Mechanical-sensorless induction motor drive based
only on DC-link measurements
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Abstract: Sensor count reduction for high-performance induction motor (IM) drives is considered.
A novel strategy to compute the three phase currents, based on a single current sensor and an
adaptive observer, is proposed. The observer estimates the motor state variables, allowing then
implementing an IM field-oriented controlled (FOC) drive with closed speed loop based only on
DC-link measurements. To demonstrate the practical feasibility of this proposal, representative
experimental results, obtained with a FOC experimental prototype, are presented. The FOC
prototype showed results similar to those from a conventional FOC drive with individual phase
current sensors. The sensor count reduction achieved represents a significant cost diminution in the
implementation of low-power high-performance drives.

1 Introduction

High-performance induction motor (IM) drives need the
instantaneous values of the stator currents, the magnetic-
flux vector position and the rotor speed value in order to
work properly. These variables are usually measured and/or
estimated using current, voltage and/or speed sensors,
depending on the particular implementation. A reduction in
the number of these sensors is desirable to reduce cost,
simplify hardware and increase reliability [1]. However,
sensor count reduction should be performed without either
affecting the system performance or increasing excessively
the hardware or software complexity.

Phase current measurements are usually performed by
using Hall-effect sensors or sensing resistors (SR) with the
appropriate signal conditioning circuits. In a standard three-
phase inverter, the phase currents can be reconstructed
using the inverter switches states and a single current sensor
placed in the DC-link [1-8]. In [2] a phase current
reconstruction method using a single DC-link current
sensor is proposed. The basic principle is described with
useful hardware considerations. Furthermore, it is shown
that, depending on the pulse-width-modulation (PWM)
strategy, the DC-link current acquisitions are impossible at
some PWM cycles because of the too short time each phase
current is circulating through the DC-link. In [3] a stator-
flux oriented controller using a single current sensor is
presented. A special modification is proposed in the space
vector modulation (SVM) pattern in order to achieve the
required DC-link current acquisitions. In [4] an SVM
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pattern modification (SVM-PM) that produces a lower
current harmonic content is proposed.

The SVM-PM, required to reconstruct the phase
currents, increments the power losses, the audible noise
and the high-frequency content in voltages and currents
[5, 6]. Furthermore, the inverter output-voltage is reduced
by the SVM-PM in the overmodulation operating mode [9].

To reduce the negative effects, methods based on the
phase current estimation have been proposed. In [7] a
scheme based on the stator circuit model and a least-squares
recursive method is proposed to estimate the phase currents
when they cannot be reconstructed. In [5] a comparison of
three different single current sensor strategies applied to a
three-phase controlled rectifier is presented. In [6] a
predictive current controller is applied to an AC motor
drive where the phase currents are estimated using three
individual observers. These observers need the induced
electromotive force (EMF) of the motor, which must be
estimated independently.

The above-mentioned methods, based on estimators,
were proposed to avoid or at least reduce the SVM-PMs.
However, in some operating conditions, like overmodula-
tion or low modulation indexes [10], the current estimation
methods will not produce accurate estimations unless they
are combined with a SVM-PM scheme.

Regarding the shaft speed, it is usually measured using a
tachogenerator, an optical encoder or a resolver. However,
these mechanical sensors can be avoided using a speed
estimator, which is generally based on stator voltage and
current measurements. Several speed estimation strategies
can be found in the literature [11]. One of the most studied
is the speed estimator proposed by Kubota et. al [12],
which computes an estimation of the rotor speed using an
adaptive observer.

With regard to the IM phase voltages, required by the
state variable estimators, they can be directly measured
using an AC voltage sensor in each phase (such as a Hall-
effect or isolated amplifier). They can also be reconstructed
from the DC-link voltage and the inverter switches states,
using a single voltage sensor [13].

To the best knowledge of the authors, a single current
sensor method capable of operating the inverter in
overmodulation mode is only briefly mentioned in [§].
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A detailed solution of a phase currents computation
method capable of operating in the whole modulation
range has not been published yet.

