and feedback linearization
techniques have enabled high-performance induction motor drive applications. However, the motor parameters must be precisely
known and accurate flux information is required. In addition, performance will be reduced due to changes in engine parameters and
unknown external disturbances
Model predictive control has been greatly developed in the past few years both within the research control community and in
industry. Its composition integrates optimal control, stochastic control, and process control with dead time, multivariable control,
and future references when available. The MPC controller can thus provide an optimal solution while respecting the given
constraints. For an induction motor, the use of flux and speed sensors located inside the machine can degrade the robustness of the
machine and increase the associated maintenance costs. For current and voltage measuring equipment, it is proposed that the speed
of an induction motor can be determined without the need to install speed and flux sensors. Several rate estimation schemes have
been proposed, among them the model reference adaptive system (MRAS) has relative simplicity and low computational complexity
and provides good performance, several possible MRAS structures. In this paper, a full-order adaptive observer is used to observe
the stator currents and rotor flux, and the error between the estimated stator current and the actual stator current is considered as the
system error to estimate the rotor speed and stator resistance. A different adaptive Pl relation is used to estimate the rotor speed and
stator resistance, which is derived from the Lyapunov criterion and the stability of the estimation is also demonstrated by it. In this
paper, the field speed control of an oriented IM drive is developed based on the MPC technique. The field orientation principle is
used to decouple the motor speed from the rotor flux amplitude. The regulatory law was designed in such a way that the effect of
changes in engine parameters was largely limited. Based on a simplified IM model, the MPC provides the necessary control signal
while respecting the given torque and speed limits so that they are within the permissible values. This optimal solution is calculated
based on the current system states, the actual velocity error, and the predicted future output of the model. In addition, to reduce the
associated maintenance costs, the most common model reference adaptive structure of the MRAS system is used to estimate the
rotor speed. A full-order adaptive observer based on the IM equation is used to estimate the stator currents and rotor flux. The
Lyapunov stability criterion is used to estimate the rotor speed based on the error between the actual measured stator currents and
the estimated currents. In addition, the same algorithm derived from the Lyapunov stability criterion is presented to estimate the
stator resistance, which results in the speed estimation error, to improve the accuracy of the system. Another purpose of this paper
is the synthesis of adaptive controllers of sensorless induction motor drive.

1. DYNAMIC MODEL OF AN INDUCTION MOTOR
The vectors of stator current is and rotor flux y_r are chosen as state variables. The stator current is chosen mainly because it is a
variable that can be measured and also avoids unwanted stator dynamics such as effects on stator resistance, stator inductance and
back emf. Thus, the equivalent dynamics equations of the stator and rotor of the cage induction machine are obtained as shown
below.
Stator flux equation
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lpds = LS ids + Lm idr2) ..................................... (22)
In complex form it can be written as
Y =Leig+ Ly i (2.3)
Where as Vs =Pas + jPys .(2.4)
fs = Qs F Jigs  veerveerreeieeie e (2.5)
b = gy F Jlgr cveeeeeeeee e (2.6)
Rotor flux equation
War = Ly igr 4 Lin lgs coveeoeeeieaiie i (2.7
ltbdr = L ldr + L lds .......................................................... (28)
In complex form it can be written as
Yr =Ly by F Ly g oo, (2.9)
Where as ¥, = Pgr + jigr coooevvvieeii (2.10)
, v Lm .
i = ‘f— L TS (2.11)
Lm Lim?
Yg = Lg iy + P, — L s e (2.12)
Stator voltage equations in stationary reference frame can be written as
Vas = Ry lgs + 558 e (2.13)
. dgs
Vos = Rgigs + df ......................................... (2.14)
In complex form it can be written as
Vo= Relg + 500 (2.15)
, d , Lm Lm? .
VSIRSls-i-—[L lS+Zl/)T—L—lS] .................. (2.16)
, dis | Lmdyy Lp?dis
V= Ryig+ LSt 4o . i e ISR (2.17)
. m”q di Lm dyr
V, =Ry is + [Ls — —]f Zd_wt .................... (2.18)
dig L diy
Ls[l—E %4 R ls—[/s—:d—ui ................... (2.19)
Rotor voltage equatlons can be written
. agr
0=R, ig + df = W Wg e (2.20)
, Ay gy
0=R, igr + 24 0, Ygr oo (2.21)
In complex form it can be written as
Re by +2— jao, hy =0 oo (2.22)
r  Lm . dyy
,[f—r—xls]+i—]wr¢,_o .................. (2.23)
dy, Rer .
= 'L/)r I @ Py (2.24)
d RTLm . Ry .
2= B [T =@ [y (21.25)
dy 1 . 1 .
d—tT:; m ls—;l/)r+]a)rl/)r ...................... (2.26)
d
£ S = Ly by = P Ty @ Yoo (2.27)
Where t. = ;— ....................... (2.28)
Substitute equation (2.27) in (2.20)
dig Lm Rr Lm .
Ls[l LL]—1+RLS—VS— [ - T J @] e (2.29)
s =T
Ry Lm? . Lm
Ly a +R i =V, — 12 15+?(a—jwr)1/)r ....................................... (2.30)
Where o = [1 - Lr] ....................................... (2.31)
oL +R zs_ Rk, Ls+kr2(ti—]wr)1/1r ...................................... (2.32)
Where k= (2.33)
oLy S+ (R +R e )ig = Vo (2= J 0 W (2.34)
oL +R ols = +kr(t——jwr MWr oo, (2.35)
Where R o= (R SHRT MRS "2 i (2.36)
LS dS
"RG sS4 ——+—(——]a)r)l,br .................. (2.37)
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dig

