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Theoretical and Experimental Comparison of Indirect
Field-Oriented Controllers for Induction Motors

Sergei Peresada, Andrea Tilli, and Alberto Tonielli, Associate Member, IEEE

Abstract—A theoretical and experimental comparison between
standard and recently-developed improved indirect field-oriented
controllers for induction motors is presented. It is shown that stan-
dard indirect field-oriented control algorithm provides asymptotic
speed and flux regulation, while the improved one guarantees
global exponential speed–flux tracking under condition of constant
load torque. The difference between the flux sub-system design
for the two controllers is analyzed. It is shown that the improved
controller provides closed loop properties for flux subsystem when
motor is rotating, leading to robust stabilization of the rotor flux
vector space position and robust tracking of its modulus. It is
demonstrated that both controllers have similar complexity and
can be tuned using standard procedure for cascaded systems.
Intensive experimental study shows that improved controller
provides about one order higher speed tracking performance as
compared with standard solution. Moreover, improved robustness
with respect to rotor parameters variation leads to improved en-
ergy efficiency and robust stabilization of dynamic performance.

Index Terms—Energy efficiency, electric drives, nonlinear con-
trol, vector control.

NOMENCLATURE

Rotor speed.
Speed and angular position of the (– )
reference frame.
Load torque.
Total inertia.
Stator current vector represented in (– )
reference frame.
Stator voltage vector represented in (– )
reference frame.
Rotor flux vector represented in (– ) ref-
erence frame.
Reference value for vector.
Estimate of .
Estimation error.
Vector of regulation errors.
Stator/rotor resistances and inductances.
Magnetizing inductance.
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Positive constants related to electrical and
mechanical parameters of IM.
Tuning gains of the controllers.

I. INTRODUCTION

V ECTOR controlled induction motor (IM) drives are
wide spread electromechanical systems suitable for

high dynamic performance applications. The concept of field
orientation [1], as a torque–flux decoupling technique applied
to IM control [2], [3], was the background for the development
of commercial vector controlled IM drives, quite before the
modern theory of nonlinear feedback control was applied for
control of electric machines.

Control algorithms based on direct field orientation (DFO)
use a flux observer, hence nonlinear flux observers have been
widely developed [4]–[6]. Control algorithms based on indirect
field orientation (IFO) use the reference values for flux vector
(modulus and angle) instead of the estimated one. The idea of
indirect field orientation has been considered first in [7].

Although their properties were not strongly theoretically
proven, both DFO and IFO solutions have been implemented
in industrial drives demonstrating performances suitable for a
wide spectrum of technological applications. This stimulated
a significant research activity to develop IM vector control
algorithms using nonlinear control theory in order to improve
performances, achieving speed (or torque) and flux tracking,
or to give a theoretical justification of the existing solutions.
In fact, the first proof of exponential asymptotic stability for
Standard IFO (S-IFO) control, adopted in industrial drives, is
given only in [8] under the following assumptions: current-fed
IM (reduced-order solution); known IM parameters; constant
speed and flux references. It is shown that S-IFO controller
can be derived using passivity theory [9]. In [10] a full order
IFO-controller, which solves the problem of global asymptotic
speed and rotor flux modulus tracking in presence of unknown
constant load torque is developed. Nevertheless, algorithm
reported in [10] is more complex than S-IFO and requires to
tune a larger number of control gains.

Since in solutions based on concept of IFO the flux control is
open loop, the flux subsystem is sensitive to IM rotor parameters
variation, especially the rotor resistance (see [11] and references
included). As a consequence of parameter perturbations the field
orientation is missed, leading to errors in rotor flux vector con-
trol (modulus and angle). The wrong field orientation causes
degradation of speed transient performance and reduced IM en-
ergy efficiency.
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The parameter sensitivity problem of a standard IM vector
control algorithms is well stated and several solutions have been
considered to improve the flux vector control accuracy [5], [6],
[11]–[14]. Regarding flux estimation [5], [6] for DFO solutions,
it is proposed to use so-called “voltage model” during operation
at high speeds and “current model” for low speeds. Different
modifications are possible using full order flux observers [4],
[12], which include both IM stator and rotor circuit models. An
alternative approach is based on adaptive system theory and it
has been applied to DFO [13], [11] and IFO schemes (see [14]
and reference included). Being observerless solutions, IFO con-
trollers have less degrees of freedom in control design in order to
improve robustness. As result, robust IFO control for IM is still
far from a definite solution. Some promising ideas of application
of the artificial intelligence approaches to basic field oriented
vector controllers of IM are reported in [15], including speed
sensorless control, which is the main recent trend in IM control.

