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Abstract. The performance of rotor flux oriented induction motor drives, widely used these days, relies on the accurate knowledge of key

machine parameters. In most industrial drives, the rotor resistance, subject to temperature variations, is estimated on-line due to its significant

influence on the control behaviour. However, the rest of the model parameters are also subject to slow variations, determined mainly by the

operating point of the machine, compromising the dynamic performance and the accuracy of the torque estimation.

This paper presents an improved rotor-resistance on-line estimation algorithm that contemplates the iron losses of the electrical machine,

the iron saturation curve and the mechanical losses. In addition, the control also compensates the rest of the key machine parameters such

as the leakage and magnetizing inductances and the iron losses. These parameters are measured by an off-line estimation procedure and

stored in look up-tables used by the control. The paper begins by presenting the machine model and the proposed rotor flux oriented

control strategy. Subsequently, the off-line parameter measurement procedure is described. Finally, the algorithm is extensively evaluated

and validated experimentally on a 15 kW test bench.
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1. Introduction

Induction motor drives are nowadays the most popular type

of electrical machine in the field of high performance motor

drives, thanks to the development of Flux Oriented Control

(FOC) techniques [1–3]. The work presented in this paper was

originally aimed at drives of any output power, ranging from a

few dozens of kW to 4 MW in the case of low voltage drives,

up to powers of tens of MW in the case of medium voltage

drives. These find applications in the industrial, e.g. paper

and steel mills; marine, e.g. propulsion systems and pumps;

railway traction and wind generation markets [4–6].

The Rotor Flux Oriented Control (RFOC) is perhaps the

most widely used Flux Oriented Control (FOC) strategy in

industry. They are used in applications covering all power

ranges. However, alternative control techniques such as Di-

rect Torque Control (DTC) or Direct Self-Control (DSC) are

also well used and researched [7–11], including those using

multilevel converter-fed drives.

FOC induction motor drives require a good flux orienta-

tion for a correct torque estimation and to make use of all the

available power. This is of paramount importance in applica-

tions that receive a torque setpoint, such that web processes

(e.g. paper/steel mills and winders) and traction applications,

which typically require a torque accuracy of 1% to 3%. Even

for applications that receive a speed setpoint, a detuned drive

will exhibit a degraded performance and can demand more

voltage and current than necessary [12], impairing the maxi-

mum achievable torque and power. The rotor flux orientation

relies upon the accurate knowledge of some key machine pa-

rameters such as the magnetizing inductance, the stator and

rotor leakage inductances and the rotor resistance. The mag-

netizing inductance, and to a less extend, the rotor leakage

[13–14], are affected by saturation. The rotor resistance is

primarily affected by temperature variations, but it could al-

so vary with the slip frequency [15]. In addition, there are

parameters often neglected in the basic machine model, such

as the core losses and the mechanical losses of the machine,

which are an additional source of errors. The former varies

with flux levels and frequency and the latter with the rotor

speed.

A comprehensive review on the parameter estimation tech-

niques for induction motor RFOC drives, out of the scope of

this paper can be found in the literature [16–19]. In practice,

commercial motor drives usually provide online compensation

for the saturation of the magnetizing inductance and the tem-

perature drift of the rotor resistance. The former is typically

based on a Look Up Table (LUT), generated by taking offline

measurements, ideally by freely rotating the motor unloaded

[20–22]. The latter is usually estimated online by employing a

Model Reference Adaptive System (MRAS) approach, based

on the calculation of the reactive power. This method, usually

disabled for low values of slip, has a slow dynamic response

and achieves good steady-state orientation, often at the ex-

pense of obtaining an incorrect value of rotor resistance as it

tries to compensate errors incurred by other model parameters.

On the other hand, in [23–25], an alternative flux orien-

tation is investigated, based on the stator flux estimation by

means of the stator voltage model. This approach eliminates

the dependence on the rotor resistance; however, the stator re-

sistance identification and an accurate knowledge of the volt-
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age drop in the inverter switching devices are required with

this philosophy. Finally, [26] is an example of reference which

proposes the estimation methods of machine parameters and

mechanical systems including non-linear effects by means of

advanced control and estimation theory methods. Then, [27]

for instance in a slightly different approach, estimates the pa-

rameters of the machine at standstill, reducing the number of

sensors needed.

Therefore, this paper presents an improved control algo-

rithm, based on a simple machine model that contemplates the

iron losses, in the shape of a loss equivalent resistor, which

also includes the mechanical losses. In addition, the online ro-

tor resistance estimation MRAS algorithm has been adapted to

this new machine model. Moreover, the saturation of the mag-

netizing inductance is also included, based on the calculation

of the air-gap flux producing current. One of the merits of the

proposed control strategy, as opposed to other more sophisti-

cated ones relies on its simplicity, making it straightforward

to implemented by most industrial companies. In addition to

this, an extensive experimental evaluation is provided at the

end of the paper, covering several practical cases from a drive

manufacturer point of view, demonstrating the effectiveness of

the proposed control and parameter compensation approach.

2. Dynamic model of the induction machine

considering the iron losses

Traditional models of the Induction Machine (IM) do not take

into account the core losses that may be present in the ma-

chine. These depend on factors such as constructive criteria,

power ranges, etc. In some occasions, the iron losses may be

significant and should not be neglected for a proper and ac-

curate modeling. Hence in this section, the αβ model of the

IM is developed considering the iron losses.

αβ Dynamic Model Equations. The model of the IM is

developed using the space vector representation in the stator

reference frame and considering the iron losses [20–22]. The

voltage equations are the same as those used in traditional IM

models:

~vss = Rs ·~iss +
d~ψss
dt

, (1)

0 = Rr ·~isr +
d~ψsr
dt

− j · ωm · ~ψsr , (2)

with ~vss being the stator voltage space vector, ~iss, ~i
s
r the stator

and rotor current space vectors and ~ψss ,
~ψsr the stator and rotor

flux space vectors. On the other hand, Rs, Rr are the stator

and rotor resistances and ωm the angular speed of the shaft.