2 Phase currents computation

As it was mentioned in Section 1, in some cases, the phase
current reconstruction is not possible using a conventional
SVM pattern because of the too short available time to
acquire the DC-link currents. Hence, an SVM-PM must be
performed to allow the phase currents reconstructions.
However, the SVM-PM has negative effects for the drive,
such as an increment in the power losses and a reduction of
the output RMS voltage. The importance of these effects
depends on each particular application; but in any case they
should be reduced to improve the drive performance.

In this Section, a strategy to compute the IM phase
currents is proposed. This strategy is based on a particular
SVM-PM, valid in the whole modulation range, working
together with a state observer to reduce the SVM-PM
negative effects. The observer operates based on the stator
voltages reconstructed from a single DC-link voltage sensor.
The same state observer also estimates the IM rotor flux
and rotor speed that can be used to implement a high-
performance drive, as will be shown in Section 3.

The proposed idea is shown in Fig. 1. In the first
computing cycle, a SVM-PM is performed to allow the DC-
link current acquisitions and the corresponding phase
current reconstruction, but during the next (N — 1) cycles,
the phase currents are estimated using the observer.
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Fig. 1 Illustration of proposed phase currents computation scheme
Phase currents are reconstructed one of each N cycles. Between
reconstructions, the phase currents are estimated

2.1 Phase current reconstruction

A simplified schematic diagram of a three-phase inverter is
shown in Fig. 2a. The inverter state is given by the
combination of the states of the switches (represented in
the Figure by Sa, Sh and Sc). In every non-zero state (i.e.
active current flow), the instantaneous current that flows
through the DC-link is equal in magnitude to one of the
three output phase currents. Based on this fact, the phase
currents can be reconstructed using a single DC-link current
sensor and the states of the inverter.

The SVM is one of the most widely used strategies in
three-phase inverters because it can produce a minimum
number of commutations per cycle or minimum current
ripple, while allow high modulation indexes (including
overmodulation) [10]. In conventional SVM patterns, the
inverter takes two different active states at each switching
cycle. Therefore, two different phase currents can be
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Fig. 2

a Three-phase MOSFET inverter simplified schematic diagram (anti-
parallel diodes are omitted for simplicity)

b Example of inverter switching states and corresponding DC-link
current for single cycle of SVM, where two different phase currents can
be acquired

acquired in each cycle using the DC-link sensor. Figure
2b shows an example of a SVM cycle and the ideal DC-link
current waveform. The plotted state sequence is:

000 — 001 — 011 — 111 — 111 — 011 — 001 — 000

where 000 and 111 are the called zero states.

The third phase current can be computed knowing that
the sum of the three phase currents is zero without neutral
connection. The correspondence between phase currents
and DC-link current, for each inverter state, is given in
Table 1.

Table 1: Correspondence between phase currents and
DC-link current for each inverter state

Inverter state DC-link current

100 ia
110 — g
010 s
011 —i,
001 A
101 —ip
111 and 000 0

In some cases, the duration of each SVM state is shorter
than the minimum time required to acquire the DC link
current (7';y), and consequently the phase currents cannot
be accurately reconstructed. Some factors that affect this
time are the DC-link layout, the time response of the
acquisition circuits, such as analogue-to-digital (A/D)
converter, the signal conditioning amplifiers and the
dynamic response of the current sensor (e.g. SR), as is
shown in Section 3. There are three special cases for which
the available acquisition time is too short:

Case A: The voltage reference is in the same direction as one
of the six fundamental vectors. In this case, the state of the
inverter alternates between a zero and a non-zero state for
almost the whole SVM cycle. As a second non-zero state is
not active for enough time to carry out an acquisition, only
one phase current can be acquired. The vector diagram of
Fig. 3a represents the SVM vector voltage reference
associated with the available DC-link current acquisition
time, where the darker grey levels correspond to lower
available acquisition times for a conventional SVM routine.

Case B: Low modulation index. In this case the inverter
remain in zero state for most of the cycle duration, and the
non-zero vectors remains active for too short a time.