Recently, in [16] the authors proposed a new Improved In-
direct Field-Oriented (I-IFO) control algorithm, which can be
viewed as a step in solving the problem of robust indirect field
oriented control of IM. Specifically, the problem of flux–speed
tracking has been addressed in the presence of unknown con-
stant load torque and under the requirement of achieving new
features for the closed loop dynamics such as: global exponen-
tial asymptotic speed–flux tracking; asymptotic speed–flux de-
coupling; asymptotic linearization of the speed subsystem; ro-
bustness with respect to IM parameter (especially rotor resis-
tance) variations. Note that proof of the exponential stability is
one of the important points for robustness analysis via general
stability arguments.

The above-reported analysis has been focused on the
speed–flux control algorithms proposed in literature whose
properties (at least stability) have been analytically proven
and experimentally validated. Some important issues related
to the problem discussed can be also found in [17]. Only few
results on experimental comparison study of different control
algorithms have been reported in literature so far. Among them
[11], where an adaptive and a nonadaptive observer-based
control algorithm of current-fed IM have been compared; [14],
where an adaptive and a nonadaptive indirect field-oriented
controllers are investigated; [18], where the nonadaptive
version of [11] is compared with the S-IFO controller for
current-fed IM, and [10], where full order S-IFO controller and
a full-order speed–flux tracking controller were experimentally
tested. Some results on implementation of the S-IFO controller
(passivity based, according to [9]) are also reported in [19].

The necessary condition for adequate comparison of dif-
ferent control algorithms is to assure that they are studied in
comparable conditions. Another important methodological
question for such comparison is how to define the control
algorithm that can serve as a touchstone. From analysis of [10],
[11], [14] and [18], it follows that the natural choice is the
full-order S-IFO controller, whose dynamic behavior is well
recognizable from available industrial products. Nevertheless,
the stability and structural properties of the full-order S-IFO
controllers have not been investigated yet.

The aim of this paper is to evaluate the dynamic performance
and the robustness of the I-IFO, proposed in [16], by means of
theoretical and experimental comparison with the S-IFO control
algorithm. Both S-IFO and I-IFO controllers are based on the
stator currents and speed measurements. First it is shown how
the S-IFO control can be reinterpreted in terms of nonlinear con-
trol theory. It is proven that the full-order speed–flux error dy-
namics generated by S-IFO controllers is at least locally asymp-
totically stable, which ensures the practical asymptotic stability
for typical IM operating conditions. From the analysis of the
structural properties of the equivalent error dynamics generated
by S-IFO and I-IFO solutions, it results that the two controllers
are presented in a configuration which allows adequate com-
parison, providing the same tuning of proportional and integral
gains of current and speed controllers. It is shown that the dy-
namics of the I-IFO controller presents a “nominal speed-error
subsystem” which is linear and time-invariant for time-varying
speed–flux references and has a regular structure, independent
of electric machine parameters. Moreover, it is enlighten that the
flux subsystem of the S-IFO controller is open loop with respect
to flux errors, while the I-IFO flux controller providesclosed
loop propertiesof the flux error dynamics when the motor is
rotating. The closed loop structure of the flux error dynamics
guarantees the robust stabilization of the rotor flux vector also
under rotor parameters variations.

The experimental tests of the two controllers carried-out
include the investigation of the dynamic performance during
speed trajectory tracking and step load torque rejection as
well as evaluation of the efficiency of the electromechanical
energy conversion process during steady state. Operating
conditions with nominal parameters and with variation of the
rotor time-constant have been considered.

