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An Improved Nonlinear Flux Observer Based
Sensorless FOC IM Drive With Adaptive

Predictive Current Control
Ambrish Devanshu , Madhusudan Singh , Senior Member, IEEE, and Narendra Kumar, Senior Member, IEEE

Abstract—This paper presents a novel adaptive predictive cur-
rent controller (PCC) with improved flux estimator for a sensorless
direct field oriented control (DFOC) induction motor (IM) drive.
Classical PCC performance depends on the stator resistance of the
motor which varies with temperature. In the proposed method,
a discrete stator resistance estimator is developed to increase the
robustness of the system toward stator resistance variations. An
improved nonlinear discrete stator flux estimator is also developed
to replace the pure integrator which reduces the initial value and
dc offset problems. Sensorless operation of IM drive has advan-
tages of reduced overall cost and increased reliability of motor op-
eration. Dynamic and steady-state performances of the IM under
different operating conditions are analyzed in MATLAB/Simulink
as well as experimentally using dSPACE1104 controller and have
been compared with conventional PCC. The simulation results of
the classical and proposed methods are also validated experimen-
tally. Smooth starting, reduced oscillations in speed and flux at low
speed operation, fast speed and torque dynamics, robust operation
of drive against load and variation in stator resistance, fast and
smooth speed reversal are the main advantages of the proposed
method over classical PCC-based DFOC IM drive.

Index Terms—Discrete, field oriented control, induction motor
(IM), integration, predictive current control (PCC), transform.

I. INTRODUCTION

THE induction motor (IM) is widely used in industry due
to its low cost, less maintenance, and rugged construc-

tion. With the advancement in the different control techniques
of the IM, several current-regulation methods have been devel-
oped for control of voltage source inverter (VSI) fed IM drives.
These advance control methods of the IM can provide high per-
formance, high accuracy, fast dynamic response, and excellent
tracking ability of the drive. The different current-regulation
techniques such as hysteresis control, linear pulsewidth mod-
ulator (PWM), predictive control, sliding mode control, delta
and sigma delta modulation, neural networks, fuzzy logic, and
neuro-fuzzy controls can be used to minimize the current ripple
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and improve the performance of the IM drives [1]. Recent evolu-
tion in the digital electronics and availability of faster and more
powerful processors with the high computational speed, predic-
tive current control (PCC) has emerged as a powerful current
control method which provides switching signals to solid state
switches in VSI based on optimized algorithm and cost func-
tion [1], [8]. Generalized predictive control (GPC) technique
has been applied to current source inverter for the regulation
of the current to the resistive inductive circuit model of the IM
[2]. The GPC is developed in synchronously rotating reference
frame and play useful role in the control of stator current of
the IM [3]. Based on the electromotive force concept, current
controller has been developed which requires one period pre-
diction and delay introduced by the measurement. It is reported
that this control technique is more affected by the variations in
load inductances than the rotor and stator resistances [4], [5]. A
PCC based on space vector modulation is proposed using dis-
crete motor modeling [6]. The performance of the PCC method
proposed in [7] is being compared with PWM and hysteresis
current controller. In this method, for all the value of voltage
vectors, predicted value of load current is generated by the in-
verter. Long range model based PCC is designed for an input–
output linearized IM [9]. However, modeling of the inverter is
not taken into account in the conventional FOC. Whereas, state
of the inverter is defined as discrete control variable when PCC
strategy is used. Flux and time constant of the rotor is estimated
using reduced order extended high gain observer [10]. An im-
proved version of PCC is proposed [11] which considers a con-
trol technique of neutral point potential and optimized descrip-
tion of inverter switching transitions. This approach enables fast
motor current control while maintaining a low switching and
excluding excitation of the filter resonance. The FOC of five-
phase IM is discussed for the verification of the model predictive
control to achieve ripple free stator current and fast current re-
sponse [12]. It has been observed that predictive control method
offers faster torque and current response than PI controllers
[13] with SVPWM techniques for multiphase drives. However,
PCC technique is implemented for speed sensorless FOC IM
drive system along with SVPWM to ensure fixed switching
frequency [14].

The bandwidth of the traditional current controller with PI
regulator is limited by the switching frequency and this limi-
tation is removed by the PCC in sensorless FOC system [15].
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For managing post fault operation of multiphase drives, PCC
is being proposed [16]. An improved current control in IM, ro-
bust PCC is implemented based on polytopic uncertainties and
linear matrix inequalities. Offline multiparametric semidefinite
programming and quadratic search tree is applied for the cur-
rent control resulting into significantly suppressed overshooting
[17]. The dynamic performance of the current loop is also im-
proved using robust PCC combined with a speed adaptive full
order observer [18].

The classical PCC has drawbacks of large torque and flux
ripple, large THDs in voltages and currents and dependency on
the motor parameter such as stator resistance. Slip speed of the
IM drive also depends on the rotor time constant of the motor.
The rotor and stator resistance are important parameters of IM
whose variations may lead to improper performance of the PCC
and improper estimation of speed over the wide operating range
in sensorless drives [25].