IEE Proc.-Electr. Power Appl., Vol. 153, No. 6, November 2006



Fig. 3 SVM wvector voltage reference associated with available
DC-link current acquisition time (darker grey levels correspond to
lower available acquisition times) for standard SVM routine

a Reference is near or in same direction of one of six fundamental
vectors

b Low modulation index

Therefore no phase current can be acquired in the whole
SVM cycle. The vector diagram of Fig. 3b illustrates this
case.

Case C: Overmodulation. When the SVM operates in
overmodulation, the state of the switches remains fixed (in a
non-zero state) during several consecutive SVM cycles [9].
This unique inverter state allows only one phase current
acquisition at each SVM cycle [8].

Solutions for cases A and B can be found in [1-8]. In
most of these works, the phase current reconstructions are
accomplished by modifying the original SVM switching
pattern. These SVM-PMs consist of changing the switching
times in order to allow the required DC-link current
acquisitions.

Although many different SVM-PMs have been proposed,
a systematic procedure to perform the SVM-PM for the
whole modulation range (including overmodulation), based
on predefined design rules, is not found in the reviewed
literature. In the present paper, a procedure to perform
modifications to the original SVM pattern is proposed.

These modifications are designed based on the following
rules:

1 The number of switch commutations must be kept
unmodified, except in overmodulation mode for which this
is not possible. This avoids increasing the commutation
power losses.

2 The average phase voltages in each SVM cycle must be
kept unmodified (except in overmodulation). In over-
modulation mode, only the average phase voltage in two
consecutive cycles is kept unmodified. This reduces the
voltage and current harmonics.

3 The symmetry of the SVM pulses should be perturbed as
low as possible. This reduces the high-frequency harmonics.
4 When a modification is introduced, two phase currents
must be acquired in a single SVM cycle during its first half
period.

5 The computation complexity needed to perform the
modifications must be maintained as low as possible.

The proposed SVM-PM procedure begins with an identi-
fication of the operating case (A, B or C). Then, the SVM
pattern is modified as follows:

SVM-PM for case A:

Figure 4a shows an illustration of the SVM-PM technique
proposed in the present work for case A. First, the
switching pulses are ordered by time duration. Then,
the second and third pulses are shifted to the left and right,
respectively. Finally, the switching sequences are restored to
their original order. With these modifications, a second
phase current can be acquired in the first half of the SVM
cycle. The average voltage value in each single cycle remains
unchanged. Furthermore, the number of switch commuta-
tions is not increased and the symmetry of the switching
pulses is slightly perturbed (increasing the high-frequency
harmonics). Figure 46 shows the SVM-PM as a vector
diagram, where the additional states are drawn.

SVM-PM for case B:

The procedure for case B is similar to that of case A. In this
case, the three pulses have almost equal durations; hence,

sa || ; . sa| | ; L
sl 1 sl 1
sl Ch o1 ol ChH I
1<Typy i ) =T,
M 1<Tyy o =Ty
i) ii)

Fig. 4 Proposed SVM-PM for case A

a Switching state sequence example and its corresponding DC-link current
b Corresponding space vectors (dotted line: resultant voltage; solid line: vector components)

Case (i) is original sequence and case ii) is proposed SVM-PM
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Fig.5 Proposed SVM-PM for overmodulation

a Switching sequence example and corresponding DC-link current

b Corresponding space vectors

Case (i) is original sequence. Cases (ii) and (iii) are proposed SVM-
PM, with alternations in consecutive cycles to avoid phase distortion

the first and third switching pulses are shifted to the left and
right, respectively.

SVM-PM for case C:

The solution for this case is more complex, because in
overmodulation the inverter remains in a fixed state for
several switching cycles. Hence, if only one state is present in
the whole SVM cycle, only one phase current can be
reconstructed from the DC-link sensor. The only way to
allow any other phase current acquisition is by adding an
extra active state. This extra state cannot be compensated
for in the same way as in the other cases, so the RMS value
of the fundamental voltage is reduced. Figure 5 illustrates
the proposed SVM-PM for the overmodulation mode. As
the added state cannot be compensated for, the two
adjacent vectors are alternated to avoid affecting the
resultant average phase, as shown in Fig. 5h, (diagrams
(i) and (iii)). However, the average voltage magnitude is
reduced. In conclusion, in overmodulation it is not possible
to modify the SVM pattern without reducing the output
RMS voltage value.