The conclusions of the comparison can be summarized as
follows:

1) both controllers require the same computational power for
real time implementation;

2) the tuning procedure of control gains is conceptually the
same for the two controllers;

3) the I-IFO speed–flux controller has speed tracking perfor-
mance about one-order higher than the S-IFO controllers;

4) the I-IFO controller provides robust stabilization of the
rotor flux vector (condition of field orientation).

In particular, the last results leads to two relevant properties
under condition of varying rotor parameters: a) better energy
efficiency (up to 30% in experimental test) of the I-IFO con-
troller as compared with S-IFO one; b) robust invariance of the
dynamic properties of I-IFO solution, while the S-IFO shows
large degradation. It is experimentally proven that I-IFO control
demonstrates robustness properties with respect to rotor time
constant variation closed to that of adaptive controllers [11] and
[14], if the rotor speed is not null.

The paper is organized as follows: in Section II the IM model
and the control problem statements are given; Sections III and
IV present theoretical and experimental comparison of the two
controllers.
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II. I NDUCTION MOTOR MODEL AND CONTROL

PROBLEM STATEMENT

A. Induction Motor Model

Under the assumptions of linear magnetic circuits and bal-
anced operating conditions the equivalent two-phase model of
the symmetrical IM, represented in an arbitrary rotating refer-
ence frame (– ), is

(1)

(2)

where is the rotor speed, , de-
note stator current and rotor flux vectors, is the
control voltage vector. Subscriptsand stand for vector com-
ponents in the (– ) reference frame, is the load torque, is
the angular position of the (– ) reference frame with respect to
the fixed stator reference frame (– ), where the physical vari-
ables are defined. The transformed variables are given by

where

(3)

where stands for two-dimensional voltage, flux and current
vectors.

Positive constants related to the electrical and mechanical pa-
rameters of the IM are defined as

where is the rotor inertia, , , , are stator/rotor re-
sistances and inductances respectively, is the magnetizing
inductance. One pole pair is assumed without loss of generality.

B. IM Control Objectives Under Condition of Indirect Field
Orientation

The concept of field orientation (FO) was developed by
Blaschke [1] as a torque–flux decoupling technique applied
to IM control (see [2]). Let briefly recall important properties
related to the indirect formulation of this concept.

General specifications for speed-controlled electric drives in-
dicate that two IM outputs, speed and rotor flux modulus, de-
fined as

(4)

must be controlled using the two dimensional stator
voltage vector on the basis of measured variables vector

. The load torque is considered as an
unknown constant (linearly parameterized) disturbance. In the
case of indirect field-oriented control, the dynamics of the
( – ) reference frame (2) is specified in such a way that the

-axis of the reference frame is asymptotically aligned with the
direction of the rotor flux vector, i.e.

(5)

Defining , as the reference trajectories for speed and
flux, the speed and flux-modulus tracking (regulation) errors
can be written as

(6)

According to condition of field orientation (5) and error defini-
tion (6) the IM control objective (4) is given by

(7)

III. T HEORETICAL COMPARISON OF THEINDIRECT

FIELD-ORIENTED CONTROLLERS

First, in this section, the S-IFO control algorithm for IM
drives [3] is reinterpreted in terms of nonlinear control theory,
in order to show the structural and stability properties of the
equivalent error dynamics generated by this kind of controller.
Second, the above and the I-IFO [16] controllers are compared
in terms of their theoretical dynamic performance and robust-
ness properties.

The general structure of an indirect field-oriented controller
can be presented as

(8)

(9)

Substituting (8) and (9) into (1) the following field oriented de-
composition results

(10)

(11)

where is the slip angular frequency.
According to (10) and (11), the field oriented transformation

(9) and control algorithm (8), with compensation of the cross-
coupling terms, decompose the original IM model into feedback
connection of the two: electromechanical and electromagnetic
subsystems, whose dynamics are given by (10) and (11), respec-
tively. The flux modulus is the output of the electromagnetic
subsystem (11), while the rotor speed is the output of the electro-
mechanical subsystem (10). The two control inputs ( ) can
be selected to achieve the desired control objectives.