odt+s=—+—(——jwr)l/)r ........................ (2.38)
Where,t_0 = (G L_S)/R_G .oooeeiieii e (2.39)
General formula for torque developed is given as below for induction motor
T, = %g (Was igs — Was lds) ~evevemmmmennenenanns (2.40)
1»bqr Lm .
Ygs = Ls qs + Lin (- -0 1 P (2.41)
r  Lm .
Was = L igs + Lo, (de ~ I ) (2.42)
Lm Lm? .
as = W + (Ls = Z"—r)zqs .......................... (2.43)
Lm m? .,
lpds = :¢dr + (LS — L_r)lds ........................... (244)
2
T,=3% [(L_mlpd, + (Ls - LZ )zds) igs — (LL—':lpq, + (LS - LLl)zq) ids] ............... (2.45)
3P (L .. Lm , m?Y . .
T, = 32 (2 ar fgs + (Ls =2 B Y gigs — gy igs — (s =5 ) igs das] wovvvveennn (2.46)
3P Lm
Te 332 [L lrbdr lqs - ;wqr ldS] .............................................................. (247)
3P Lm ]
Te 22 L ('l,bdrlqs lpqr lds) .................................................................. (248)
It can be writing the developed Torque equation in complex form as dot product of 1, and i
s = lgs F Jlgs veeenreeennreerree et (2.49)
z/)rzz/)dr+j1pqr...............; ........................ (2.50)
Complex conjugate of . is Y = Par — jgr cooevvveiiii (2.51)
Take dot product of
Wr ds = (War = JWqr) - (s F JUgs) eeeeemmmeeeeeeeee e (2.52)
wr ls lpdr lds ]lpqr lds +] lzbdr lqs _] -] lpqr iqs
.................................... (253)
lpr ls 1pdr lds jlpqr ids +j 1pdr iqs + lpqr iqs
........................................... (2.54)
Yr.is = (Pgr igs + wqr iqs )+ War iqs - l/)qr lgs)
PP (2.55)
Wy - is) = Parigs = Wgr las «oevvveevnieeeaeieaiin (2.56)
3P Lm
Te=35 1 L Imag (Py -ig) woveeeeeeeieeie e (2.57)

Equations (2.26), (2.39) and (2.58) are used for modeling of induction motor. These equations will be used for estimating the stator
and rotor flux, and for calculating predictions for the stator currents, stator flux, and electrical torque using the appropriate discrete-
time version of the equations.