An adaptive PCC is implemented in this paper and stator resis-
tance is estimated to overcome the uncertainty due to the stator
resistance variations. The rotor time constant is also estimated
using Popov’s stability criteria as slip speed depends on this pa-
rameter of the motor. For the correct estimation of the parameters
and high performance of the drive, accurate information of the
fluxes is also needed. Additionally, in the stator voltage model
of the flux estimation, an integrator is being used in the major-
ity of the work reported in the literature [19]–[22]. However,
existing dc drift in the system and initial value of the pure in-
tegrator will cause integrator to saturate resulting into distorted
estimated flux. Thus, an improved nonlinear discrete stator flux
estimator is also proposed to replace the pure integrator to re-
duce the dc offset and initial value problem. The sensorless direct
field oriented control (DFOC) IM drive with nonlinear flux ob-
server and adaptive PCC is analyzed in MATLAB/Simulink as
shown in Fig. 1(a). A complete experimental setup of DFOC
IM drive with estimators is implemented in the laboratory using
dSPACE 1104 controller. The simulation and experimental re-
sults are discussed for sensorless speed control of IM to validate
the effectiveness of the proposed estimation and control algo-
rithms. A comparison of the IM drive performance with conven-
tional PCC and proposed PCC method shows that the proposed
method can effectively improve the overall performance of the
drive.

In this paper, the major contributions on DFOC IM drive by
the authors are as follows.

1) Performance of the system for DFOC IM drive is ana-
lyzed. An adaptive PCC is developed for more robust per-
formance of the DFOC IM motor drive.

2) Discrete stator resistance estimator is established for the
controller to adapt for changes in stator resistance of the
IM. The rotor time constant of the motor is also calculated
using Popov’s stability criteria.

3) A discrete nonlinear stator and rotor flux observer is de-
veloped to mitigate the effect of the existing dc offset
problem in the system due to inverter nonlinearity, cur-
rent measurement, biasing in sensors, operational ampli-
fier, A/D converter, variations in stator resistance, and
unknown integral initial conditions at the starting of the
drive.

Fig. 1. (a) Block diagram of proposed DFOC IM drive. (b) Simulation and
experimental schematic diagram of proposed method with estimators.

4) Mechanical sensorless technique with proposed stationary
discrete nonlinear flux observer is developed to minimize
the cost of the system.

II. MATHEMATICAL MODELING OF IM

Dynamic modeling of the IM in stationary reference frame is
described by the following state equations:

•
x = Ax+Bu

y = Cx (1)

where

A =
⎡
⎢⎢⎢⎢⎢⎣

−
(

L2
m

σLsLrτr
+ Rs

σLs

)
0 Lm

σLsLrτr
Lmωr

σLsLr

0 −
(

L2
m

σLsLrτr
+ Rs

σLs

)
Lmωr

σLsLr

Lm

σLsLrτr
Lm
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0 − 1

τr
−ωr

0 Lm

τr
−ωr

1
τr

⎤
⎥⎥⎥⎥⎥⎦

B =

[
1
σLs

0 0 0

0 1
σLs

0 0

]

C =

[
1 0 0 0

0 1 0 0

]

x = [iαs iβs ϕαr ϕβr]
T

u = [uαs uβs 0 0]T (1)
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ωr = 1/J

∫
(Te − TL)dt (2)

Te =
3PLm
4Lr

(iβsϕαr − iαsϕβr) (3)

where Rs is stator resistance per phase, Lm is magnetizing in-
ductance per phase, Rr is rotor resistance per phase, Lr is rotor
inductance per phase, Ls = stator inductance per phase, Lm is
magnetizing inductance per phase, P is number of poles, ωr is
rotor electrical angular speed, J is the moment of inertia of rotor,
Te is the electromagnetic torque, Tl is the external load torque,
uβs (uαs) is β-axis (α-axis) stator voltage, iβs( iαs) is β-axis
(α-axis) stator current, ϕβr(ϕαr) is β-axis (α-axis) rotor flux,
and σ = 1− (L2

m/LrLs).

III. DIRECT FIELD ORIENTED CONTROL OF IM DRIVE

Field oriented control of IM is implemented by independent
control of field flux component and the torque component of
the stator current. The torque component of the stator current
is in the quadrature of the rotor flux and flux component of the
current is oriented in phase of it. Following equations are used
for the implementation of DFOC IM drive:

Motor stator terminal voltages and currents are sensed and
fluxes are computed in stationary reference frame as follows:

[
uαs

uβs

]
=

[
2
3 − 1

3
1
3

0 2√
3
− 2√

3

]⎡
⎢⎣
uas

ubs

ucs

⎤
⎥⎦ ,

[
iαs

iβs

]
=

[
2
3 − 1

3
1
3

0 2√
3
− 2√

3

]⎡
⎢⎣
ias

ibs

ics

⎤
⎥⎦ (4)

where uas, ubs, and ucs are stator three phase terminal voltage
and ias, ibs, and ics are stator line currents.