A. Standard Indirect Field-Oriented (S-IFO) Controller

Following the design procedure for cascaded systems,and
are defined as references for currentsand , respectively

and the current regulation errors are given by

(12)
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Additionally, the following estimation errors are defined:

— for load torque (constant by assumption)

(13)

where is the integral part of the speed controller as it
will be specified later;

— for current loops perturbation

(14)

where and are the integral part of the current con-
trollers as it will be defined later.

Note that, if the references of speed and flux are constant then
perturbation defined in (14) are constant.

The equation for S-IFO controller can be mapped in the gen-
eral controller structure (8) and (9). In particular in (9)is im-
posed equal to zero and the expression of the voltage vector is
derived from the following equations:

— flux modulus control algorithm

(15)

— proportional-integral (PI) speed controller

(16)

where , are the proportional and integral gains
of the speed controller;

— PI current controllers

(17)

(18)

where , , are the current controllers propor-
tional and integral gains.

Substituting (15)–(18) into (10) and (11), with , the final
flux–speed error dynamics can be presented as (see Appendix A
for detailed computation):

(19)

(20)

According to (19) and (20) the S-IFO controller given by (8) and
(9) with , and (15)–(18), decompose the IM model (1)
into two interconnected systems: electromagnetic and electro-
mechanical, whose error dynamics are given by (19) and (20)
respectively. Asymptotic stability of the electromagnetic system
can be established applying standard Lyapunov arguments and
the Barbalat’s Lemma (see Appendix B and [10] for similar sys-
tems). Hence the following result holds:

(21)

The error dynamics of the electromechanical (speed) subsystem
(20) includes nominal [i.e., ] linear time-in-
variant dynamics (with ), which can always be de-
signed to be asymptotically stable by the selection of current
and speed controllers gains. In industrial vector controlled IM
drives parameters and of speed and current
PI controllers are designed, using the standard strategy usually
adopted in cascaded DC drives, in order to guarantee time-scale
separation between speed and current dynamics [2]. Well known
“symmetrical optimum” can be used for evaluation of the gains
of speed and current controllers.

According to nonlinear control theory the two feedback in-
terconnected dynamics—flux subsystem (19) and speed sub-
system (20)—are at least locally asymptotically stable, since the
two interconnected systems have the following properties.

1) The nominal speed dynamics is linear and asymptotically
stable.

2) The flux subsystem (19) is asymptotically stable for
bounded speed trajectories.

3) The interconnection between the two subsystems is bi-
linear in the electromagnetic part and linear–bilinear in
the electromechanical one.

From condition (21) and local asymptotic stability of the overall
system error dynamics it follows that the standard flux–speed
vector control algorithm ensures asymptotic flux modulus regu-
lation together with asymptotic field orientation and asymptotic
speed regulation under condition of constant load torque.

If the tuning parameters of the current and speed controllers
are selected according to standard procedure for multi-loop cas-
caded systems, the overall error dynamics exhibits multi-time
scale properties, i.e.:

1) the current error dynamics [last two equations in (19) and
(20)] is the fastest one;
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2) the speed error dynamics [first two equations in (20)] is
at least few times slower;

3) the flux error dynamics [first two equations in (19)] is
mainly defined by the rotor time constant and it is
the slowest one.

If the current controllers gains are increased, then the solution of
full order dynamics will move to the reduced order one (current
fed) given by (19) and (20) with , which is globally
exponentially stable [16].

B. Improved Indirect Field-Oriented (I-IFO) Controller

In this subsection it is analyzed an improved indirect field-
oriented (I-IFO) control algorithm for IM, which provides
speed–flux tracking capabilities and reduced sensitivity to rotor
parameters variations, while preserving all the advantages of
the standard solution. The detailed development of the I-IFO
algorithm is presented in [16]. Let us consider first the modified
control algorithm of the flux subsystem
Flux vector controller

(22)

Flux subsystem current controller

(23)

Substituting (22) and (23) into the second, third, and fourth
equations of the IM model (1), the error dynamics of the flux
subsystem becomes

(24)

The equilibrium point of the solutions of
(24) is globally exponentially stable if the current controller pro-
portional gain satisfies the following condition

(25)

The modified control algorithm of the electromechanical sub-
system is
Speed controller

(26)

Speed subsystem modi�ed current controller

(27)

where is the integral gain of the modified current
controller.