2.2 Current estimation

Observers are strategies commonly used to estimate the
magnetic flux needed by many high-performance IM
control strategies [14]. Usually, the observer inputs are the
stator voltages and currents, and the rotor speed. Observers
can be improved by reducing the number of measured
variables, reducing then the number of sensors (e.g. speed
sensor). In [12], an adaptive observer that can estimate the
rotor flux and the shaft speed of an IM, based on the stator
voltages and currents was proposed. The stability of this
observer was widely studied and improved in subsequent
papers (e.g. [15, 16]).

In this Subsection, the state observer used to estimate the
stator currents and the other motor state variables is
described. This observer uses a model of the induction
motor in a stationary reference frame. The input variables
are the stator voltages. The stator currents and the rotor
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fluxes are the state variables, while the stator currents are
the outputs. Considering that the rotor speed (w,) varies
slowly as compared with the electric time constants, the
motor model results in a linear time variant system with o,
as one of its parameters. Hence, the induction motor model
is the following [12]:

d
%x(t) = A(w,)x(t) + Bu(t)

(1)
y(t) = Cx(1)
where
M
A(w,) = M | + w, b
—1 —I 0 J
T, T,
L,
. —I
x:[gb},B: b |,Cc=[I 0]
r 0
2 2 1 0
a:L—’R“+MR’,b:LSL,—Mz,I: :
bL, 0 1
0 -1
J= Tt
1 0 R,

The motor parameters are the stator and rotor resistances,
R, and R,, the self inductances of the stator and rotor, L
and L,, and the mutual inductance M. This model is used in
the closed-loop observer with the stator current estimation
error as the correcting term [14]. Mathematically,

%&(t) = A()x(¢) + Bu(t) + G(i; — i) (2)

where (A) stands for estimated variables, and the gain
matrix G is defined in order to assure the observer
convergence and to improve its performance [14].

It can be demonstrated, using Lyapunov stability theory,
that the rotor speed can be estimated using the following
proportional plus integral (PI) adaptation law [12]:

cbr = kP(eicis/lqr - eiqsidr) + k] / (eids)hqr - eiqs;bdr) (3)
where

Cids = Ids — lds Cigs = iqs - iqs (4)
This full-order observer estimates all the machine state
variables. These estimations are available in the controller
and can be used to implement a high-performance drive, as
will be described in Section 3.

The observer input variables, the phase voltages, can be
reconstructed at every SVM cycle using a single DC-link
voltage sensor and the inverter switching states. The
equations used for the voltage reconstruction are similar
to those used to compute the SVM switching times [10], but
the unknown variable is the output voltage vector instead of
the switching times [13]. The voltage reconstruction
technique is well explained in the available literature (e.g.
[13]), so further description will be omitted from this paper.

In the proposed scheme, the observer works in closed
loop during the controller computation cycles when the
phase currents are reconstructed. Conversely, when
the current reconstruction cannot be performed as in any
of the above mentioned cases (A, B or C), the processor
does not carry out the SVM-PM at every SVM cycle. The
SVM-PM is only performed once every N cycles (where NV is
a parameter that depends on the implementation). While
the SVM-PM is not carried out (N — 1 cycles), the observer
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Fig. 6 Adaptive observer block diagram

works in open-loop mode. Figure 6 shows a block diagram
of the adaptive observer, where the switch represents the
commutation between its closed- and open-loop modes of
operation.

If the motor model and its parameters are correct, the
state variables in the observer will evolve as the real ones
even if it works in open loop for short periods (compared
with the electromagnetic time constants). The adaptive
speed estimation scheme needs the current error feedback.
However, if the open-loop operation time is short enough,
then the speed estimation will not be significantly affected.
Hence, the observer provides accurate electromagnetic
states and speed estimations at every cycle although the
currents are reconstructed periodically, once every N cycles.