Stator flux equations of IM are written as follows:

ϕαs =

∫
(uαs − iαsRs) dt, ϕβs =

∫
(uβs − iβsRs) dt (5)

ϕαs = Lsiαs + Lmiαr, ϕβs = Lsiβs + Lmiβr. (6)

Resultant stator flux ϕs and phase angle θs between ϕαs and
ϕβs can be evaluated as follows:

ϕs =
√

ϕ2
αs+ϕ2

βs, θs = tan−1 (ϕβs/ϕαs) . (7)

Rotor currents are determined as follows:

iαr =
1

Lm

(∫
(uαs − iαsRs) dt− Lsiαs

)
,

iβr =
1

Lm

(∫
(uβs − iβsRs) dt− Lsiβs

)
. (8)

Therefore, rotor flux is evaluated as follows:

ϕαr = Lriαr + Lmiαs,

ϕβr = Lriβr + Lmiβs, ϕr =
√

ϕ2
αr +ϕ2

βr (9)

θr = tan−1 (ϕβr/ϕαr) . (9.1)

IV. FLUX ESTIMATION USING MODIFIED INTEGRATION

The high performance motor drives such as field oriented con-
trol, direct torque control, and feedback linearization control of
ac drives require an accurate estimation of flux. Estimation of
flux is usually implemented using two existing methods namely
voltage model and current model. The voltage model for stator
flux estimation is being considered in this paper. Estimation of
stator flux using voltage model requires pure integrator, which
creates drift signal component caused by the inverter problems
[20], [21]. To eliminate the drawbacks of a pure integrator in
voltage model based stator flux estimation, a low-pass filter
(LPF) with feedback compensation integration algorithm is im-
plemented as shown in Fig. 2(a)–(b). The stator flux estimated
using modified integration is described as follows:

ϕs = es
1

s+ ωc
+ ϕLs

ωc
s+ ωc

, ϕs = ϕFs + ϕCs (10)

where

ϕFs = es
1

s+ ωc
and ϕCs = ϕs

ωc
s+ ωc

. (11)

First part of the (10) is a LPF and second part is a compen-
sating feedback signal which is used to counterbalance the error
in the output. The term ϕLs is the output of the saturation block
used to stop the integration as soon as signals go above the refer-
ence stator flux amplitude. The value ofϕLs is obtained using the
stator angle which is calculated from flux components ϕαs and
ϕβs. Therefore, the accuracy of the estimated flux is strongly de-
pendent on the angle θs given in (7). Application of this method
at lower frequency of operation for IM leads to improvement in
the ripple in flux, torque, and speed.

Several discretization methods for second-order generalized
integrator are implemented [19]. For the implementation of
the discrete flux controller, modified integrator (11) can be
expressed as follows:

es = ϕFs (s+ ωc), es = ϕFs × s+ ϕFs × ωc. (12)

In order to achieve the better performance, advanced numeri-
cal method such as trapezoidal method for discrete time integra-
tion is used for the flux estimation [22]. In trapezoidal method,
integrator is defined as 1/s = Ts

2
z+1
z−1 .

In this way, realization of (12) in discrete form can be written
as

ϕFs (k) =
Ts + Tsz

−1

(ωcTs + 2) + (ωcTs − 2) z−1
. (13)

Similarly, second term of the (10) is the compensating feed-
back signal in the discrete form can be written as

ϕCs (k) =
ωcTs + ωcTsz

−1

(ωcTs + 2) + (ωcTs − 2) z−1
. (14)

Realization of (13) and (14) in MATLAB/Simulink is shown
Fig. 2(a).

V. ADAPTIVE PREDICTIVE CURRENT CONTROLLER

The predictive control is an advanced and powerful control
with ability to consider constraints and actuators limitations.
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Fig. 2. (a) Discrete time realization of modified flux integration. (b) Modified flux integration in s-domain. (c) Block diagram of PCC. (d) Discrete time realization
of stator resistance estimation.

The adaptive PCC has been used in the IM drive system spe-
cially to achieve good performance at a low speed operation and
satisfactory robustness in drive operation. Fig. 2(c) shows the
basic principle of the proposed adaptive PCC.

A. Objective Function

The IM is considered as a combination of resistance,
inductance, and back-emf for VSI which is used to predict the
nature of the stator currents for every switching state generated
by VSI. An objective function is defined for the selection of the
best switching state which is applied to control VSI and this
objective function is calculated for the predicted values to be

controlled. The error signal between predicted stator currents
and reference stator currents minimized using the cost function
defined with PCC [6], [7], [24]. The best switching state which
gives the minimum value of cost function is selected and applied
to the three-leg VSI without any use of modulation stage and lin-
ear regulators. The error between reference currents generated
using indirect FOC and predicted currents are measured by cost
function which is expressed in vector form as

�g =�i∗(k + 1)−�ip(k + 1) (15)

where �i∗(k + 1) =�i∗α(k + 1) + j�i∗β(k + 1) and �ip(k + 1) =
�ipα(k + 1) + j�ipβ(k + 1).
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Here,�i∗(k + 1) is the reference stator current vector produced
using DFOC algorithm, �i∗α(k + 1) and �i∗β(k + 1) are the real

and fictitious constituent of this current vector,�ip(k + 1) is the
predicted stator current vector. Currents�ipα(k + 1) and�ipβ(k +
1) are the real and fictitious constituent of the current vector
�ip(k + 1) for a given voltage vector. Superscript “p” is used
for the predicted variables. Now, the objective function in αβ
coordinate system can be defined for every voltage vector as

�g = |i∗α(k + 1)− ipα(k + 1)|+|i∗β(k + 1)− ipβ(k + 1)|. (16)

B. Modeling of Voltage Source Inverter

A the three-phase VSI is comprised of six insulated gate bipo-
lar transistor (IGBT) switches (S1 S2 …S6), which forms three-
leg of VSI. Each leg of VSI is controlled in complementary
mode. Different switching states of the VSI are governed by the
gating signals Sa, Sb, and Sc as follows:

Sa =

{
1 if S1 ON and S4 OFF

0 if S1 OFF and S4 ON

Sb =

{
1 if S2 ON and S5 OFF

0 if S2 OFF and S5 ON

Sc =

{
1 if S3 ON and S6 OFF

0 if S3 OFF and S6 ON.