The speed error dynamics generated by the control algorithm
(26) and (27) is given by

(28)

where , , .
According to equations (24) and (28), the field-oriented

controller (22), (23), (26), and (27) defines two coupled
subsystems: a) the electromagnetic subsystem [-subsystem
with error state vector ]; b) the electro-
mechanical subsystem [-subsystem with error state vector

].
In [16] it is shown that the equilibrium point

of the system is globally exponentially stable
and consequently control objectives (7) are satisfied. The
nominal dynamics of the speed subsystem (28) ( ) is
linear and IM parameters independent.

The block diagram of the two controllers is reported in Fig. 1.
In order to emphasize the common origin, a single block di-
agram is reported. The light-shaded areas represent the added
actions in the I-IFO controller, while the dark-shaded areas are
integral actions present in the S-IFO controller only.

Comparing the error dynamics generated by the S-IFO con-
troller (19) and (20) with that of the I-IFO controller (24) and
(28), it can be concluded that they exhibit the following common
structural properties.

1) The nominal [i.e., ] speed subsystem dy-
namics is linear [for (20) only when ] with
the four parameters [proportional and integral gains of
current ( -axis) and speed controllers] defining the closed
loop dynamic performance.

2) Flux error subsystems (19) and (24) are asymptotically
decoupled from speed dynamics and they are asymptoti-
cally stable [(19) only when and for bounded
trajectories of the speed subsystem variables].

3) The interconnection between the two subsystems has
linear and bilinear properties.

Instead, the two error dynamics produced by the two controllers
are different since.

1) The nominal speed subsystem dynamics (28) with
, generated by the I-IFO controller, is linear for time

varying flux reference and it is independent of motor pa-
rameters.

2) The flux subsystem dynamics (24) is globally exponen-
tially stable, while system (19) has only semi-global
asymptotic stability (requires selecting gain ac-
cording to the value of as reported in Appendix B).



156 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 18, NO. 1, JANUARY 2003

Fig. 1. Block diagram of IFO controllers: (a) speed and flux controllers and
(b) current controllers.

3) The flux subsystem (19) is open loop, while (24) has neg-
ative feedback through the term (when ).
This yields an improved robustness with respect to rotor
parameters variation, as it will enlighten in the following
consideration.

Let consider the rotor time-constant perturbation for flux sub-
systems (19) and (24), given by . In both flux
control algorithms (9) with , (15), (17), (22), and (23) the
nominal value of the rotor time constant is used.

Under operation with constant flux reference ( ,
, ) and taking into account the time-scale

separation between flux and current dynamics (imposed by
standard tuning procedure for cascaded systems) the reduced
order solution for subsystem (19), obtained by using the singular
perturbation theory [20], is characterized by thanks to the
integral action in current controller. In particular, it is

(29)

From (29) it follows that the robustness properties in the case
of S-IFO control are defined only by the value of, i.e., they
depend only on the natural features of the IM rotor circuit.

According to condition (25), flux subsystem (24) of I-IFO
controller also exploits time-scale separation with a slow mani-
fold for current error (obtained with ) given by

(30)

Substituting (30) in the first two equation of (24), the slow flux
dynamics is given by

(31)

Equation (31) reflects the effect of negative feedback action de-
livering a proportional gain in-axis flux equation augmented
by a term equal to .

IV. PERFORMANCE SPECIFICATION AND

EXPERIMENTAL RESULTS

A. Controllers Tuning

The error dynamics generated by the I-IFO controller (22),
(23), (26) and (27) is given by (24) and (28). The tuning pa-
rameters of the flux subsystem are the proportional gain of the
current controller and the correction gain. The relation-
ship between the two gains is given by condition (25).

The tuning parameters of the speed subsystem are the propor-
tional gains , and the integral gains , of the speed
and modified current controllers. According to the structure of
the (28) the cascaded system structure allows for application of
standard tuning relations

and

or

(32)

where and are the time-constant and damping factor imposed
for the second order error dynamics [see (28)], and, are
the proportional and integral gains in each loop. The time scale
separation is practically achieved with to where
indexes “ ” and “ ” stand for speed and current loops.