Similarly, the flux equations can be expressed as follows:

~ψss = Lσs ·~iss + Lh ·~ish, (3)

~ψsr = Lh ·~ish + Lσr ·~isr, (4)

with Lσs and Lσr being the leakage inductances, Lh the mu-

tual inductance and~ish the mutual current. Note that only part

of the rotor and stator currents are responsible of the flux

creation. Then, the mutual circuit equations are described as:

~iss +~isr =~isfe +~ish, (5)

Rfe ·~isfe = Lh ·
d~ish
dt
, (6)

where Rfe and ~isfe are the iron loss resistance and current

respectively. Finally, the torque equation is defined as:

Tem =
3

2
· p · Im

{

~ψr ·~i∗r
}

. (7)

Consequently, a dynamic model for a IM that takes into

account the iron losses can be defined by using Eqs. (1)–(7).

That model can be expressed in a graphical format by means

of the two equivalent circuits of Fig. 1, which are based on

the α and β stationary reference frames respectively.

Fig. 1. αβ model of the IM in stator coordinates considering the

iron losses

2.1. Steady-state equivalent circuit and variation of the

machine parameters for different points of operation.

A simplified steady-state IM model can be easily obtained

from the dynamic model of the IM shown in Fig. 1 [15]. That

model, presented in Fig. 2 using a phasor notation, shows

the dependence of the various machine parameters on vari-

ables that change for the different operating conditions. For

instance, the rotor resistance is not constant and depends on

the angular speed of the rotor voltages and currents ωr and on

the operating temperature. Similarly, the rotor leakage induc-

tance depends on ωr and the rotor current amplitude, while

the stator leakage inductance depends on the stator current

amplitude and ωs, the angular frequency of stator currents

and voltages.

Fig. 2. Single phase equivalent steady-state circuit of the IM, con-

sidering variable parameters as function of the operating conditions

As it is explained later on in this paper, the machine para-

meters can be estimated off-line for different operating points.

3. Vector control strategy

Vector control strategies for AC machines have been active-

ly researched by many authors and manufacturers among the

years. From the basic control principle and structure firstly

proposed by [1], we can find a wide range of variants of vec-

tor control. In this research work, the basic vector control

310 Bull. Pol. Ac.: Tech. 61(2) 2013

Brought to you by | CAPES
Authenticated | 89.73.89.243

Download Date | 10/4/13 1:26 PM



Rotor flux oriented control of induction machine based drives...

structure [2] has been enhanced by including the iron losses

present in the IM.

3.1. Vector control structure considering iron losses.

RFOC vector control is based on the dq reference frame be-

ing aligned with the rotor-flux space vector of the machine,

as shown in Fig. 3. In doing so, Eqs. (1)–(7) can be manip-

ulated to allow an easy and straightforward representation of

the induction machine that is suitable for control purposes.

Fig. 3. Alignment with rotor flux in Vector Control Strategy

The rotor flux space vector can be expressed in function

of the stator and rotor currents as follows:

d~ψr
dt

(

1 +
RfeLr
RrLh

+ j
ωsLσr
Rr

)

−~ψr
(

ωrωsLσr
Rr

− Rfe
Lh

− j
ωrRfeLr
RrLh

− jωs

)

−Rfe~is − Lσr
d~ir
dt

= 0.

(8)

Taking the d component of this expression and assuming

that it the d axis is perfectly aligned with the rotor flux space

vector the following expression is obtained:

d|~ψr|
dt

(

1

Rfe
+

Lr
RrLh

)

− |~ψr|
(

ωrωsLσr
RfeRr

− 1

Lh

)

−ids −
Lσr
Rfe

didr
dt

= 0.

(9)

By looking at the expression it can be seen how the rotor

flux amplitude is due to the d component of stator current

(ids). On the other hand, by manipulating in dq reference

frame expressions (1) to (8), the torque at steady-state can be

represented as follows:

Tem =
3

2

p

Rr

(

1

Rfe
+ Lr

RrLh

)

(

|~ψr|iqs −
ωm|~ψr|2
Rfe

)

. (10)

Which means that the torque is mainly produced by the q
component of stator current (iqs).

Finally, dq stator voltage equations can be also derived by

following the same procedure, yielding:

vds = ids (Rs +Rfe) − ωsLσsiqs −
Rfe
Lh

|~ψr|

−RfeLr
RrLh

d|~ψr|
dt

+ Lσs
dids
dt

,

(11)

vqs = iqs (Rs +Rfe) + ωsLσsids

−RfeLr
RrLh

ωr|~ψr| + Lσs
diqs
dt

.
(12)

Notice that d and q components of stator voltage-currents

are coupled, but can be independently produced employing

basic vector control theory [1].

Therefore, the control block diagram of Fig. 4, presents

the proposed basic vector control structure based on Eqs. (9)–

(12). It comprises a pair of two nested control loops, totaling

four control loops. These loops are responsible for produc-

ing the switching signals to the semiconductor devices of the

converter, as they aim to follow the rotor flux amplitude and

speed references. In order to achieve this, the control loops

require the estimation of certain key non-measurable machine

variables. If a good accuracy in the flux control is required,

together with a good knowledge of the torque, the estima-

tion block of Fig. 4 should also consider the variation of key

machine parameters for different operating points as seen in

Sec. 3. The next subsection presents a set of different estima-

tion techniques available that serve this purpose.

Fig. 4. Vector control of the squirrel cage induction machine considering the iron losses
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3.2. Estimation of the rotor flux. The first non-measurable

magnitude that must be estimated is the rotor flux amplitude.

From Eq. (9), by applying the Laplace transformation and

neglecting the rotor current term, the rotor flux amplitude

yields:

|~ψr|(s) =
ids(s)

(

1

Rfe
+ Lr

RrLh

)

s+
(

1

Lh
− ωrωsLσr

RrRfe

) . (13)

Assuming a good orientation of the d axis of the syn-

chronous reference frame to the rotor flux space vector, the

rotor flux amplitude can be simply estimated by using the d
component of the stator current, the rotor speed, the supply

frequency and a few parameters of the machine, which may

vary depending on the operating point. The block diagram of

this estimator is depicted in Fig. 9.