The value of output voltage generated by inverter with differ-
ent switching signals can be defined as

v = VdcS (17)

whereS = 2/3(Sa + aSb + a2Sc) is the inverter switching state
vector and v = 2/3(vaN + avbN + a2vcN ) is the output volt-
age vector generated by the inverter. Vdc is the dc link voltage,
a = ej2Π/3 is the unitary vector which gives 120◦ phase shift
in different phases. For simplicity, diode forward voltage, dead
time, and IGBT saturation voltage is not considered in this in-
verter model.

C. Discrete Time Model for Prediction

A discrete model considering IM as load on the inverter is de-
veloped here. From equivalent circuit of the IM, the continuous
time model equation is written as

v = iR̃s + Ls
di

dt
+ e (18)

where v and i are the voltage and current vector produced at the
inverter terminal, which is also stator voltage and stator current
for the IM, e is back-emf vector of IM. At the kth sampling
instant, stator voltage, and current is predicted here using dis-
crete time model of the stator current. Sampling time used for
the entire discretization process is Ts. Using the forward Euler
approximation, stator current derivative di/dt can be written as

di

dt
≈ i(k + 1)− i(k)

Ts
. (19)

For every voltage vector vx(k) which is produced by the in-
verter, future stator current can be predicted by substituting the

value of didt in (18) from (19) as

ip(k + 1) =

(
1− R̃sTs

Ls

)
i(k) +

Ts
Ls

(v(k)− e(k)). (20)

Using (20) back-emf can be calculated as

e(k − 1) = v(k − 1)− Ls
Ts

i(k)−
(
R̃s − Ls

Ts

)
i(k − 1).

(21)

Using an extrapolation of past back-emf e(k − 1), the present
value e(k) of the back-emf can be estimated. Further, the value
of sampling frequency is much larger than the frequency of the
back-emf and it is assumed that back-emf will not change sig-
nificantly in one sampling period. Therefore, it is assumed that
e(k) = e(k − 1).

D. Adaptive Predictive Current Controller Algorithm

A block diagram of PCC is shown in Fig. 2(c). It shows the
implementation of control algorithm for PCC used for DFOC
IM drive system. Reference currents are being generated from
DFOC IM drive system where one PI controller is used for the
regulation of the speed and rotor flux. The three phase stator cur-
rent iabc are measured from the stator terminals of IM and the
reference stator current i∗abc are calculated from DFOC method.
The back-emf is calculated with the help of discrete stator current
and voltage vector at the motor stator terminals. Predicted cur-
rent ip(k + 1) is determined for back-emf e(k) and each voltage
vector v(k). The error between predicted stator current and ref-
erence current generated using control algorithm is minimized
using minimum function block of the MATLAB/Simulink for
each voltage vector for each sampling interval. The best switch-
ing state which gives the minimum value of cost function are
selected and applied to control the three-leg VSI.

VI. PARAMETER ADAPTATION

A. Stator Resistance Adaptation

The state-space representation of the machine in stationary
reference frame with stator current and rotor flux as state vari-
ables, are given in (1). On linearization of (1), the linearized
equations can be written as

Δ
•
x = AΔx+BΔu+ΔAx0 (22)

Δy = CΔx (23)

where

x0 =
[
iαs0 iβs0 ϕαr0 ϕβr0

]T

Δu =
[
Δuαs Δuβs 0 0

]T

ΔA =

⎡
⎢⎢⎢⎣

−1/ρLs 0 0 0

0 −1/ρLs 0 0

−L′
r/Lm 0 0 0

0 −L′
r/Lm 0 0

⎤
⎥⎥⎥⎦ΔRs.
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By taking Laplace transform of (22) and (23), the transformed
equation is given as

Δy = C(sI −A)−1 (ΔAx0 +BΔu) . (24)

Equation of the stator resistance using machine dynamics can
be written as

R̃s = kp
[̃
iαseiαs − ĩ

βs
eiβs

]
+ kI

∫ [̃
iαseiαs − ĩ

βs
eiβs

]
dt

(25)

where [ eiαs eiβs ]
T = [ iαs − ĩαs iβs− ĩβs]

T

Fig. 2(c) represents the discrete block diagram of the sta-
tor resistance estimator. From Fig. 2(c), the error in contin-
uous domain is described as that Δε = HR(s)̃isΔRs, where
ĩs = [ ĩα ĩβ ]

T and Δε are dq axes stator current error.
Considering only the d-axis component, the error equation is

written as

Δε = HR1(s)̃isΔRs. (26)

Therefore, the open loop transfer function of the stator resis-
tance estimator is given in (26) can be written as

HR1(s) =
S3 + S2p1 + Sp2 + p3

S4 + 2S3p4 + S2p5 + Sp6 + p7
. (27)

The final closed loop transfer function is given as

R̃s
Rs

=
HR1(s)̃is

(
kP + kI

Ts

2
z+1
z−1

)

1 +HR1(s)̃i
(
kP + kI

Ts

2
z+1
z−1

) (28)

where

p1 = 2c+ a, p2 = c2 + 2ac− d2 − bj,

p3 = a(c2 − d2)− j(fd+ cb),

p4 = 2(a+ c), p5 = ((a+ c)2 + 2ac− d2 − 2bj),

p6 = (2(a+ c)(ac− bj)− 2i(fj + ad)),

p7 = a2(c2 − i2) + j2(b2 − e2)− 2aj(ei+ cb)

a =
L2
m

σLsLrτr
+

Rs
σLs

, b =
Lm

σLsLrτr
, c =

1

τr
, d = ωr,

j =
Lm
τr

, f =
Lmωr
σLsLr

.