Both control algorithms presented in Section III were
experimentally tested under the same controller’s parameters
tuning for two induction motors with the rated torque equal to
2.5 Nm and 6 Nm, respectively. The experimental tests for first
IM has been carried out at the Laboratory of Electromechanics,
National Technical University of Ukraine, and the second
drive system has been tested at the Laboratory of Automation
and Robotics of the University of Bologna. The operating
conditions for the tests of 2.5 Nm IM are described below.

B. Operating Sequences

The operating sequences, reported in Fig. 2, are the following:

1) the machine is excited during the initial time interval 0
0.25 s using a flux reference trajectory starting at

Wb and reaching the motor rated value of 0.9 Wb
with the first and second derivatives equal to 3.5 Wb/s
and 350 Wb/s correspondingly;

2) the unloaded motor is required to track the speed refer-
ence trajectory, starting at s from zero initial value
and reaching the rated speed of 50 rad/s with the first and
second derivatives equal to 700 rad/sand 24 000 rad/s;
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Fig. 2. Speed, flux references, and load torque profile.

3) at time s a constant load torque, equal to the 120%
of the motor rated value, is applied; at time s load
torque is set to zero.

C. Controllers Parameters

The controller’s parameters, selected according to (32) were
set at

D. Reference Trajectories

Tracking of the speed reference trajectory adopted requires a
dynamic torque that is equal to the rated value of the motor. Flux
and speed reference trajectories are presented in Fig. 2 using
solid lines; dashed line in the same figure represents the load
torque profile.

E. Experimental Set-Up

The experimental tests were carried out using a rapid pro-
totyping station (RPS) developed at the Laboratory of Robotics
and Automation, University of Bologna [21]. The RPS includes:

1) a Personal Computer acting as the Operator Interface for
programming, debugging, program downloading, virtual
oscilloscope function during the experiments;

2) a custom floating-point digital signal processor (DSP)
board (based on TMS320C32) directly connected to
the PC bus. The DSP board performs data acquisition
(eight 12-bit A/D channels plus two interfaces for in-
cremental encoder), implements control algorithms with
programmable real-time tracing of selected variables,
generates the PWM signals (two symmetrical three-phase
PWM modulators with programmable dead time);

3) a 20-A/380 three-phase inverter, operated at
10 kHz switching frequency during experiments;

4) a 2-pole, 50 Hz, 750 W induction servomotor, whose data
are listed in the Appendix C;

5) a current controlled dc motor used to provide the load
torque.

F. Measurement System and Controllers Implementation

In order to filter out the modulation ripple, the two stator
phase currents, measured by Hall-effect zero-field sensors, are

simultaneously and synchronously sampled at the symmetry
point of the PWM signals. The motor speed is measured by
means of a 1000 pulse/revolution incremental encoder. The
sampling time for both standard and I-IFO controllers is set
to 200 s. In order to get the discrete time version of control
algorithms the simple Euler method is used. Dead-time (1.5s)
compensation is performed to achieve a better accuracy for the
inverter output voltage.

G. Experimental Results

A first set of experiments, reported in Figs. 3 and 4, was per-
formed to compare the dynamic performances of the two algo-
rithms. The experimental results presented in Fig. 3 report the
dynamic performance of the S-IFO controller during speed tra-
jectory tracking. The transient performance is characterized by
a maximum speed error of about 2 rad/s during reference tra-
jectory tracking and about 4 rad/s during constant load torque
rejection.

The experimental results presented in Fig. 4 demonstrate the
dynamic performance of the I-IFO controller adopting the same
tuning as for the S-IFO controller. Significant improvement of
the speed tracking is reported. The speed tracking performance
(maximum speed error of about 0.3 rad/s) is about one order
better compared with that of the S-IFO controller. Besides, the
I-IFO controller presents a significant overshoot reduction in
the current. The transient behavior of the S-IFO and I-IFO
controllers during load compensation is the same.