3.3. Estimation of ωr. Since the RFOC vector control is

based on the alignment of the d axis of the synchronous ref-

erence frame to the rotor flux space vector, it is of paramount

importance to accurately estimate the rotor slip speed ωr.
Again, by looking at Eq. (8) and by taking into account the

q-axis component, the following expression is obtained:

ωr =
iqs − ωm·|~ψr|

Rfe
(

1

Rfe
+ Lr

Rr·Lh

)

· |~ψr|
. (14)

It can be noticed, how the slip speed depends again on

several key machine parameters, the rotor flux and iqs. The

inclusion of the iron losses in the control has a clear effect

on the main vector control magnitudes |~ψr| and ωr. More-

over, since the parameter Rfe is present in both equation (9)

and (10), a cross-coupling appears between the coupled de-

pendence of the rotor flux from iqs (through ωr), and also a

coupled dependence of the slip speed from ids (through |~ψr|).
If the machine’s iron losses are very low, the Rfe takes

a very high value and expressions (8) and (9) become those

used in classic vector control theory:

|~ψr|(s)
ids(s)

=
Lh

Lr

Rr
s+ 1

, ωr =
Rr · iqs
Lr

Lh
· |~ψr|

. (15)

Under these circumstances, the rotor flux orientation

achieves total decoupling from stator ids and iqs currents.

The slip estimation as well as the angle calculation block di-

agrams when the iron losses are considered are illustrated in

Fig. 9.

It must be highlighted, that in order to achieve accurate

estimation of |~ψr| and ωr with Eqs. (13) and (14), it is very

important to well know the values of all machine parameters,

which in most of the cases, they are modified depending on

the operation point of the machine. For that purpose, the on-

line estimation procedure described in subsequent sections is

proposed and evaluated. Note also that the dq reference frame

based estimation of indirect vector control [2, 3, 22], is well

suited to avoid problems due to drift of integrators in mea-

sured currents of other estimation philosophies (αβ reference

frame based for instance), even at very low speeds.

3.4. Estimation of the magnetizing inductance. As report-

ed by many authors [15, 20], the mutual inductance value de-

pends on the mutual current amplitude |~ih|. Therefore, mainly

if the machine is to operate in the flux weakening range, it

is necessary to on-line estimate the Lh value during opera-

tion. Consequently, by manipulating expressions (2)–(6), the

mutual dq currents can be expressed as follows:

idh = ids + ωrωs|~ψr|
Lσr
RrRfe

, (16)

iqh = iqs − |~ψr|
(

ωr
Rr

+
ωs
Rfe

)

. (17)

Note that the Rfe term is also present, producing a cou-

pling dependence of the currents on |~ψr| and ωr. Consequent-

ly, by knowing the mutual inductance current amplitude, the

actual Lh value can be estimated as illustrated in the block

diagram of Fig. 5. It simply requires the estimation of the

current ih flowing through the inductance in an open loop

manner. Note that the variation of the mutual inductance with

respect to the current, Lh = f
(

|~ih|
)

, has to be measured

off-line for the specific machine used, as described later in

Subsec. 4.3. The dependence of Lh on ωs has considered to

be negligible for the usual supply frequency range of IM and

has not been considered in this paper.

Fig. 5. Open loop magnetizing inductance estimation block diagram

312 Bull. Pol. Ac.: Tech. 61(2) 2013

Brought to you by | CAPES
Authenticated | 89.73.89.243

Download Date | 10/4/13 1:26 PM



Rotor flux oriented control of induction machine based drives...

3.5. Iron Losses Estimation. Iron losses, are difficult to

calculate and they even require the use of finite element

techniques for an accurate estimation. Although complex ex-

pressions have been found in the literature, Eq. (18) pro-

vides an approximation that is valid for a qualitative explana-

tion [22].

Pfe = a f B̂2 + b
(

∆ f B̂
)2

, (18)

where a and b depend on the material properties and ∆ is

the lamination thickness.

They are due to hysteresis and eddy current losses. Both

are proportional to the square of the peak flux density. Hys-

teresis losses are proportional to the frequency whereas eddy

losses are proportional to the square of the frequency. Since

hysteresis losses are usually predominant, the iron losses will

increase with the rotor speed in the constant torque region,

and will decrease for speeds above rated in the field weaken-

ing region.

Fig. 6. Look-up table for Rfe adaptation on-line

As explained later on in Subsec. 4.3, it is difficult to sepa-

rate the iron losses from the mechanical losses from the mea-

surements obtained in a standard no-load test. The mechanical

losses comprise a series of friction terms that can take a fixed

value, such that the Coulomb friction, can be proportional to

the rotor speed, such as the viscous friction, or can even be

proportional to the square of the rotor speed, as is the case

of the windage losses. In any case, once that steady-state op-

eration has been reached they take a fixed value for a given

supply frequency, just as well as the iron losses. For that rea-

son, this paper takes the novel approach of considering them

with the iron losses. That is, the iron-loss equivalent resis-

tance depicted in the models of Fig. 1 and Fig. 2 represents

both the mechanical and the iron losses and is on-line adapted,

according the pre-calculated look-up table of Fig. 6 (how the

table is obtained is explained in Subsec. 4.3). This approach

is justified since the value of that iron-loss equivalent resis-

tance is updated from a look-up table that is stored for several

values of supply frequency and flux. The experimental results

presented subsequently in this paper confirm the correctness

of the approach.