Discretized form of transfer function given in (28) by replac-
ing s = 2

Ts

z−1
z+1 can be written as follows:

HR1(z) =
n0 + n1z

−1 + n2z
−2 + n3z

−3 + n4z
−4

d0 + d1z−1 + d2z−2 + d3z−3 + d4z−4
(29)

where

n0 = 8Ts + 4T 2
s p1 + 2T 3

s p2 + T 4
s p4,

n1 = −16Ts + 4T 3
s p2 + 4T 4

s p3,

n2 = −8T 2
s p1 + 6T 4

s p3,

n3 = 16Ts − 4T 3
s p2 + T 4

s p3,

n4 = −8Ts + 4T 2
s p1 − 2T 3

s p2 + 4T 4
s p4,

d0 = 16 + 8Tsp4 + 4T 2
s p5 + 2T 3

s p6 + T 4
s p4,

d1 = −64− 16Tsp4 + 4T 3
s p6 + 2T 4

s p7,

d2 = 96− 8T 2
s p5 + 6T 4

s p7,

d3 = −64− 16Tsp4 − 4T 3
s p6 + 4T 4

s p7,

d4 = 16 + 8Tsp4 + 4T 2
s p5 + 2T 3

s p6 + T 4
s p4.

B. Rotor Time Constant Adaptation

The rotor time constant τr of the IM is estimated. The error
matrix [w] for τr can be written as, eq (30) and (31) shown at
the bottom of this page.

Therefore, the system has forward path matrix with strictly
positive real values. Now, to check the stability of nonlinear
feedback path matrix, the Popov’s inequality criterion is used.
By Popov’s inequality,

∫ t1

0

d

dt
fn(t)fn(t)dt ≥ −fn2 (0)

2
. (32)

The Popov’s inequality is satisfied and the solution can be
derived as

∫ t1

0

Re
(
eTw

)
dt ≥ −1

2

[
1

τ̃r
− 1

τr

]2
≥ −a20

2
. (33)

ΔAx̃ = w =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−L2
m

ρLsL′
r

[
1

τ̃r
− 1

τr

]
0

Lm
ρLsL′

r

[
1

τ̃r
− 1

τr

]
0

0
−L2

m

ρLsL′
r

[
1

τ̃r
− 1

τr

]
0

Lm
ρLsL′

r

[
1

τ̃r
− 1

τr

]

Lm

[
1

τ̃r
− 1

τr

]
0 −

[
1

τ̃r
− 1

τr

]
0

0 Lm

[
1

τ̃r
− 1

τr

]
0

[
1

τ̃r
− 1

τr

]

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

ĩα

ĩβ

ϕ̃αr

ϕ̃βr

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(30)

wT e = eTw =

[
1

τ̃r
− 1

τr

] [(
KM ĩα +KN ϕ̃αr

)
eiα +

(
KM ĩβ +KN ϕ̃βr

)
eiβ

+
(
Lmĩα − ϕ̃αr

)
eϕαr +

(
Lmĩβ − ϕ̃βr

)
eϕβr

]
(31)
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Fig. 3. Stator resistance and rotor time constant adaptation. (a) Bode plot at
Rs. (b) Bode plot at 5 Rs. (c) Stator resistance adaption. (d) Rotor time constant
adaption.

Therefore, the following inequality satisfies the Popov’s
theorem. Further, the adaptive rotor-time constant is identified as

1

τrini
=

∫ t1

0

d

dt

(
1

τ̃r

)
dτ +

1

τ̃r
(0)

=

(
kp + kI

Ts
2

z + 1

z − 1

) [̃
iαeψαr − ĩβϕβr

]
Lm. (34)

TABLE I
INDUCTION MOTOR PARAMETERS AND RATINGS

C. Speed Estimation

The accurate speed estimation involves accurate estimation
of motor fluxes in stationary rotor reference frame [23]. Using
(9.1), the estimated slip speed is given as

ωsl = (ϕα riβ s − ϕβ riα s) /ϕr×Lm
τr

and

ωe =
(
ϕα s

•
ϕβ s − ϕβ s

•
ϕα s

)
/ϕs (35)

whereϕαr andϕβr are rotor fluxes in stationary reference frame,
ωe is the synchronous speed, τr = Lr/Rr is rotor time constant.
The motor speed is given as

ω̃r = ωe − ωsl. (36)

D. Stability Analysis of the System With Rotor Resistance
Adaptation

The stability of the system is analyzed by varying the stator
resistance from its nominal value. It is expected that the actual
stator resistance is constant. Fig. 3(a) shows the Bode plot of the
system at rated stator resistance and the stability is analyzed by
observing the gain margin (GM) and the phase margin (PM) of
the plot. It is observed that both GM and PM are positive, which
implies that the system is stable. Furthermore, the GM is at
infinity, which proves the robustness of the parameter estimation
method. The adaptability of the system is confirmed for one
more operating condition in which the motor resistance is fixed
at five times the nominal stator resistance. Fig. 3(b) validates the
stability of the system for this large variation in stator resistance
under worst operating condition. The GM is infinite in this case,
which again validates the robustness of the system.