Exhaustive numerical simulations were performed in
order to verify the observer estimation accuracy working in
commutated mode (i.e. alternately in closed-loop and open-
loop mode). The observer feedback was switched by a
1 kHz periodic signal with a programmable duty cycle (d).
The duty cycle of the feedback represents the ratio of the
number of cycles the observer operates in closed-loop
mode (the phase currents are reconstructed) with respect to
the number of cycles at which the observer operates in
open-loop mode. Mathematically, d=1/N.

The commutation high frequency is filtered out by the
integral term of the adaptive scheme (3). The effective
feedback gain is affected by the duty cycle of the current
measurement. For different values of k; and d, a same dk;
product produces almost identical simulation results.

2.3 Analysis of SVM-PM effects
In this Subsection, a quantitative analysis of the negative
effects of the SVM-PM is presented. This SVM-PM must
be performed to allow the phase current reconstructions,
and it is reduced with the strategy proposed in this paper.
Figure 7a shows a numerical analysis that demonstrates
how the RMS value of the fundamental waveform is
affected by the SVM-PM, with the inverter working in
overmodulation (six-step mode), for different values of N
and different minimum acquisition times (7y). In this
Figure, Ty varies from 0 to 20% of the SVM period ( for
this particular implementation, the SVM frequency is
15kHz, hence the T,y range is 0-13ps). The output
voltage reduction is considerably high (up to ~10%) if the
SVM-PM is performed at every cycle (N=1), and can be
significantly reduced if the SVM-PM is omitted (N— o).
The maximum voltage increment due to overmodulation is
near 10% [9]. This voltage increment can be lost completely
unless the proposed technique is used.
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Fig. 7 Numerical computations and experimental validation that
represent the negative effects of SVM-PM
a Output RMS voltage during six-step operating mode against N and

Ty

b Experimental results for phase currents (0) and voltages (x)

¢ Normalised THD, with respect to its value without SVM-PM,
against N and T'yn. Tagqy is varied from 0 to 20% of SVM period, in
steps of 5%

d Experimental results of THD for phase currents (0) and voltages (x)

The SVM-PM also produces an extra high frequency
distortion that increases the audible noise and the power
losses, because the symmetry of the SVM waveform is
affected. Figure 7¢ shows a numerical computation of the
total harmonic distortion (THD) of the output voltage for
different values of N. The THD is normalised with respect
to its value without SVM-PM. The THD was computed by
evaluating numerically the Fourier series of the ideal output
voltage waveform, from 0Hz to 30kHz (twice the SVM
frequency).

The SVM-PM effects predicted by the numerical
computations were validated experimentally with the
implemented drive (described in the next section). Figures
7b and d show the output RMS value and the THD of the
phase currents and voltages as a function of N. These results
demonstrate the advantages of the proposed scheme,
reducing significantly the SVM-PM negative effects. The
value of Ty used in the experimental tests is 7 ps.

3 Prototype implementation and experimental
results

3.1 Description of the prototype
An IM drive based on a DSP (TMS320F2812) was
implemented to validate the proposed strategies. The used
IM parameters are given in Table 2. The DSP runs a
standard rotor-flux oriented control (FOC) algorithm,
based only on DC-link measurements. Figure 8 shows a
block diagram of the proposed scheme. The DSP performs
the DC-link current and voltage acquisitions, the computa-
tion of the observer, the FOC algorithm and the SVM-PM.
The power stage was implemented with a MOSFET
inverter that feeds a low-voltage induction motor. The
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Table 2: Induction machine parameters

Parameter Value
P (kW) 1.25
V (V rms) 25

F (Hz) 83
Rated speed (rpm) 2500
R, (MmQ) 34.7
Rs (MQ) 69.7
M (mH) 2.66
Ly (mH) 0.117
Lss (mH) 0.117

DC-link current is measured with an SR (5mQ) and the
DC-link voltage is measured using a resistive network. Both
measurements are acquired by the DSP on-chip ADC.

The reconstruction of the phase currents is performed
using the DC-link current acquisitions and the states of the
inverter switches from the SVM module. The phase voltages
are also computed using the inverter states and DC-link
voltage acquisitions.