For an induction machine, it can be established that both the stator flux i,and the electromagnetic torque T,can be modified by
choosing the correct voltage vector sequence that modifies the magnitude of the stator flux while simultaneously increasing or
decreasing the angle between the rotor and stator flux. In this scheme, predictions for future values of stator flux and torque are
calculated. Thus, the reference condition that is implemented by the cost function takes into account the future behavior of these
variables. Predictions are calculated for each control option and the cost function selects a voltage vector that optimizes reference
tracking.

1. SENSOR-LESS SPEED ESTIMATION
The rate of direct synthesis can be estimated from the equations of state. The d° — g°frame machine dynamic state equations are
modified to estimate the velocity signal. Synthesis is highly sensitive to machine parameters. The rotor circuit equation of the d° —
g°®equivalent circuit can be given as

L @ar) + Relar + 0rthgr =0 oooiooiiiiiii ) (3.1)

= (War) + Relgr = @ Yar =0 oo (3.2)
Adding terms ( z ’") i4s and (%) iqs respectively on both sides of above equation, it gives

= (ar) + = ~ (Lmias + Lyiar) + @r gr = % [ woveomeeeeeeeee (3.3)

= (thar) + 7= (L igs + Lyigr) — Wy Yoy = M s <oveneeneee e (3.4)

Lm Ry

lpqrz (lpdr) + lpqu_i (Lmlds + Lrldr) + wrlpqr lpqr - L—r ids l»bqr =0... (3-5)

L Ry

Yar % (¥qr) + Yar RLLT (Linigs + Lriqr) = @r Yarthar — =1+

Ly

igs War = 0....... (3.6)
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It can be simply as

LR,
wqrwdr + ¢qr (L lgs + L ldr) + wrlpqr - L— lgs l»bqr =0
r
.................... (3.7)
. R L, R
lpdrlpqr + wdr LL (Lmiqs + Lriqr) — Wy wér - % iqs lpdr =0
r r
............... (3.8)
. Lm R,
wdrlpqr 1l’qul)ar + 1pdr (L lqs + L lqr) 1pqr (L lds + L ldr) Wy lpdr + Wy 1pdr - % lqs lpdr
L R
+ Tz—r lgs wqr =0
................................................ (3.9)

(Ipdrlp;zr lpqupdr) + wdr (L lqs + L lqr) wqr (L lds + L ldr) Wy (Izbdr + lpdr) (lqs lpdr - ids 1»bqr) =0

(wdrlp;zr wqupdr) + wdr (d’qr) 1pqr (lpdr) Wy (zl}dr + lpdr) (lqs lpdr - ids 1qu) =0

Whereas Rotor flux linkages Lpiqs + Lyigr = Yqr and Lyigs + Lyigy = gy

(wdrlp;yr zl}qupdr) Wy (lpr) - (qu lpdr = las wqr) =0

................. (3.12)
Whereas R
D =9d + i)
. . L, , _ _
W, = [(lpdrlpqr - zl}qupdr) - t_ (lqs lpdr — lgs l/)qr)] / wrz
.................... (3.13)

MODEL PREDECTIVE CONTROLLER

Past Inputs and Reference

Outputs Predicted T.ra|ector~,v
Model Qutputs
Future Inputs
Optimizer
Future Errors

Cost Fur‘chort TConstrawrls
Fig.1.Basic structure of MPC controller
The Predictive Control model is widely accepted in industry as an effective means of solving large multivariable constrained control
problems. The MPC algorithm mainly depends on
a) Internal dynamic process model.
b) History of past control movements a
c) Optimization cost function in the prediction horizon.
The main idea of MPC is to choose a control action by iteratively solving an optimal control problem online. This aims to minimize
a performance criterion in the future horizon, possibly subject to the constraints of manipulated inputs and outputs, where the future
behaviour is calculated according to the plant model. Problems arise with guaranteeing closed-loop stability, handling model
uncertainty, and reducing on-line calculations. The interest of this control technique is obvious when the trajectory that the system
is to follow is known in advance, such as in a robot, chemical process, or machine tools where prediction occurs. A simple block
diagram characterizing the basic structure of the MPC controller is shown in Fig. 1. In this figure, the model is used to predict the
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future performance of the power plant based on past and present values and on the basis of proposed optimal future control actions.
These actions are calculated by the optimizer taking into account a cost function (where future tracking error is considered) as well
as constraints. It should be noted that the predicted output from the system model and the actual error are used to obtain the control
signal. The general object is to tighten the future output error to zero, with minimum input effort. The cost function to be minimized
is generally a weighted sum of square predicted errors and square future control values, e.g. in Generalized