VII. SIMULATION RESULTS AND DISCUSSIONS

The proposed PCC for DFOC IM drive system is modeled
and simulated in MATLAB/Simulink. The results obtained un-
der different operating conditions with conventional PCC and
proposed PCC are presented for comparison performance of the
drive. The parameters and ratings of IM used for the simulation
studies are given in Table I.
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Fig. 4. Starting and load torque dynamic response of IM drive. (a) Starting dynamics with conventional PCC and LPF flux integration. (b) Starting dynamics
with proposed PCC and modified LPF flux integration. (c) Load dynamics with conventional PCC and LPF flux integration. (d) Load dynamics with proposed PCC
and modified LPF flux integration. (e) Zero speed and load dynamic with proposed PCC and modified LPF flux integration.
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Fig. 5. Load torque dynamic response of IM drive with proposed method.
(a) Measured and estimated speed. (b) Measured and estimated flux. (c) Es-
timated stator resistance and inverse rotor time constant. (d) Reference and
measured current components.

A. Motor Stator Resistance and Rotor Time
Constant Adaptation

Fig. 3(c) shows the adaptability of the PCC to the stator resis-
tance variation and Fig. 3(d) shows the adaptability of the system
to the rotor time constant. Initially, motor runs at 150 rad/s with-
out load and the nominal stator resistance value is 13.5 Ω. It is
observed from Fig. 3(c) that estimated value of the stator resis-
tance track the nominal value of stator resistance of the motor. At
t = 0.15 s, the stator resistance is increased by 50% and it can be
observed that the drive performance is satisfactory. Speed and
flux in the motor are constant with increased stator resistance
value, which proves the robustness of the controller. When rotor
time constant reduced by 50% of the rated value it also tracks the
reference value as shown in Fig. 3(d). The estimated value of sta-
tor resistance and rotor time constant closely track the nominal
value of motor parameters with the stable motor operation.

B. Starting Dynamics of IM Drive

The starting behavior of a classical PCC-based DFOC and
proposed DFOC IM drive is investigated. The profiles of rotor
speed (ωr), torque (Te), and rotor flux (ϕr), and stator currents
(ia) are shown for classical PCC-based DFOC and proposed
method in Fig. 4(a) and (b), respectively. Initially, the IM runs at
low speed 50 rad/s without load. From Fig. 4(a) and (b), it is ob-
served that starting transients in speed, torque, and flux with pro-
posed method is smoother than the classical PCC-based DFOC.
It is also observed that the speed and flux response in proposed
method is faster than the PCC-based DFOC as it reaches to the
steady-state value comparatively in lesser time. The speed of the
motor rise to the steady-state value in 0.09 s when conventional
PCC-based DFOC is used, whereas it requires 0.08 s with pro-
posed PCC control. The overshoot in speed is 3.3 rad/s in the
case of conventional PCC-based FOC, whereas 3.2 rad/s with
proposed PCC controlled drive. It is observed that the accuracy
of the flux estimation during startup period is improved by the
proposed modified flux estimator.

C. Starting Dynamics of IM Drive Under Sudden Load
Disturbance and Speed Reversal

Fig. 4(c) and (d) shows the dynamic performance of the IM
with the PCC-based DFOC and the proposed PCC method, when
a sudden load torque is applied on IM. The IM is driven at ωr =
50 rad/s and load torque Tl = 10 Nm is suddenly applied at
t = 0.2 s in both cases. When motor runs with the PCC and the
proposed PCC-based DFOC, speed is dropped by 2.35 rad/s and
then recovers in t = 0.045 s to the reference speed as shown in
Fig. 4(c) and (d), respectively. The torque developed reaches to
the load torque Tl = 10 Nm in t = 0.03 s as shown in Fig. 4(c)
and (d). When load torque is suddenly removed at t = 0.3 s,
there is an overshoot in speed by 2.36 rad/s but it settles to the
reference speed in t= 0.03 s by the controller in both the cases. It
is also observed in Fig. 4(c) that as soon as motor is loaded, flux
has some ripples. However, these ripples are not observed in the
proposed PCC controlled drive as shown in Fig. 4(d). There are
some ripples in the stator currents of the IM as shown in Fig. 4(c)



DEVANSHU et al.: IMPROVED NONLINEAR FLUX OBSERVER BASED SENSORLESS FOC IM DRIVE 661

Fig. 6. Speed reversal dynamic response of IM drive with proposed method. (a) Measured and estimated flux. (b) Estimated stator resistance and inverse rotor
time constant. (c) Measured and estimated speed. (d) Reference and measured current components.

Fig. 7. Steady-state response of IM drive (a), (c) with conventional PCC and LPF flux integration (b), (d) with proposed PCC and modified LPF flux integration.
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when motor operates at no load but smoother current response is
observed under load conditions as shown in Fig. 4(d). Fig. 4(d)
shows that the rotor flux is almost constant even with sudden
change in the load torque which also indicates the improved
behavior of the IM drive with proposed PCC control. Fig. 4(e)
shows the zero speed dynamics of the proposed method. It is
observed that motor start smoothly and after 2.5 s, the load torque
of 10 Nm is suddenly applied. It can be observed from Fig. 4(e)
that speed drops momentarily but it recovers quickly to reference
level and reaches its steady-state value in few seconds. The flux
is observed to be constant even after the change in load. The
current iαs and iβs are constant initially as there is no frequency
at zero speed. The overall, dynamic performance of the motor
is stable and satisfactory at zero speed.