3.6. Estimation of the rotor resistance. As reported in the

literature [23, 24], the rotor and stator resistances values vary

with temperature. Given the strong influence that the rotor

resistance value has on the performance of the vector control

strategy, as seen in (13)–(15), its value is usually estimat-

ed on-line, that is, during machine operation. In this paper,

the rotor resistance is estimated based on stator reactive pow-

er computations, performed by two different expressions as

defined in MRAS theory [16]. Thus, one reactive power com-

putation is done directly from voltages and currents, while the

other is IM model dependent. The first stator reactive power

can be calculated by using the classical expression (reference

model):

Qs = 1.5 · (vqsids − vdsiqs) . (19)

The stator currents are directly measured in real appli-

cation, while the stator voltages can be obtained from their

reference values or by voltage sensors. On the other hand, by

manipulating expressions (1)–(6) and (12), it is possible to

derive the following stator reactive power expression model

dependent (adaptive model):

Qs = 1.5 ·
(

Lσsωs|~is|2 + ωs|~ψr|
(

Lσr
Rr

ωriqs + ids

))

. (20)

It is important to notice that this expression shows a strong

dependence on the machine parameter Rr at high torques

(iqs). Hence, a deviation on its actual value causes a deviation

on the reactive power calculated according to expressions (19)

and (20). This fact is used by the on-line resistance estimation

block diagram shown in Fig. 7 based on MRAS theory.

It must be pointed out that, although to a less extend than

Rr, other parameters such that Rfe, Lσs, Lσr and Lh can

also produce a stator reactive power error due to the presence

of |~ψr| and ωr terms on expression (19). Consequently, it is

important to know their values with good accuracy.

Fig. 7. Rr estimation based on MRAS theory, by means of reactive power error
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Compared with the previous estimators, i.e., the mutual

inductance and the iron loss resistance estimation, the rotor

resistance estimation considers a non-modeled effect that is

the rotor temperature, which cannot be easily included in an

off-line table. However, the on-line Lh and Rfe estimated val-

ues are taken from fixed values stored in a table that has been

previously off-line estimated. On the other hand, the dynamic

performance of the Rr estimator can be modified by means

of constant Ki. The analytical selection of this gain is out of

the scope of this paper, however, the experimental validation

presented in subsequent sections shows how it can be tuned

experimentally.

Finally, it must be pointed out that this proposed Rr es-

timation method, compared with previously proposed alter-

native methods in literature, includes the Rfe dependence in

the model based Qs computation of expression (20) and can

operate with the rest of the estimators proposed. This fact

yields to successful and accurate results, as demonstrated in

experimental and simulation validations shown is subsequent

sections.

3.7. Leakage inductances estimation. In general, it could

occur that leakage inductance values vary significantly de-

pending on the operating point (stator and rotor currents main-

ly) of the machine [13–14]. In order to avoid accuracy prob-

lems in the estimators, this variation can also be considered

at the control stage with the same philosophy as with the

magnetizing inductance.

Fig. 8. Look-up tables for leakage inductance adaptation on-line

Figure 9 illustrates that both leakage inductances can be

also obtained during control of the machine, from an off-line

estimated table (the off-line estimation procedure is described

in next section). Lσs can be directly obtained from stator

current measurement, however, Lσr requires a rotor current

estimation also, which comes from expression (2) transformed

to synchronous rotating dq frame and assuming steady-state:

|~ir| =
ωr
Rr

· |~ψr|. (21)

Finally, Fig. 9 illustrates the overall estimation block di-

agram structure. Note that Lσr affects in more estimators

than Lσs. Nevertheless, unlike in the case of machines de-

signed for line-start applications, in most machines designed

for converter-fed drive applications, the leakage inductance

terms do not present significant variations.

Fig. 9. Estimation block for the vector control considering the iron losses and inductances variation

314 Bull. Pol. Ac.: Tech. 61(2) 2013

Brought to you by | CAPES
Authenticated | 89.73.89.243

Download Date | 10/4/13 1:26 PM



Rotor flux oriented control of induction machine based drives...

In any case, the estimation structure diagram of Fig. 9

allows taking the variation of the leakage inductance into ac-

count, should it be required for a particular machine design.

In this way, a well decoupled vector control strategy based on

Fig. 4 can be performed, with an accurate control of torque

and rotor flux amplitude. From the estimated magnitudes, the

torque can be also calculated according to the following ex-

pression:

Tem = 1.5 · p · |~ψr|2
ωr
Rr

. (22)

4. Off-line estimation of the induction machine

parameters

This section describes three simple off-line tests that identify

the machine parameters required by the vector control strat-

egy. Most of the details of the tests described ion, are well

known basics already covered in specialized literature as for

instance [15] and [28]. The tests are very suitable for most

motor-drive applications since they do not need any special

modification in the system, such as a rotor locking require-

ment, special voltage supply or special measurements.

The off-line tests are performed with the same machine,

converter and control system that will then be used in the real

application. In this paper, the tests are carried out in a 15 kW-

380 V-1500 rev/min IM. The control strategy is implemented

in a dSPACE 1103 control board. The test bench is com-

posed by the IM and a DC machine (load). A torque sensor is

mounted at the coupling point of the axis of both machines, in

order to evaluate the error on the estimated torque (Fig. 10).

The Voltage Source Converter (VSC) that supplies the IM is

build using 1200 V/500 A Semikrom Insulated Gate Bipolar

Transistors (IGBTs), it is connected to the 380 V AC grid

by using a six-pulse Diode Front End (DFE). The switching

frequency of the VSC is set to 4 kHz.

Fig. 10. Experimental platform of 15 kW IM

4.1. Stator resistance estimation test. The stator resistance

Rs is estimated first. Although not strictly needed by the vec-

tor control strategy; its value will be required in the two sub-

sequent off-line tests. In this test, the machine is fed with

a DC voltage, generated by the voltage source converter as

illustrated in Fig. 11. Once that steady state operation has

been reached, the DC voltage will create a DC current that

flows though the stator resistance. In addition, the speed of

the machine will be zero, since no torque is created.

