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Abstract. This paper describes a speed sensorless rotor flux oriented torque-control of
induction machines which utilises stator flux components as control variables. Combining the
advantages of rotor flux orientation and stator flux space vector comtrol leads to high
performance drives using a simple control scheme. This scheme is affected by total leakage
inductance variations which determine detuned operation. A method is presented that provides
the possibility to estimate the total leakage inductance besides the identification of stator self
inductance. The effectiveness of the proposed system is verified by computer simulation and

experimental tests.
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INTRODUCTION

For high performance drives based on induction ma-
chines, the principle of field oriented control is usually
employed. Field oriented control can be exercised on
stator, air-gap or rotor flux, requiring the knowledge of
the instantaneous magnitoade and position of the flux
vector. Considering rotor flux orientation, a complete
decoupling of flux and torque control variables is pos-
sible, and the highest pull out torque can be obtained.
A torque command at constant rotor flux is followed
instantaneously without transient rotor and stator cur-
rents. However, in all rotor flux field oriented control
schemes a correct estimation of the machine parameters
is essential to obtain an accurate control. In stator and
air-gap flux orientation sophisticated parameter estima-
tion methods are not required to produce robust torque
control. On the other hand the pull-out torque is not so
high as in rotor flux orientation and the simplicity of
rotor flux decoupling equation is lost [1].

Recently a direct torque-control method was introduced
which directly control the stator flux and torque on the
basis of the instantaneous errors in flux and torque [2].
According to the switching capabilities of voltage
source inverters, the selection of the switching configu-
ration is made in order to maintain the stator flux and
the torque within the limits of two hysteresis bands.
This method, however, results in a variable switching
frequency due to the hysteresis control technique. In [3]
a method, based on the Space Vector Modulation
(SVM) technique, is presented which allows constant
switching frequency operation.

In this paper a control scheme based on rotor flux ori-
entation which utilises the stator flux components as
control variables is considered [4]. Combining the ad-
vantages of rotor flux orientation and stator flux space
vector control leads to a high performance drive using a
simple control scheme without the requirement for
speed or position feedback. The input commands of the
control system are the torque and rotor flux. The de-
termination of the stator flux reference requires the
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knowledge of the total leakage inductance and the ratios
of stator and rotor self inductance to mutual inductance.
An identification method of the total leakage inductance
which is based on the analysis of the irregularities in the
estimated rotor flux vector locus is proposed. Further-
more, utilising the relationship between stator flux and
current, a method for accurate estimation of the stator
self inductance is analysed.

Simulation results showing the good performance of the
parameter adaptation algorithm are given. For the ex-
perimental tests a DSP based high-speed A/D conver-
sion board and an IGBT inverter have been utilised.
The experimental results are in good agreement with
the theoretical results.

FIELD ORIENTATION MODEL

The stator and rotor flux of an induction machine, in
the rotor reference frame can be written in terms of
spatial vectors as
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From the rotor voltage equation the rotor current is
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where p=d/dt.

Substituting (4) in (3) yields
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where 7, = L/R,, w, = pd] being ¢} the phase angle

of $! in the rotor reference frame.
For a two-pole machine, the electromagnetic torque T
can be expressed as
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By eliminating w, between (5) and (6) we obtain
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The field orientation concept is accomplished choosing
a synchronously rotating reference frame and locking
the phase of the reference system such that the rotor
flux is entirely on the d-axis (Fig. 1).
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Fig. I - Space-phasor diagram with rotor and
synchronous reference frame.
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Eqs. 8 and 9 represent the basic equations of the rotor
field orientation where the control variables are the
stator flux components. The control of torque and rotor
flux is obtained in terms of stator flux components &,
and $4, respectively.

From Eq. 8 it appears that a change in the flux com-
mand &g, is followed with a time constant o7, which is
much lower than the rotor time constant 7, involved in
traditional stator current control. With constant rotor
flux command, a change in ®4 is followed instantane~
ously by a corresponding change in torque. The rela-
tionship between ®g; and T requires the quantities
L/M, which is moderately affected by saturation, and
oL, which is slightly dependent on the current due to
saturation effects.
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TORQUE CONTROL IMPLEMENTATION

Using stator flux components as control variables, the
open-loop torque control can be achieved by employing
standard, sensorless induction motors. A basic imple-
mentation scheme is represented in Fig. 2.