Effect of the load torque on measured speed, estimated speed,
speed error, flux, stator resistance, inverse rotor time constant,
reference, and estimated components of stator currents are
shown in Fig. 5(a)–(d), respectively with the proposed con-
troller. Effect of sudden change in load torque is observed as
small deviation in estimated stator resistance and inverse rotor
time constant but this deviation is recovered by the controller in
next few seconds and the estimated values of all these parame-
ters and variables are settled at their steady-state values quickly.
The speed reversal performance of the motor is specially demon-
strated through measured speed, estimated speed, speed error,
flux, stator resistance, inverse rotor time constant, reference, and
estimated components of current in Fig. 6(a)–(d), respectively
with the proposed controller. The speed reversal of the speed
from 150 to −150 rad/s is made by varying reference speed. It
is observed that estimated inverse rotor time constant and stator
resistance have very small deviation in magnitude. However, the
estimated quantities recover to its nominal value and reach its
steady-state values quickly.

D. Steady-State Response of IM Drive

Fig. 7(a) and (b) shows zoomed waveform of the steady-
state behavior of the motor rotor speed (ωr), torque (Te), ro-
tor flux (ϕr), and stator current ia. Fig. 7(c) and (d) shows the
steady-state behavior of ϕαβ when PCC-based DFOC with LPF
flux estimator and proposed DFOC with modified flux estima-
tor is used, respectively. It is clearly observed in Fig. 7(a) that
the speed, torque, and rotor flux have some ripples. However,
there are no such ripples observed in Fig. 7(b) and (c). Fig. 5(d)
shows the αβ-stator flux waveforms when a small dc signal is
introduced to the back-emf signal. It is observed that there is dc
drift in the estimated flux and small flux distortions in classi-
cal method. However, dc drift problem and distortion in flux is
resolved using the proposed flux eliminated method. Sampling
period for simulation in both the cases is Ts = 2μs.

VIII. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 8 shows the photograph of the experimental prototype
setup used for experimental validation of the proposed PCC
control of DFOC IM drive. A complete schematic diagram
is shown in Fig. 1(a) and (b). The DFOC IM drive consists

Fig. 8. Experimental prototype setup: 1—four channel digital oscilloscope,
2—PC, 3—dSPACE 1104, 4—grid, 5—dc power supply, 6—three phase recti-
fier plus inverter, 7—three phase power analyzer, 8—driver circuit, 9—current
sensor, 10—voltage sensor, 11—resistive load, 12—300 V dc power supply,
13—three phase induction motor, 14—voltage probe, 15—dc generator, 16—
tachogenerator.

of the VSI, driver circuit, dS dsp1104 controller, current sen-
sors, and power supplies. The dSPACE system with dS1104
TMS320F240 controller board with MATLAB/Simulink is used
for implementing control strategy. The different controllers are
implemented and operation of drive is analyzed under different
operating conditions for real-time validation. The parameters of
drive used for the experimental study is given in Table I. The
stator voltage to the IM is fed by the VSI, which is controlled
by the gate pulses produced through dS1104 controller using
different control algorithms. A dc machine is coupled with IM
to arrange electrical loading on the IM. Stator currents of the
IM are sensed by the two current sensors. A four channel digital
storage oscilloscope is used for the recording the waveform of
IM under different operating conditions. The sampling time of
the control structure is selected at 50 μs in both the cases.

A. Performance of the IM Drive During Starting

Fig. 9 shows the starting response of the IM drive with clas-
sical and proposed method. Fig. 9(a) and (b) shows the starting
response of the rotor speed (ωr), torque (Te), stator current (iαs),
and stator currents (iβs). The IM requires few seconds to reach
to the steady-state speed and the torque developed is adequate
enough to rotate the rotor on steady-state level. It is observed that
the current drawn by the motor during starting is high in magni-
tude but it reduces to no load current level. The dynamic response
of the drive using proposed method is observed to be faster than
the classical PCC-based DFOC. Fig. 9(c) and (d) shows the re-
sponse of the α-axis flux (ϕαs), β-axis flux (ϕβs), α-axis stator
current (iαs), and β-axis stator currents (iβs). These waveforms
are observed to have lesser ripple in the case of proposed method
than the classical PCC-based DFOC.

B. Performance of the IM Drive on Load

Fig. 10(a) and (b) shows the dynamic response of the mo-
tor rotor speed (ωr), torque (Te), and stator current (ias) with
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Fig. 9. Starting response of IM drive (a), (c) with conventional PCC and LPF flux integration (b), (d) with proposed PCC and modified LPF flux integration.

Fig. 10. Load response of IM drive (a), (c) with conventional PCC and LPF flux integration (b), (d) with proposed PCC and modified LPF flux integration.
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conventional PCC and proposed PCC, respectively. Fig. 10(c)
and (d) shows the response of the α-axis flux (ϕαs), β-axis flux
(ϕβs),α-axis stator current (iαs), andβ-axis stator currents (iβs)
for classical PCC-based DFOC and proposed drive, respectively.
In Fig. 10(a) and (b), the load torque is suddenly changed to
10 Nm and it is observed that motor current increases to increase
the motor torque and motor speed settles to reference speed in
few seconds. After few seconds, the load torque is suddenly re-
moved and speed of the motor overshoot for short interval but it
settled down to reference speed. Torque and speed response is
observed to be faster in the case of proposed method.