A second set of experiments was made to compare the dy-
namic performance of the two controllers, when parameter

(inverse of rotor time constant) used in control algo-
rithm is different from actual one. Fig. 5(a) and (b) demon-
strate the transients with the S-IFO control obtained for
1/s (1.7 ) and 1/s (0.5 ). During these tests load
torque (120% of rated value) is applied at time s and
remains constant during time interval of experiment. As it is
shown in Fig. 5(a) the significant degradation of the transient
performance occurs for parameterhigher then rated value.
The steady state value of axis current is almost 60% larger
than the nominal regime. On contrary, no relevant difference is
observed for 1/s [Fig 5(b)] as compared with the rated
transient. Only slightly higher torque current is required to pro-
duce the same motor torque. As it is discussed in [11],
produces a reduction of the rotor flux impairing transient per-
formances and increasing the torque current. Differently, when
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Fig. 3. Dynamic behavior of the S-IFO controller witĥ� equal to the nominal one.

, the motor electromagnetic system enters into satura-
tion region, causing some increasing of the stator current mod-
ulus. In fact, owing to the magnetic saturation, the IM oper-
ates with almost constant flux modulus, but with wrong field
orientation.

The results of the same test for I-IFO controller are reported in
Fig. 6. Comparison of the transients, reported in Figs. 4 and 6,
shows that improved indirect field-oriented controller demon-

strates strong robustness properties with respect of rotor time
constant variations. No significant difference can be noted in
transients in nominal (Fig. 4) and perturbed (Fig. 6) conditions.

A third set of experiments was made to compare the system
efficiency under steady-state condition of operation. The com-
parison was referred to steady state behavior of the two con-
trollers for two different induction motors, whose rated data
are listed in Appendix C. The first induction machine (2.5 Nm
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Fig. 4. Dynamic behavior of the I-IFO controller witĥ� equal to the nominal one.

rated torque), have been used for dynamic tests presented in this
paper. The dynamical tests for second IM (6 Nm rated torque,
whose rated data are given in Appendix C in bracket) have been
performed as well but they are not shown. In fact, the dynamic
performance obtained during speed trajectory tracking with dy-
namic torque equal to 350% of rated motor torque is quite closed
to results previously obtained by authors for other much more
complex speed–flux tracking controller, reported in [10]. Even

if the control algorithm [10] is quite different from the one dis-
cussed here, the results are similar due to uniqueness of solu-
tions for IM inverse dynamics, when ideal tracking is achieved.
During investigation of steady state performance, a fixed refer-
ence speed of 50 rad/s (100 rad/s for second motor) is imposed.
Different values of load torque are applied to verify how the
(torque current) varies when wrong values of the parameter
are used in the two control algorithms. During the experiments
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Fig. 5. Dynamic behavior of S-IFO controller witĥ� equal to (a) 1.7� and (b) 0.5� .

Fig. 6. Dynamic behavior of I-IFO controller witĥ� equal to (a) 1.7� and (b) 0.5� .

the (flux current) is set to rated value, in order to get the nom-
inal rotor flux. The steady-state regulation errorsand are
negligible for both algorithms.

The experimental test with 2.5 Nm IM, whose results are re-
ported in Fig. 7, are executed in the following way. Constant
load torque equal to 120% of rated value has been imposed,
fixing the output mechanical power on the level of 150 W. Dif-
ferent values of parameterare used in both control algorithms.
For each value of the steady state current and output inverter

active power have been recorded. In
Fig. 7 the current and active power of the S-IFO controller
are shown using dashed lines, while the same variables of the
I-IFO controller are reported with continuous lines. The lower
trace in Fig. 7(b) corresponds to mechanical output power of the
IM.

The experimental results reported in Fig. 8 has been per-
formed for 6 Nm IM using the same test procedure but for
different values of the load torque. The controller parameters
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Fig. 7. Steady state characteristics of 2.5 Nm IM. (a) “Torque current,”i ,
versus�̂ used in the control algorithms. (b) Active power,P , versus�̂ used
in the control algorithms. Standard IFO controller: dashed lines; Improved IFO
controller: continuous lines.

during this test were set at , ,
, , . Positive values of

indicate a load torque opposite with respect to the rotation,
while negative values represent loads in the same direction of
the rotation. When the load torque is null, the motor torque is
not null since viscous and static frictions are present.