L

Fig. 2 - Block diagram of field orientation scheme.

In this scheme the d-q components of the stator flux
reference are obtained from the torque and rotor flux
commands using Eqs. 8 and 9. The terminal voltages
and the phase currents are employed to estimate the
stator flux vector in a stationary reference frame by in-
tegrating the stator voitage equation as follows

8 = [(vs —Rif)ar (10)

The rotor flux vector is obtained combining Eqs. 1 and
2, rewritten in a stator reference frame (Fig. 3), leading
0
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The phase angle ¢ of the rotor flux in a stator refer-
ence frame can now be calculated from the values of

the d-q components of $¢ obtained from Eq. 11.
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Fig. 3 - Space-phasor diagram for stator and rotor
quantities

The reference value of the stator flux vector ®2* is then

calculated by applying the coordinate transformation
from synchronous to stator reference frame. By com-
paring the estimated and the reference value of the sta-

tor flux vector, the flux error A®® is readily obtained.
The knowledge of this error allows the determination of
the proper voltage vector which has to be applied to the



motor during the next sampling period t,. For this pur-
pose traditional PWM or SVM control technique can be

used according to the following equation

A®!
ts

R B 42

A further solution can be obtained applying the 3-phase
flux errors to three independent hysteresis conmtroller
working under "bang-bang” control strategy [5].

The control scheme shown in Fig. 2 requires the de-
termination of the instantaneous position of rotor flux.
However, the torque control can be achieved utilising a
simplified and efficient scheme which is based only on
the determination of stator flux magnitude. A block
diagram of this control scheme is shown in Fig. 4.
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Fig. 4 - Block diagram of direct torque-control scheme.

This scheme allows torque control without transient
conditions when the rotor flux magnitude is kept con-
stant. The input commands are the torque T* and the
rotor flux magnitude &;*. The torque and the stator flux
are directly controlled utilising the space vector modu-
lation techmique on the basis of two hysteresis band [2].
The stator flux reference is calculated from Eq. 8,
written in steady-state, and Eq. 9, giving
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In Eq. 13 the estimated value of torque is used rather
than reference value because this choice improves the
dynamic performance to step torque commands. As it is
shown in Fig. 4, the actual values of V} and i’ are cal-
culated by using the DC link voltage E, the inverter
switching states and the motor line currents i, and i.
The actual value of ®{ is evaluated utilising Eq. 10,
while the torque estimation is carried out according to
the following equation

T =718 (14)

MOTOR PARAMETER ADAPTATION

In sensorless field oriented control schemes, the calcu-
lation of the actual value of stator flux requires the
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knowledge of the stator resistance (Eq. 10). An accu-
rate value of this resistance is necessary particularly at
low excitation frequency. Therefore, the speed range is
to be limited unless some form of resistance estimator
or tuning is incorporated. Some methods for the
determination of the stator resistance are described in
I51, 6l

The proposed control scheme requires also the evalu-
ation of the stator flux reference $," according to Eq.
13. This calculation is based on the knowledge of the
total leakage inductance oL, . An error in oL, has the
same effects at all excitation frequencies where it is zero
when the torque command is zero and becomes worse
under load. Thus it is important to minimise the error in
oL, . In the following & method of oL, tuning is de-
scribed. For this purpose it is useful to determine the
relationship between the stator and the rotor flux vec-
tors. Substituting (4) in (3) and solving for &, yields

M/Ly ¢
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This equation clearly shows the nature of the rotor flux
dynamic response for changes in stator flux.

The space vector modulation leads to a stator flux vec-
tor locus characterised by a ripple due to the switching
processes, while the rotor flux vector locus is practi-
cally a circle owing to the first order, low-pass filtering
action expressed by (15). In fact, the cut-off frequency
of this filter is usually much lower than the control fre-
quency.

1.0

005 05 | 10
. ¢d(Wb) X .

Fig. 5 - Vector locus of estimated rotor flux in tuned
and detuned operation.