The SVM module is implemented using a method that
allows a linear operation of the inverter, even in over-
modulation mode. Overmodulation mode allows a higher
fundamental output voltage value with the same voltage
source. The implemented overmodulation technique is
similar to the one proposed in [9].

The phase current and voltage values feed the adaptive
observer that estimates the IM state variables. The observer
current estimations are used as feedback variables of the
current controllers, the estimated rotor vector flux compo-
nents (A, and A;) are used to compute the flux position 0y
required by the FOC algorithm, and the estimated speed is
used to feed back to the speed-control loop. In this
implementation, the maximum open-loop observer cycles is
limited to three (hence, N=4).

The current and speed control loops use PI (propor-
tional-integral) controllers with an anti-wind-up scheme
based on conditional integration [17] for avoiding integrator
wind-up.

The adaptive observer estimates the rotor speed based on
the motor EMF. At low speeds, this EMF is very low as
compared with the voltage drop of the stator resistance.
Hence, the speed estimation is too inaccurate because of the
model uncertainty and measurement errors. The same
occurs with other EMF-based speed estimation schemes
[11]. In the present implementation, the lower speed limit is

0.05p.u. Hence, from zero to +0.05p.u. a scalar V/f
control algorithm is used, and above that speed the FOC
algorithm starts running. A weighted sum of the voltage
references is used to smooth the transition between the two
control strategies.

The observer differential equations are solved in real time
using a second-order Runge-Kutta (R-K) method [18]. This
method produces considerably better results than Euler’s
method with the time step used (6.66 ps). A fourth order R-
K method was also evaluated but it produced similar results
as the second-order R-K but with more computation
demand.

3.2 Experimental results

Figures 9-13 show some relevant experimental results
obtained with the implemented IM FOC drive using the
proposed strategy. The drive operates in closed speed loop
based only on DC-link measurements.

Figure 9 shows, a typical DC-link current sensor signal
during a commutation. The transient oscillations are
produced by the high slew-rate of the MOSFET current
commutations, the parasitic inductances of the SR and
the DC-link layout. Although these transient oscillations
are high, they extinguish very rapidly (less than 6 ps), so if
the current acquisitions are performed after a certain time
(Than), the acquisition errors can be negligible. The
transient oscillations can be filtered out by using lowpass
filters, as shown in Fig. 9. The calibration of the acquisition
system is not much more complex than the calibration of a
standard phase current sensor. Setting a higher T,y will
not affect significantly the performance of the drive, so it
could be over-dimensioned. Other types of current sensors
may produce lower transient oscillations levels.

Figure 10 shows the phase current waveforms for
different modulation indexes. Figure 10a shows the current
for the case of very low modulation index (= 0.05), Fig. 10b
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Fig. 9 DC-link current sensor signal during two commutations
Thin line is original sensor signal and thick line is same signal filtered
by first-order filter (RC) with cutoff frequency of 400 kHz
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Fig. 10 Experimental results showing estimated (solid line),
measured (dashed line) and estimation error (separated subfigures)
of current waveform for different modulation indexes

a Very low modulation index (= 0.05)

b Medium modulation index (=0.5)

¢ Very high modulation index (= 1.0)
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Fig. 11 FOC drive experimental results showing dynamic response
for a 100% load step applied at 1.5 s and removed at 3.5 s

a i current

b iy current

¢ rotor speed

Estimated values are represented by dashed lines and measured values
with solid lines
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Fig. 12 FOC drive experimental results showing dynamic response
of drive, without external load, for speed reference step applied at 2 s
a i, current

b iy current

¢ rotor speed

Estimated values are represented by dashed lines and measured values
by solid lines. Speed error is drawn with dotted line

for medium modulation index (= 0.5), and Fig. 10c¢ for very
high modulation index (overmodulation). The modulation
index is defined in [9]. Phase currents were measured using
Hall-effect sensors only for comparison purposes. The
measured current, estimated current and the estimation
error are shown as subplots. From these plots, it can be
supposed that the current estimations are accurate enough
to feed back to the FOC prototype. In the following tests,
this supposition is confirmed.