Fig. 11. Converter based stator resistance estimation

The stator resistance is then obtained by dividing the volt-

age applied to the stator by the current that is produced. The

applied stator voltage can be either measured or assumed to

be equal as its reference value. If the latter is used, all the

non-linear effects of the converter such as dead-times, volt-

age drops in the switches, etc, should be compensated for an

accurate Rs estimation. The measurements results for a cur-

rent sweep performed on the test-bench machine are shown

in Fig. 12. Looking at the results, a constant value of 161 mΩ
has been chosen as the stator resistance Rs.

Fig. 12. Estimated stator resistance

4.2. Rotor resistance and leakage inductances estimation

test. Once the stator resistance has been estimated, the next

task is to estimate the rotor resistance and the leakage in-

ductances [28]. The test is also performed at zero speed and

is based on the classical rotor locked test or also known, as

short circuit test. In order to avoid the need for mechanically

locking the rotor axis, only two phases of the machine are fed

with AC voltages, while in the third phase is left unconnected.

This is equivalent to disabling one of the three converter legs

of the VSC as shown in Fig. 13. In this way, since the current

only flows through two windings of the machine, no torque is

generated as there is no rotating magnetic field.
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Fig. 13. Converter based rotor resistance and leakage inductances estimation

Therefore, in each winding of the machine, no current will

flow through the mutual circuit (Lh and Rfe) since the eas-

ier path for the current at zero speed will be the rotor path.

Consequently, the equivalent circuit of each of the two sup-

plied phases will be composed of three unknown parameters;

Lσs, Lσr and Rr as depicted in Fig. 13. For simplicity, as

suggested in [28], both stator and rotor leakage inductances

are considered equal: Lσ = Lσs = Lσr. This fact yields us

to now only address the off-line estimation of two unknown

parameters: Lσ and Rr. Consequently, by feeding the stator

at different amplitude and frequency voltages, it is possible to

derive the parameters of Fig. 14 for the tested IM. Both pa-

rameters can be obtained from measurement of stator active,

reactive powers and currents and equations:

Rs +Rr =
PAC

2|IAC |2
, Lσs + Lσr =

QAC
2ωs|IAC |2

. (23)

Note that the measurements are assumed to be of two

phases. The leakage inductances present almost constant be-

havior depending on the frequency and current amplitude

for the tested machine. On the other hand, the estimated re-

sistances present higher values at higher frequencies, since

the rotor resistance takes higher value due to skin effects

[15]. However, since the rotor resistance is estimated on-

line, as explained in Subsec. 3.6, only an initial approxi-

mation is required at this point. By looking at Fig. 14, the

initial value for the rotor resistance has been chosen to be

Rr initial = 0.188 Ω, which corresponds to the test at 5Hz

at highest current amplitude (Rs + Rr = 0.349 Ω). In addi-

tion, the value for the leakage inductance, which will be kept

constant in this case, has a value of Lσ = 0.003 H, that is,

half the average value of 0.006 H shown in Fig. 14. For a dif-

ferent machine design, in which the leakage inductance may

vary significantly depending on the operating point, the use

of look-up tables could be considered at the control stage, as

proposed in Fig. 9.

Fig. 14. Estimated leakage inductances and stator + rotor resistances.

Test1: f = 50 Hz, Test2: f = 33 Hz, Test3: f = 25 Hz, Test4:

f = 15 Hz, Test5: f = 5 Hz

4.3. Magnetizing inductance and iron losses estimation

test. Finally the no load test provides the last two unknown

parameters; Lh and Rfe. In this case, the machine is fed as

illustrated in Fig. 15. It is controlled by the vector control

proposed in Sec. 3 to different speeds and rotor flux ampli-
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tude values. Since Rfe is unknown in this test, a very high

value is set in order to disable its effect in the control. On the

other hand, the other unknown value Lh is set to reasonable

approximated value deduced for instance from the nameplate

data provided by the manufacturer. Thus, from typically giv-

en rated values of: voltage (Vrated), output power (Prated),
power factor (cos θrated), and frequency (frated), the magne-

tizing inductance can be approximated, neglecting the stator

resistance and leakage inductances:

Lh ∼=
√

3V 2

rated

Prated tan(θrated)2πf rated
. (24)

This uncertainty is not a problem for this no-load test, as

even if a poor flux orientation is achieved, the current limit

of the machine is unlikely to be reached.

For this test, a set of currents of a controlled magnitude

are produced by the inverter. Based on the stator voltage and

power measurements, and using the machine parameters cal-

culated so far, the magnetizing inductance and the iron and

mechanical losses can be calculated according to the mathe-

matical calculations graphically illustrated in Fig. 13.

The results for this test are illustrated in Fig. 17., where the

top plot shows the variation of the iron loss equivalent resistor

against the rotor flux expressed in per-unit terms, and the bot-

tom curve shows the variation of the magnetizing inductance

against the ih current. Therefore, these tables are implement-

ed in the corresponding proposed estimators of Fig. 9. For

the Rfe a three dimensional table is implemented according

to Fig. 17, while for Lh a two dimensional table is sufficient.

Note that the purpose of the Lh and Rfe estimators, is to

deduce the actual operating point of the machine (|~ψr|, |~ih|
and ωs), for the mapping of these two look-up tables. Basi-

cally, the speed, the torque (by ωr as seen in Eq. (17)) and

the rotor flux (by |~ih| as seen in Eqs. (13) and (14)) influence

on the Rfe and Lh steady-state values. Finally note that as

explained in Subsec. 3.5 the mechanical losses are included

and considered as iron losses.

On the other hand, since these parameters are dependent

on the operating point of the machine, it is important that

this test is carried out close to the operating conditions of the

application. For instance producing the same stator voltage is

mandatory for a good estimation of the iron losses.

Fig. 15. Vector control based no-load test

Fig. 16. Lh and Rfe calculation procedure, from stator current, voltage and power measurements
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Fig. 17. Estimated iron loss resistance and magnetizing inductance,

Test1: ωmec = 0.066 p.u., Test2: ωmec = 0.133 p.u., Test3:

ωmec = 0.3 p.u., Test4: ωmec = 0.5 p.u., Test5: ωmec = 0.66 p.u

Factors such as modulation techniques, a different switch-

ing frequency, etc. . . can produce different iron losses be-

havior as illustrated in Fig. 18. It can be seen in that figure

how with a pure sinusoidal voltage supply, the iron losses are

significantly reduced compared to a VSC supply.