Fig. 10(c) and (d) also show the steady-state response of the
stator fluxes in the case of classical PCC-based DFOC and pro-
posed method. Steady-state response of proposed method is ob-
served to be better than the classical method.

C. Performance of the IM Drive Under Sudden Change
in Speed

Fig. 11(a) and (b) show the speed reversal dynamics from
50 to −50 rad/s and 30 to −30 rad/s with PCC-based DFOC
and proposed method. Zoomed speed response of speed reversal
from 50 to −50 rad/s is also shown to demonstrate the effect
of controller at zero crossing. It is closely observed that the
speed reversal dynamics of the motor is faster with proposed
method. Phase sequence reversal of the current is also observed.
At zero crossing, speed and torque are also found to have smooth
response with proposed method compared to that in the classical
method.

Fig. 11(c) shows the reference speed, estimated speed with
PCC-based DOFC, estimated speed with proposed method
and speed error between reference speed and estimated speed
with PCC-based DFOC. Starting speed transients are observed
smoother in the case of proposed method.

Fig. 12(a) shows the effect of variations in speed on stator
resistance in proposed techniques. It is observed that initially
when motor runs at speed 50 rad/s, estimated stator resistance is
13.5 Ω. After few seconds, speed changes from 50 to −50 rad/s,
it is observed that there is small glitch in estimated value of stator
resistance but settles down to its rated value. In next few seconds,
speed reduces from −50 rad/s to zero and it is observed that the
estimated stator resistance remains at its rated value except a
small dip during transient period. It shows the robustness of the
proposed controller. Fig. 12(b) shows the steady-state response
of the rotor flux with the proposed method.

Fig. 12(c) shows the effect of stator resistance variations. Ini-
tially, motor is set to run at 50 rad/s at 50% of the full load with
rated stator resistance. When estimated speed, flux, and stator
resistance of motor attain steady-state value, the stator resistance
is increased by inserting external resistance into stator winding
in series. The estimated speed and flux settle to their reference
value with small disturbances during transient state. The esti-
mated stator resistance is observed to track the change in actual
value closely.

Fig. 12(d) shows the effect of the step change in speed on
inverse rotor time constant. Initially, motor is set to run at
50 rad/s so that the estimated speed, measured speed, and inverse

Fig. 11. Speed reversal dynamics of IM drive. (a) With conventional PCC and
LPF flux integration. (b) With proposed PCC and modified LPF flux integra-
tion. (c) Speed response with conventional PCC and LPF flux integration and
proposed PCC and modified LPF flux integration.

rotor time constant attain steady-state value. After some time,
the speed changes from 50 to 100 rad/s and it is observed that es-
timated and measured speed, closely follow the reference speed.
There is a small change in rotor time constant during the tran-
sient state but it settles down to its rated value in next few sec-
onds, which shows the robustness of inverse rotor time constant
against speed variations.
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Fig. 12. (a) Speed reversal and its effect on estimated stator resistance. (b) Rotor flux in steady state. (c) Change in stator resistance and its effect on speed and
flux. (d) Change of reference speed and its effect on inverse rotor time constant.

Simulation and experimental investigations validate the ef-
fectiveness of the proposed adaptive PCC-based DFOC of IM
drive under dynamic and steady-state study conditions.

IX. CONCLUSION

The performance analysis of PCC-based sensorless DFOC
IM drive with pure integrator voltage model flux estimator and
adaptive PCC-based DFOC IM drive with modified LPF volt-
age model flux estimator are investigated through simulation and
experimentation. The stator resistance of the motor is estimated
for implementation of adaptive PCC in DFOC of IM drive. Ro-
bustness and stability of the system with variation in the stator
resistance is validated in frequency domain using Bode plot.
Robustness of the drive against rotor time constant is verified
using Popov’s stability criteria. The proposed method is capable
to overcome, parameter mismatches, current and voltage detec-
tion errors, unknown integral initial value problem and problems
caused by dc offset, effectively. The usefulness of proposed
method is demonstrated in low-speed region of operation for
DFOC IM drive and it also gives better dynamic response espe-
cially better speed reversal, starting, and low steady-state speed

error. The experimental and simulation results show that the pro-
posed PCC can effectively improve the dynamic and steady-state
performance of IM drive.

REFERENCES

[1] L. Malesani and P. Tomasin, “PWM current control techniques of volt-
age source converters—A survey,” in Proc. 19th Annu. Conf. IEEE Ind.
Electron., 1993, pp. 670–675.

[2] L. Zhang and H. R. Tayebi, “Field-oriented CSI induction motor drive
with optimal predictive current regulation,” in Proc. 5th Int. Conf. Power
Electron. Variable-Speed Drives, London, U.K., 1994, pp. 48–53.

[3] L. Zhang, R. Norman, and W. Shepherd, “Long-range predictive control of
current regulated PWM for induction motor drives using the synchronous
reference frame,” IEEE Trans. Control Syst. Technol., vol. 5, no. 1,
pp. 119–126, Jan. 1997.

[4] H. Abu-Rub, J. Guzinski, Z. Krzeminski, and H. A. Toliyat, “Predictive
current control of voltage source inverters,” in Proc. 27th Annu. Conf.
IEEE Ind. Electron. Soc. (Cat no. 37243), vol. 2, 2001, pp. 1195–1200.
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