The experimental results reported in Figs. 7 and 8 show that
the I-IFO controller is able to keep almost a constant torque cur-
rent even with large -parameter error. The current imposed
by the S-IFO controller considerably increases when a wrong
is used. This means that, as compared to the S-IFO controller,
the I-IFO controller guarantees more robust stabilization of the
rotor flux vector (both angular position and amplitude) under
rotor time constant variations. As a result, in most of the oper-
ating condition, a reduced current is required to compensate
for a given load torque, thus considerably increasing the system
overall energy efficiency. As it is reported in Fig. 7(b) the effi-
ciency of the electromechanical energy conversion process de-
grades almost twice for S-IFO when , while I-IFO
guarantees stabilization of the efficiency approximately on the
rated level.

As reported in [22], during small loading conditions a re-
duction of flux level is required in order to keep maximum
torque per Ampere ratio [22]. From Fig. 8, it can be noted that
a similar effect occurs by chance for S-IFO controller (tuned
with parameter grater than the actual motor value) due to
wrong field orientation. For the I-IFO controller an energy effi-
cient flux control strategy can be consciously applied while pre-
serving the field orientation. Moreover, since the flux subsystem
is asymptotically decoupled from the speed control, operation
with time-varying flux level does not generate speed transients.

Experimental testing is well in agreement with the simu-
lation results reported in [16]. Experiments confirm that the
proposed I-IFO controller provides significant improvement of
the dynamic performance during speed–flux tracking as well as
improved energy efficiency as compared to standard solutions
adopted in industrial drives.

Fig. 8. Steady state characteristics of 6 Nm IM. “Torque current,”i , versuŝ�
used in the control algorithms. Standard IFO controller: dashed lines; Improved
IFO controller: continuous lines.

V. CONCLUSION

In this paper, an improved indirect field-oriented (I-IFO) con-
trol algorithm with speed–flux tracking capability is compared
with the standard (S-IFO) solutions adopted in industrial drives.
It is theoretically and experimentally shown that the I-IFO so-
lution can be viewed as an actual improvement of standard con-
trol schemes. It allows achieving higher dynamic performance
and improved robustness with respect to rotor parameter vari-
ations, leading to improved energy efficiency. In addition, the
I-IFO controller ensures asymptotic decoupling of the speed
and flux subsystems as well as asymptotic linearization of the
speed subsystem. Improvement of performance and robustness
is achieved with a simple, theoretically proven, modification of
the standard controller structure. Simple implementation, con-
troller’s parameter selection and practical tuning (conceptually
the same adopted in standard cascaded industrial drives) make
the I-IFO controller suitable for practical implementation.

APPENDIX A

Using the definitions (12) and (13) with conditions
, , , equations and can be written as

(A1)

(A2)
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Substituting control algorithm (15)–(18) in (A1) and (A2) with

(A3)

computed using (16) and tacking into account definition (14),
the resulting error dynamics is given by (19) and (20).

APPENDIX B

Let consider the following Lyapunov function for subsystem
(19)

(B1)

whose time derivative along the solutions of (19) is equal to

(B2)

where

and

with and . Note that the
speed, , has been split in reference and error according to (6).

Assuming that a bounded reference, , for any
bounded speed error trajectory , it is possible to
choose the gains , , large enough to guarantee

(B3)

hence the matrixes , and , are all positive definite and

(B4)

Note that the larger is , the larger can be the bound for
the speed error.

From (B4) it follows that:

— is a lower bounded nonincreasing function, hence it
has finite limit as ;

— the state vector of (19) is globally stable in the sense of
Lagrange, then the state trajectories are bounded for every
bounded initial condition; hence the is bounded and
the is uniformly continuous;

Therefore, applying the Barbalat’s Lemma, it results

(B5)

This implies

(B6)

From this result, applying again the Barbalat’s Lemma to,
(adding the technical hypothesis ofbounded), the following
result holds:

(B7)

APPENDIX C

Nominal parameters of the Induction Motors adopted for the
experimental test

Rated power W

Rated torque Nm

Number of poles

Excitation current A

Rated current A

Stator resistance

Rotor resistance

Magnetization inductance H

Stator inductance H

Rotor inductance H

Total inertia kgm
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