Fig. 18. Comparison of iron losses with PWM supply and sinu-

soidal supply at different speeds, PWM Tests: Test1: ωmec =

0.3 p.u., Test2: ωmec = 0.5 p.u., Test3: ωmec = 0.66 p.u., Test4:

ωmec = 1 p.u; Sinusoidal Tests: Test5: ωmec = 0.3 p.u., Test6:

ωmec = 0.5 p.u., Test7: ωmec = 0.66 p.u., Test8: ωmec = 1 p.u

5. Experimental validation of the proposed

control and testing procedure

in a 15 kw experimental test bench

5.1. Preliminary evaluation. The performance of the pro-

posed control algorithm is evaluated in the 15kW machine

presented in previous section. The objective of this experi-

mental validation is to evaluate the improvement on the torque

accuracy of the drive in a low-scale test bench when the pro-

posed control strategy is in place, at steady-state and during

transients.

The evaluation has been divided into five different ex-

periments. The first experiment shows an improvement in

the accuracy, achieved thanks to the proposed vector control

strategy. In Fig. 19a, the torque error performance is shown

disabling the estimators proposed in this paper to provide a

benchmark to compare the improvements offered by the pro-

posed control strategy. In that experiment, the load torque is

varied keeping the flux and speed constant. The estimated

torque error per-unit is then evaluated as follows:

eTem =
(Tem)estimated − (Tem)sensor

(Tem)rated
, (25)

where the rated electromagnetic torque for this machine is

(Tem)rated = 95 Nm. The diamond-dotted line in the figure

shows the performance using the off-line Lh and Rr estimat-

ed parameters, whereas the square-dotted and circle-dotted

curves correspond to a variation of 1.35 p.u. of Lh and Rr
respectively. Note that without considering the iron losses and

with a short deviation of the Lh and Rr parameters from their

off-line estimated values, the torque error goes easily beyond

4%. Note that the imposed parameter uncertainty is reason-

ably realistic, since the Lh and Rr may vary easily during the

operation, due to the magnetizing level of the machine and

the temperature increase. As a consequence, when the torque

error is high, the system could present more difficulties to

reach the nominal torque, due to a non-proper decoupling of

the stator currents.

On the other hand, Fig. 19b shows the torque errors with-

out considering the iron losses, but having the Lh and Rr
estimators enabled. For that purpose, the Rfe is set to a

very high value, while to avoid possible non-linear effects

and uncertainties of the VSC, the measured stator voltages

are used for the Rr estimator. The estimated torque error

is somehow similar to that obtained in Fig. 19a when us-

ing the off-line measured Lh and Rr values It can be no-

ticed that the bigger the torque, bigger the torque error be-

comes.

The next part of the experiment shows the importance of

the stator voltage value for the Rr estimator. Depending on the

VSC used and how it has been constructed and implemented,

the stator voltage reference for the VSC can be far from the

real imposed stator voltage in the machine. Fig. 19c shows

with square-dotted and diamond-dotted lines the torque error

produced when the Rr estimator operates with reference volt-

ages and measured voltages respectively. Consequently, it is

very important to be aware of the limitations of the VSC that

is used, as stator voltage sensors may be required for good

torque accuracy. If for cost or simplicity reasons, the use of

stator voltage sensors is not feasible, it may be crucial to com-

pensate the non-linear effects of the VSC such as dead-times,

voltage drops in the semiconductors, etc. [24].
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a) b) c)

Fig. 19. Torque estimation errors at constant speed ωmec = 0.5 p.u., under different estimation conditions, a) torque errors with all the

estimators disabled and voltage sensors at constant flux, ψ∗r = 1 p.u. Test1: Lh = 1 p.u., Rr = 1 p.u, Test2: Lh = 1.35 p.u., Rr = 1 p.u.,

Test3: Lh = 1 p.u., Rr = 1.5 p.u.; b) torque errors with only Lh and Rr estimators enabled (not considering the iron losses) and voltage

sensors. Test1: ψ∗r = 1 p.u., Test2: ψ∗r = 0.9 p.u.; c) torque errors with all the estimators enabled with different stator voltage inputs.

Test1: With stator voltage reference. Test2: With stator voltage measurement

5.2. Steady-state evaluation at different speeds. In the sec-

ond experiment, the torque error is evaluated in a wide range

of speeds at steady-state, against different load torque values,

with the proposed complete control strategy and estimators,

having also stator voltage sensors connected. Figure 20a il-

lustrates that the achieved torque errors are within a 3% error

band in all conditions, showing that the vector control achieves

a good stator current decoupling thanks to the proposed es-

timators. The estimated Rr, Lh, Rfe and Rr values for all

the operating points tested in this experiment are shown in

Figs. 20b–d, and Fig. 20e respectively. It is interesting to note

in Fig. 20b that regardless of the speed, the estimated value of

Rr approaches the off-line measured value only for relatively

high values of torque. Thus, although the proposed estimator

achieves a very good torque accuracy (within 3% of error),

the estimated Rr value is not accurate at lower torques.

a) b) c)

d) e)

Fig. 20. Torque estimation errors and estimated parameters, at different torque and speed conditions, with all the estimators enabled.

a) Torque errors, b) estimated Rr values, c) estimated Lh values, d) estimated Rfe values, e) estimated Rr at constant speed and torque

with all estimators enabled. Test1: ωmec = 0.13 p.u., ψ∗r = 0.915 p.u., Test2: ωmec = 0.25 p.u., ψ∗r = 1 p.u., Test3: ωmec = 0.25 p.u.,

ψ∗r = 0.915 p.u., Test4: ωmec = 0.5 p.u., ψ∗r = 1 p.u., Test5: ωmec = 0.5 p.u., ψ∗r = 0.915 p.u., Test6: ωmec = 0.75 p.u., ψ∗r = 1 p.u.,

Test7: ωmec = 0.75 p.u., ψ∗r = 0.915 p.u
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a) b)

Fig. 21. Algorithm performance at different torque and speed conditions, with Lh andRr estimators enabled but not considering the iron

losses, a) torque errors, b) estimated Rr values. Test1: ωmec = 0.25 p.u., ψ∗r = 1 p.u., Test2: ωmec = 0.25 p.u., ψ∗r = 0.915 p.u., Test3:

ωmec = 0.5 p.u., ψ∗r = 1 p.u., Test4: ωmec = 0.5 p.u., ψ∗r = 0.915 p.u., Test5: ωmec = 0.75 p.u., ψ∗r = 1 p.u., Test6: ωmec = 0.75 p.u.,

ψ∗r = 0.915 p.u.