This analysis leads to the conclusion that the estimation
of &, achieved by Eq. 11, is expected to be a constant
value when the flux command &.* is held constant.
Hence, the variations at the control frequency of the
two terms in Eq. 11 counterbalance each other only



when oL, assumes the correct value.

When oL, is incorrect, detuned operation determines a
ripple in the estimated value of $,. Fig. 5 gives some
vector loci of the estimated rotor flux to illustrate the
effects caused by detuning. Note that an incorrect value
of ol causes also a phase displacement of rotor flux
vector determining the loss of field orientation in con-
trol scheme based on the determination of the rotor flux
instantaneous position.

The analysis of detuned operation suggests that it is
possible to implement an algorithm in order to find the
value of gL, which minimises a suitable error function.
This algorithm should be simple and efficient in order
to reduce the computational time. Good results have
been obtained utilising an error function calculated by
adding, at each sampling period, the absolute value of
the difference between the actual and the previous esti-
mated value of &,

N
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Each value of ¢y is calculated for a prefixed value of
oL, on the basis of N samples. Applying the same pro-
cedure for different values of ¢L, and interpolating it is
possible to obtain gy as function of oL,. The correct
value of the parameter oL, is readily obtained finding
the minimum of this function.

Once the correct value of ¢l is known, an accurate es-
timation of the stator self-inductance Ly can be ob-
tained. For this purpose, writing Eqs. 1 and 4 in a sta-
tor reference frame and manipulating leads to

L, i*-e/r - #2687 = RM .y an
T
For constant rotor flux operation, Eq. 17 gives
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where the rotor flux angular position ¢} is obtained
from Eq. 11.

In application of the torque control scheme represented
in Fig. 4 the calculation of ®," is based on Eq. 13,
where the knowledge of Ly/M, L/M and oL, is re-
quired. The mutual inductance coefficient M can be
easily evaluated assuming the total leakage inductance
oLy equally distributed between stator and rotor wind-
ings. This assumption leads to small errors in the pa-
rameter Ly/M and L /M. Hence, in Eq. 13 the only pa-
rameter having a significant influence on ®;* calcula-
tion is gLy, which can be accurately estimated as above
explained.

Utilising the described procedure it is then possible to
determine with few calculations the parameters required
by the control scheme of Fig. 4. The proposed control
scheme can then be applied to any standard induction
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motor allowing the system to be correctly tuned.
SIMULATION OF THE CONTROL SCHEME

To analyse the performance of the control scheme and
the phenomena related to detuned operation it is useful
to simulate numerically the whole system {4]. The
numerical results can be utilised to find a suitable
algorithm for parameter adaptation and to anticipate an
appropriate hardware structure. The motor under test is
a standard squirrel-cage induction motor. The
nameplate data are as follows

3-phase, 2-pole, rated voltage 220 V, 50 Hz
Output power 4 kW at 2890 rpm

The machine parameters are

R, = 0.402 0 R, = 0.307 0
L;=879mH L. =8.2mH M=84.8mH

The DC link voltageis E = 310 V.

With reference to this machine it has been analysed
how the error function &y, defined in Eq. 16, varies as
function of the error in ¢L,. As above mentioned, an
error in the value of oL, will affect the vector locus of
the estimated rotor flux leading to a rugged circle.

Fig. 6 illustrates the calculated values of ey in steady-
state operation at rated torque and for a speed of 150
rad/s. Each value of g is calculated considering
N=500 samples and is plotted as function of the ratio
between the value of the total leakage inductance oL,
used to calculate gy, and the correct value ol.,*.
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Fig. 6 - Effect of oL, detuning on error fanction €.

Fig. 6 clearly shows that the minimum of gn occurs for
the correct value of oL,. Simple algorithms can then be
implemented for the estimation of this parameter with
the required accuracy.

With reference to the stator self-inductance L, the
adaptation algorithm, based on Eq. 18, gives a value of
Ly at each sampling period. These values are usually
affected by high-frequency noise which can be
eliminated by using a low-pass filter.

The convergence from an initial zero estimate to the
correct final value is illustrated in Fig. 7.