Dynamic response tests are presented to demonstrate the
behaviour of the current estimation scheme and the
performance of the FOC drive. A commercial drive with
a 5kW induction machine was used to apply external load.

Figure 11 shows the dynamic response for the application
of a step of external load torque. A 100% rated load is
applied at 1.5s and removed at 3.5s. The Figure shows the
fast response of the drive, necessary to counteract the
external load, keeping the motor speed very close to its
reference (0.5p.u.). Figures 1la and b show the good
dynamic and static response of the i, and i; current
estimations. The current ripple is caused by the non-ideal
voltage waveforms of the inverter (caused by the dead-
times, commutation times and voltage drops). The esti-
mated rotor speed is compared with the speed measured
with an optical incremental encoder. The speed estimation
error at rated load is less than 2%.

Figure 12 shows the dynamic response of the drive for a
speed reference step without external load. The motor is
accelerated from very low speed (0.05p.u.) to rated speed
(1 p.u.) and back to very low speed (0.05 p.u.). The dynamic
response shown by the drive is comparable to standard
FOC drives. The i, and i, current estimations show a small
error in the transients, which is reduced in the steady state.
The estimated speed error is also very small, even during the
acceleration. The braking torque is lower than the motoring
torque only because of braking unit limitations.

821



3 _/
[=9
= 0
Q
2
2 1k , , , , ]
0 1 2 3 4 5 6 7
a
. 17 ) )
3
: |/
= 0
L
2
2 1k . . . . 1
0 1 2 3 4 5 6 7
b

-0.05 : . . . . :
0 1 2 3 4 5 6 7
Time,s
c

Fig. 13 FOC drive experimental results showing dynamic response
for forward-reverse speed operation without external load

a Estimated speed

b measured speed

¢ estimation error

Figure 13 shows the dynamic response of the speed
estimation during a forward-reverse speed operation. The
plots show a very small (less than 1%) speed error at steady
state, which is higher during the accelerations, as expected
from the considerations used in the design of the speed
estimation scheme [12]. The estimation error is higher when
the speed is close to zero, as was mentioned above, so in this
speed region the drive is controlled by a scalar V/f strategy.
The presented experimental results demonstrate a high
performance comparable to sensorless drives that measure
directly the phase currents.

The robustness of the implemented drive can be
improved with the addition of a parameter estimation
scheme. This scheme can be based on the same electrical
variables (voltages and currents), as is proposed in [12]. The
analysis and implementation of these kinds of strategies is
beyond the scope of this paper. The authors consider that it
would be a valuable improvement for implementing very
low-cost, high-performance commercial drives, using the
scheme proposed in this paper.

4 Conclusions

A complete solution for an induction motor (IM) mechan-
ical-sensorless field-oriented controller (FOC) drive has
been presented. This drive uses only single current and
single voltage DC-link sensors to operate the FOC in closed
speed-loop ( from 0.05 p.u. speed).

The main contribution of this work is the improvement
of the single current sensor technique to compute the IM
phase currents. The proposed scheme uses simultaneously a
reconstruction technique based on the DC-link current
acquisition and a full-order state observer. A procedure to
perform the space vector modulation pattern modification
(SVM-PM), needed to reconstruct the phase currents from
the DC-link sensor is proposed, valid for the whole
modulation range. The negative effects of this SVM-PM
are reduced by using the observer currents estimations.

It has been demonstrated quantitatively, using numerical
computations and experimental tests, that the observer
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allows significant reduction of the negative influence of the
SVM-PM in the drive performance, particularly the RMS
output-voltage reduction and the introduction of high-
frequency harmonics.

The presented experimental results show the accuracy
and good dynamic performance of the current and speed
estimations, even in fast speed transients and high external
loads. The experimental results demonstrate that the
implemented drive has a high performance, similar to that
of a conventional FOC drive, which uses individual phase
current sensors.

The sensor count reduction achieved represents a
significant cost reduction in the implementation of low-
power high-performance induction motor drives.
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