Predictive Control (GPC) [5]:

J(N, Ny, N, ) = ZZ: B[+ k)= wik+ )] +

i=M
N,
3 A [utk+ j-D]

. Where J is the cost function and it is concerned by how to minimize the
error signal; 1 2 N N, are the lower and upper prediction horizons over the output; Nu is the control horizon.
B () and A( )j are weighting factors; y” is the predicted output; w represents the reference trajectory over the future horizon N (
indicates how many iterations will be done) ; u is the control signal; j is predictive horizons (iteration counter or indicator); k is the
sampling instant and j k| indicates at moment k, i will make iteration j.

PROPOSED MODEL PREDEVTIVE CONTROLLER

: 0

 phas _| Rectit : o L L\ |induction
e T er inverter I Motor
N Model

A 11

|_ S T Hystorosis
Optimizer Current
o | | Controller
| Lineanzed L *TT
Model
o J e Coordinate
Ll i p+ Transformation | ~phase
Slip Speed O U
Calculetor LRCK
I
Full Order i
Observer for
Moter Speed
and R,
extimaton

Fig.2. The proposed control scheme based on MPC
The block diagram of the sensorless IM drive system including the proposed MPC controller is shown in Fig. 2. The measured
speed is used for closed loop control and compared with the reference speed. The measured and reference speeds are fed to the
model predictive controller in order to obtain the torque current command i*qs .Using indirect field oriented technique, the transfer
function of the motor can be deduced as:

. 1
I,-T, J,s+/f,
For easy implementation, the simplified linearized model of the IM described by equation is employed in the structure of the MPC
controller .

Transfer function =

MATLAB SIMULATION AND RESULT

Squirrel Cage Induction Motor Parameters
ts = 2e75;

tmpe = 40e7%; % 25kHz

tspeea = 100e7° % 10kHz

Ly = 172e73;
L, = 178e73;
L, = 178e73;
R, = 1.405;
R, = 1.395;
P = 2; %pole pairs
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P,=4kW;

V, =400v;

fs = 50Hz

N, =1430 rpm
T, = 25Nm

J = 0.0131 Kg m?

Model predictive control block
For Voltage source inverter V.. is selected depending on requirement of V,.,,,; value that is 400 V. Asiit is two level inverter hence
required V. should be selected 650 V.

A
T_ref J_LL
ool ]

sﬂux_ref ﬂ
w4 sb (B ]

control

i_meas

> -

Ts_mpe
Model Predictive Control1

Fig.3. Model predictive control algorithm block

For this simulation the PI value is kept as K,=0.6 and K;=5. Weighting factors are selected as 4; = 0.3 and 4, = 35. Reference
stator flux peak value is taken as 0.73Wh, as Stator flux is proportional to voltage and frequency we can calculate reference stator
flux value as

_ Vs
b=
AR (D)
S
Y = D T 2)
V, = Phase peak volatge value = V2 V}msph = :;_—i Vims,

Vims,, value is known
Suppose here in this case Vs, = 400 V and fs= 50 Hz ,for this values 1), can be calculated

Q 400
I B
s 2150
= 1L03WD. oo 3)
Peak vlaue of 1 = V2P =0.73 Wh. ...ttt (4)

Hence this stator flux value is taken as refernce vlaue for model predictive control algorithm.
Reference Speed is step changes from 157 rad/sec to 188 rad/sec, correspondingly the speed from induction motor model
follow this reference speed.

N = 1270f here p is number of poles as IM taken is 4 pole machines.