Finally, it will be shown that in the control scheme
proposed in Fig. 4 the decoupling between the stator
flux d and q components is achieved as in the control
scheme of Fig. 2. For this purpose a torque reference



alternating between 50% and 200% of rated torque is
applied to the system at steady state running speed of
150 rad/s.
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Fig. 7 - Sinmiated response of L, identification.
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Fig. 8 - Stator flux components in & synchronous
refrence frame Br a torque pulse dermnd.

Fig. 8 gives the corresponding d and q ststor flux
components obtained by numerical simulations. It can
be noticed that $g4, is practically constant as it could be
expected according to Eq. 8 for constant rotor flux
command, while ®g, varies in response to the torque
command. As specified in Eq. 9 the developed torque
follows exactly ®gy .

PERFORMANCE OF THE EXPERIMENTAL
SYSTEM.

The direct torque control scheme has been implemented
on an interrupt-based program for DSP. The signal
processor chosen is the TMS320E15 with a clock rate
of 20 MHz. The DSP is interfaced to a 1 MHz, 8-
channel, 12-bit A/D converter and to a 2-channel, 16-
bit D/A converter as represented in Fig. 9.

The feedback signals to the DSP-based controller are
the measured motor line currents and the DC link volt-
age. These quantities are measured by Hall-effect sen-
sors. The reference rotor flux &,* is a fixed constant
for constant flux operation. The execution of the stator
flux and torque control loops are carried out in a
straightforward manner. These include the computation
of the reference stator flux and the actual values of sta-
tor flux and torque. The outputs of the controller are
pulse signals that are sent to the driver circuits of the
inverter switches on the basis of the instantaneous er-

rors in torque AT and flux A®,. According to the
combination of the switching modes, the voltage vec-
tors are specified for eight kinds of vectors [4], [2].
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Fig. 9 - Hardware configuration of the experimental
set-up.

The selection of the proper voltage vector is made in
order to maintain the torque and the stator flux within
the limits of two hysteresis bands.

The experimental set-up includes an IGBT inverter and
a 4 kW standard induction motor. The main switches
are rated at 1000 V, 50 A.

The total time required to read in the data, execute the
software and output the switching state to the inverter is
about 30 us. The flowchart of the algorithm and the
approximate time consumption of each block are shown

in Fig. 10.
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Fig. 10 - Flow~chart of the control loop.

The required computational time allows a 20 kHz
sampling frequency leaving enough time for the imple-
mentation of the parameter adaptation algorithm.

The experimental results are shown in Figs. 11 and 12.
The oscillograms have been obtained by converting the
digital estimated values to analog form using D/A con-
verters. Fig. 11 shows the vector loci of the estimated
rotor flux in tuned and detuned operation.

1t should be noted that in Fig. 11a, being oL,=0, the
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Fig. 11 - Experimental vector loci of estimated rotor flux.

trace represents the stator flux vector locus scaled by
the factor L/M, as results from Eq. 11. Fig. 11b
shows the circle representing the vector locus in tuned
operation. Fig. 11c illustrates the typical rugged circle
which appears when the parameter oLy is over-esti-
mated.

Fig. 12 illustrates the d-g components of stator flux,
estimated during the response to a torque reference al-
ternating between 50% and 200% of rated torque as
previously considered in Fig. 8. These experimental
results show that the decoupling between stator flux
components is achieved controlling directly the stator
flux magnitude as previously pointed out. However, the
decoupling is lost under oL, detuned operation.
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Fig. 12 - Experimental stator flux behaviour for a
torque pulse command.

CONCLUSIONS

A direct torque-control method for induction machines
which uses the rotor flux and the torque as references
has been presented. The control technique is based on
stator flux vector control and leads to a simple and ro-
bust torque control scheme which does not require
speed feedback. To predict the influence of certain
physical phenomena related to parameter variations, a

simulation study of the overall system has been carried
out. The analysis has shown that the irregularities in ro-
tor flux vector locus are related to incorrect values of
the total leakage inductance. Based on this considera-
tion a method for the estimation of oLy has been de-
scribed. In addition a method for the estimation of the
stator self inductance has been presented. The experi-
mental tests validate the simulation results and empha-
sise the good performance of the control system real-
ised.
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