This phenomenon can be justified as follows: non-modeled

non-linearities of the machine and errors in the voltage and

currents sensing affect the Qs errors. The Rr estimator cor-

rects these Qs errors, estimating a slightly different value of

Rr from its actual value, providing accurate torque estima-

tion. Note that the estimated Rr variation from its off-line

estimated value is more severely affected at lower torques (up

to Rr = 2.25 p.u.). Nevertheless, from Eq. (20) is deduced

that at low torques (low iqs), the influence of the Rr is very

low to correct theQs errors in the estimator, yielding to a high

resistance variation to correct small Qs errors. This fact, in

practical solutions, could lead to disabling of the rotor resis-

tance estimator at low torques (0.25 p.u. for instance), without

producing a significant torque accuracy degradation.

In addition, It can be noticed by looking at Fig. 20c, which

shows the estimated Lh value for each of the tested operating

conditions in the experiment, that the magnetizing inductance

Lh value is higher for lower rotor flux levels as expected. It

must be highlighted that it is also very important to know

the actual value of this parameter, otherwise, the torque es-

timation can be dramatically deteriorated (check Fig. 19a for

instance).

On the other hand, Fig. 20d shows how the estimated Rfe
value is affected by both the speed and rotor flux level, exhib-

ing the predicted trend. This variation be more or less impor-

tant, depending on the iron loss performance characteristic of

the machine under controlled.

Finally, the last part of this experiment illustrates the es-

timated Rr value at constant speed (0.5 in p.u.) and torque

(0.63 in p.u.). Figure 20e illustrates that after some time, it

settles to a stable value as the machine temperature reaches a

steady state value.

In contrast, Fig. 21 illustrates the performance of the algo-

rithm without considering the iron losses (setting Rfe → ∞
in the estimators of Fig. 9), but, unlike in Fig. 19a, using the

actual stator voltage provided by voltage sensors. In this way,

as seen in Fig. 21a, the torque accuracy is deteriorated from

previous evaluation (considering Rfe). On the other hand, the

estimated Rr presents similar behavior as previous evaluation,

but with a perhaps smaller variation from its off-line estimated

value.

5.3. Steady-state evaluation with flux weakening. The next

test presented in this Section evaluates the proposed control

operating in the flux weakening region. For that purpose the

speed of the machine is maintained constant to the rated value,

while the torque error is evaluated at different rotor flux am-

plitude levels. Thus, Fig. 22 illustrates the results for this test,

where the measurements were taken once the machine had

reached a steady-state operation. Figure 22a shows the torque

error against different values for electromagnetic torque. As

seen in the previous experiments, the consideration of the iron

losses provides reasonably good torque results at different flux

levels.

Again, the estimated Rr presents a similar trend to that

observed in previous experiments, exhibiting a tendency to

estimate lower Rr values at lower fluxes.

On the other hand, the estimated value of the magnetizing

inductance Lh, shown in Fig. 22c, also varies for different

flux levels as expected. The importance of the Lh estimator

must be highlighted again, in order to achieve a good torque

accuracy.

Finally, the estimated Rfe exhibits also a tendency to vary

its value depending on the flux level, as predicted theoretical-

ly. Consequently, these tests indicate that both Lh and Rfe
together with the Rr estimator are necessary tools to achieve

reasonably good torque performance. To conclude with this

experiment, Fig. 22e shows experimental waveforms, captured

using the proposed control strategy, for the stator voltage (top

waveform), stator current (mid waveform) and torque demand

(bottom waveform) during a step in the torque demand.
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a) b) c)

d) e)

Fig. 22. Torque estimation errors and estimated Rr, at different torque and fluxes (nominal speed conditions) with all the estimators enabled.

(a) Torque errors, (b) EstimatedRr values, (c) EstimatedLh values, (d) EstimatedRfe values, (e) Oscilloscope captures of stator voltage for

phase A, top waveform, 500 V/div, and phase A current, mid-waveform, 20 A/div, for the proposed control strategy during a torque step,

bottom waveform. 100 ms/div. Test1: ψ∗r = 0.85 p.u., Test2: ψ∗r = 0.78 p.u., Test3: ψ∗r = 0.70 p.u., Test4: ψ∗r = 0.57 p.u.

5.4. Performance during transients. In the previous sec-

tion, the proposed control strategy has shown to offer an im-

proved performance and torque accuracy at steady state op-

eration. In this section, the performance of this new strategy

is evaluated for transient operation. In the two previous sub-

sections, it has been seen that the Rr estimator reaches a

different value depending on mainly three variables: torque,

speed and rotor flux (Fig. 20b and Fig. 22b). In addition, this

estimator needs a settling time to reach its steady-state final

value. Consequently, the dynamic performance of the estima-

tor, determined by the gain Ki of the integrator, as seen in

Fig. 5, compromises the dynamic performance of the overall

system. Note that the rest of the estimators (Lh and Rfe) do

not present this slow dynamic stabilization.

Consequently, the transient performance is evaluated as

follows:

• Torque load steps are performed with the DC machine,

while the speed regulator of the AC machine is tuned so

the speed is not affected by the load torque variation. In this

way, the machine goes from one point of any other curve

of Fig. 20 to other point of the same curve straight away,

without giving the Rr estimated value time to change.