N = (120 X 50)/4 = 1500 rpm

......................................................... (5)
2nN _ 211500
W, = % = nT =157 1ad/S€C ..eoviie (6)
W, = ? = [sz = 157 1ad/SEC ..oviniii @)

In torque response some ripples are present hence in current too. Load T, = 10Nm is provided. Sampling time t; = 2e~° sec,
Model predictive sampling time is t,,,,. = 40e~° sec (25 kHz) (switching frequency) and outer loop
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SIMULATION RESULT

Case 1: Constant speed and constant torque

Speed radis
T T T T

150 =
100 —

50

[

‘:W.

o

. .
|
0z 03 04 05 08 0 o8 o8

Fig (a) Constant speed and constant torque

The dynamic response of the induction motor is observed at a torque of 10 Nm which is kept constant and the reference speed at a
frequency of 50 Hz means 157 rad/s. It is observed that the speed estimation is achieved quickly in 0.1 seconds and has reached the
set speed reference value. Here the sample time is t; = 2e~° sec, the predictive sample time of the model is tmpe = 40e~° sec

(25 kHz) (switching frequency) and the outer [00p iS tspeeq = 100e~° sec.

Case 2: Step speed and constant torque

o

100 =

Time second
Pl contreller olp

2
|

&

] L —

| | I | |
] 01 0z 03 04 05 06 or 08 09 1
Time second

Fig (b) Step speed 157 rad/s to 188rad/sec and constant torque

In this case the Induction motor dynamic response is observed at torque 5 Nm keeping constant and step speed reference at 50 Hz
frequency means 157 rad/sec to 60 Hz frequency means 188 rad/sec. It is Observed that speed estimation is good at low torque
condition, and it achieved set reference value of speed at 0.1 second. Here the Sampling time t; = 2e~% sec, Model predictive
sampling time is t,,. = 40e~° sec (25 kHz) (switching frequency) and outer loop

tspeea = 100e7° sec.

e

Fig (c) Step speed 157 rad/s to 188 rad/sec then 125.6 rad/s and again 157 rad/s and constant torque

In this case the Induction motor dynamic response is observed at torque 5 Nm keeping constant and step speed reference at 50 Hz
frequency means 157 rad/sec to 60 Hz frequency means 188 rad/sec. It is Observed that speed estimation is good at low torque
condition, and it achieved set reference value of speed at 0.1 second. Here the Sampling time t;, = 2e~° sec, Model predictive
sampling time is t,,,c = 40e~° sec (25 kHz) (switching frequency) and outer 100p t;pe.q = 100e~° sec.
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Case 3: Constant speed and step torque

Speed radis
T

200

———

Fig (d) Constant speed and step torque

In this case the Induction motor dynamic response is observed at step change in torque from 0 Nm to 25 Nm and constant speed at
50 Hz frequency means 157 rad/sec It is Observed that speed estimation is at change point in down and it takes time to reach
reference set value. and it requires 0.4 second more to reach set point of speed. Here the Sampling time

ts = 2e7° sec,

Model predictive sampling time is

tmpe = 40e~° sec (25 kHz) (switching frequency) and outer loop

tspeea = 100e7° sec.

SUMMARY
It has been shown that the model predictive control strategy is effective for achieving good dynamic response of the induction motor
by implementing the MPC algorithm. The MPC method is simple and the control algorithm is simple. The MPC strategy avoids the
use of linear and non-linear controllers. Additionally, it is not necessary to include any type of modulator. The drive signals for the
IGBTSs are generated directly by the control. MPC has been successfully implemented in MATLAB for sensorless speed control
induction motor with direct synthesis speed estimation technique.

FUTURE SCOPE
MPC can be implemented for de-excitation with DTC for induction motor, also induction motor vector control with MPC based de-
excitation capability. A comparison study can be done to implement MPC for DTC, field weakening or with some new control
technique. For EV/HEV induction motor applications, it is necessary to develop an improved version of the MPC algorithm for
smooth and ripple-free speed control. Model predictive control of power converters and electric drives is fundamental work in
modern practice that has the potential to advance the performance of future power processing and control systems.
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