• The integrator constant of the Rr estimator, Ki, is set to

different values, each of those achieving different estima-

tion speeds of Rr. which achieve an eventual elimination

of the torque error with different speeds.

• Under this situation, the torque error is evaluated according

to Eq. (22) and recorded.

• The performance of the proposed control algorithm is com-

pared, with that of a control control strategy that does not

consider the iron losses (Rfe set to a very high value).

Thus, Fig. 23 shows the results for the dynamic perfor-

mance comparison with torque steps from 0.3 to 0.65 p.u. In

Figs. 23a,b and c show the estimated torque error, the variation

of Rr and the variation of the Qs error respectively. These

figures show that the smaller Ki is, the more time is needed

to eliminate the Qs error and consequently, more time is also

needed to reach the steady-state and minimize the torque er-

rors. Note that while the new torque level is reached in very

little time, since the new Rr estimation requires some sec-

onds to find its good value, the torque error needs also some

seconds to be minimized. Unfortunately, it is not advisable to

accelerate the estimation Rr process too much, which was ini-

tially devised to compensate slow temperature drift variations

of the rotor resistance, as this could bring instability.

On the other hand, under the same conditions but dis-

abling the iron losses estimation, the performed tests show a

slightly faster dynamic response than the complete control. As

exhibited in Figs. 23d–f, equivalent to Figs. 23a–c but without

considering iron losses, both the Rr and the torque present

shorter settling times. However, the torque error is greater.

Consequently, it can be concluded that the proposed con-

trol algorithm requires larger Rr variations in the estimation,

during transients but the resulting torque error is smaller. On

the contrary, if the torque step is performed at a operating

point where none of the controls require a large Rr variation

(above 0.5 p.u. for instance), the dynamic performance of the

Rr and torque errors become very similar.
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a) b) c)

d) e) f)

Fig. 23. Dynamic performance of the estimation at different Ki values of the Rr estimator, under torque steps from 0.3 to 0.65 p.u. a) torque

errors with the proposed algorithm, b) estimated Rr with the proposed algorithm, c) Qs errors with the proposed algorithm, d) torque errors

without considering the iron loss, e) estimated Rr without considering the iron loss, f) Qs errors without considering the iron loss

a) b) c)

d) e) f)

Fig. 24. Performance disabling the speed sensor, (a, b and c with all estimators enabled and d, e and f with iron losses estimator disabled),

a) speed, b) torque performance, c) Rr estimation, d) speed, e) torque performance, f) Rr estimation
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5.5. Performance without speed control. The last set of

experiments was done by having both DC and AC machines

controlled in torque, with the speed control disabled. The ex-

periment procedure is described as follows:

1. By enabling the speed regulator of the AC machine, the

system is driven to a 0.5 p.u. constant speed.

2. The torque of the DC machine is set to a constant value

(the AC machine sees approximately that torque load).

3. The speed regulator of the AC machine is disabled and

the torque capture of the torque sensor is provided as the

torque reference of the AC machine (Tem ref in Fig. 4).

After a given time, the speed regulator is disabled and the

torque measurement becomes the torque reference of the

AC machine, producing a short speed transient that gets

stabilized after few seconds.

Figure 24 illustrates how a stable performance of the sys-

tem is only achieved for the control strategy that has all the

esimators enabled (Figs. 24a, b and c), where the speed reg-

ulator is disabled after 10 seconds of operation.

On the contrary, the control that does not consider the

iron losses of the machine, due to its worse torque estimation

accuracy, provokes a quick speed drift and unstable behavior

(Figs. 24d, e and f). Note that the speed regulator is disabled

after 5 seconds in this case.

5.6. Performance of different power machines. Finally, this

last section evaluates the effectiveness of the proposed control

algorithm that considers the iron losses, in machines of differ-

ent nature. For this purpose, the Xh/Rfe ratio is proposed as

a simple indicator to evaluate the relevance of the iron loses

in a given machine. Table 1 [5] serves as an illustrative exam-

ple of this ratio (at rated frequency), in machines of different

power, voltage and pair of poles.

Table 1

Different machine’s characteristics

Ps [kW] Xh/Rfe Voltage [V] Poles

15 0.136 380 4

180 0.085 380 4

3250 0.057 690 6

4000 0.037 690 6

4000 0.038 6600 4

4000 0.024 6600 6

4000 0.022 6600 8

By looking at the table, it can be concluded that for ma-

chines of a rated power greater than a few dozens of kW,

the iron losses become less significant, being possible to ne-

glect them at the control stage, without expecting a significant

degradation of the torque control accuracy. This is in good

agreement with previous work by other authors [22].

6. Conclusions

This research work has proposed a drive oriented vector con-

trol strategy in which its novelty consists on the considera-

tion of all the variation of the machine parameters due to

the normal operation, including also the iron losses. Thanks

to this proposed parameter adaptation philosophy, accurate

torque control can be obtained as demanded in many indus-

trial applications.

For that purpose, a set of different on-line operating ma-

chine parameter estimators have been studied. Most of these

estimators require information obtained in a series of off-line

tests. A set of tests based on classic AC machines knowledge

have been carried out, not requiring any special power source

or extra mechanism to perform them. This fact is advanta-

geous for the commissioning of the drive in a real application.

Especially, when information supplied by the manufacturer

of the machine is not available or is incomplete. These tests

can be easily implemented in a self-commissioning automated

process.

The experimental validation has revealed the effectiveness

of the proposed control strategy and estimators as well as the

off-line tests. This effectiveness has been widely evaluated in

terms of accurate torque estimation at steady-state and under

transients. The iron losses consideration by the control has

shown to be a key factor to reach torque accuracies lower

than 3%. In machines of power greater than 100 kW it is

expected that its influence is less significant.

The new control can be easily implemented, with very lit-

tle added complexity to that of classic vector control schemes,

whilst allowing the possibility of disabling any of the estima-

tors, should the machine control require it.
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