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High-Performance Vector Control without AC Phase
Current Sensors for Induction Motor Drives:
Simulation and Real-Time Implementation

Abstract

The main purpose of this paper is to develop a high-level performance, and low-cost current sensorless
control strategy for Induction Motor (IM) drives. Therefore, a new phase-current regeneration method, for
current sensorless vector control in induction motor drives is introduced. The idea is based on the reconfiguration
of the Luenberger adaptive observer for currents estimation, using the information provided by the dc-link
voltage sensor. The basis of the proposed control and the theoretical study of the modified adaptive observer are
presented. Several simulation and experimental tests were performed on an induction motor of 1.1 kW working
under different operating conditions. The obtained results prove and testify the relevance, workability, and
practicability of the suggested currents sensorless vector control strategy.
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1. Introduction

Vector control of induction motors, initiated by Blaschke in 1972, is broadly used in different applications for
variable speed drives, mainly due to its independent control structure. Vector control method allows the
decoupling between both flux and torque, to get an independent control like in the case of DC machines [1].
This control strategy becomes nowadays more and more attractive. Indeed, many researchers have been showing
interest in this technique due to its simplicity and ability to control different AC machine drives, such as
permanent magnet synchronous machines [2], permanent magnet brushless machines [3,4], variable reluctance
motors [5], and induction motors [6,7]. The induction machine is still the workhorse in industry, due to its well-
known advantages, such as the simplicity of construction, low acquisition and maintenance costs, robustness,
high performance, remarkable reliability and its adaptability to harsh environments [8-10].

A vector controlled induction motor requires a feedback loop of two phase’s stator currents and speed, at
least, to get a perfect decoupling between flux and torque, and thus a high-performance variable speed drive. In
these control systems, current sensors are, generally, the components most prone to failures [11] due to
connection problems, noise, offset, or drop in voltage level of the battery. All these failures lead to an over-
current in the system, and torque ripple, causing dysfunctions in the control string. Indeed, in the industry,
reduction of control system costs is one of the main challenges.

To minimize the problems caused by speed sensor failures, one obvious way is to reduce their number in the
control system; however, the control must be capable to maintain the same accuracy as before. In this context,
sensorless methods have been the subject of a particular research. During the twentieth century, speed sensorless
techniques have become more sophisticated, efficient, effective, and have achieved good results. [12-15]. In
recent years, research on power electronics and signal processors has grown rapidly; for this reason, current
sensing techniques with a reduced number of sensors has attracted much attention from the research community,
in order to avoid faults caused by current sensors, improve the sensor fault tolerance of the system, enhance the
reliability, reduce the costs of industrial applications, decrease the complexity of the systems, simplify the
implementation, and minimize the volume of the systems as much as possible. Due to these merits, several
publications have appeared in recent years documenting current sensorless control of variable speed drives and
Voltage Source Inverters (VSIs). Among them, a speed control technique with a single dc-link current sensor for
a Permanent Magnet Synchronous Motor (PMSM) used to drive the air-conditioning compressor of an electric
vehicle is proposed in [16]. However, this method cannot be achieved with a standard Pulse Width Modulation
(PWM), due to the fact of the active voltage shorter duration time, which needs an adjusted PWM. This method
is used also for permanent magnet AC servo systems associated with a sliding mode observer for rotor position
estimation [17]. In [18, 19] a high-frequency injection technique applied for low-speed sensorless control of
interior permanent magnet synchronous machines with a single dc-link current sensor is proposed, based on a
six-direction square wave high-frequency injection method to extend the voltage vector to the measurable region
to achieve the three-phase current reconstruction without modifying the space vectors of the PWM. Another
single current sensor method for PMSM three-phase current reconstruction is described in [20, 21]. This method
can be realized with a current sensor and a shunt resistor in the dc-link of the VSI. In [22] a model predictive
torque control VSI fed IM drive without current sensors is presented. The drawback of this method is that the
switching frequency is variable, which conducted the authors to add an algorithm for stabilization. Reference
[23] proposes a stator frequency and power control method of a doubly-fed induction generator without stator
voltages and current sensors; only the rotor currents are necessary for the control. In [11, 24], the authors



propose a direct predictive control without current sensors for induction motor and permanent magnet
synchronous motors, and where the future values of the stator currents are estimated by a prediction-correction
algorithm. The results obtained in those papers suggest that at rated load condition, the performance is worse
than that under a no-load condition. Another solution is described in [25], where the authors give a method to
reconstruct the stator currents by using three fuzzy logic controllers with different inputs for degraded operation
mode. To get information about the three line currents, the authors in [26, 27] propose a technique using a single
current sensor at the dc-link, and some modifications in the modulation algorithm, in order to guarantee the
reliability of the measurements with degraded performance operating conditions. An algorithm for reconstructing
the phase currents of the induction machine under Direct Torque Control (DTC) is presented in [28, 29]. It was
shown that the information can be obtained from an additional shunt resistor and a current sensor at the dc-link
of the inverter. Some other methods are based on observers. An extended Kalman filter is used in [30, 31] to
estimate the stator currents of a wound rotor synchronous machine and PMSM, based on the motor parameters.
As known, for high-performance experimental implementation, Kalman filter needs large sampling time. A
method based on an adaptive observer is proposed in [32—-34]. Here, the information required for reconstructing
the phase currents is extracted from two sensors at the dc-link, one to measure the current and the other to
measure the voltage. Other techniques adapt the PWM signal to ensure that the two-phase currents can be
sampled in each control period [35-37].

The literature on Fault-Tolerant Control (FTC) against current sensor failures shows a variety of approaches
for stator currents regeneration. In [38], a FTC technique against current sensors failure in IM drives is proposed,
where the estimation of the stator currents is carried out by three adaptive observers with different inputs.
Another FTC technique for current sensors faults in permanent magnet synchronous motor drives is described in
[39], in which the stator currents are recovered using two adaptive observers. A current sensor FTC for wind
energy conversion system with doubly-fed induction generator is proposed in [40]; this technique uses a
predictive model to reconstruct the stator currents. A stator current sensors Fault Detection and Isolation (FDI)
for vector controlled IM drives is investigated in [41], where the stator currents are calculated by algebraic
relations. Two observers, based on the theory of Luenberger state observers, are developed in [42] and [43] to
estimate the stator and rotor currents in the FTC of doubly-fed induction generators. The stator current observer
uses the rotor current measurement as feedback and the rotor current observer uses the stator current feedback,
which leads to a mutual dependence. Recently, several research papers [44—-47] have proposed other techniques
to estimate the stator currents, which are based on axes transformations and the healthy currents in FTC
induction motor drives.

The present work is essentially focused on the implementation of an IM vector control without any current
sensor feedback. The present paper includes several important features that are distinct from other already
proposed approaches:

e Unlike methods that employ more than one observer, the proposed idea uses only one estimator in order
to reconstruct the three line currents.

e The estimation is based on existing sensors in the control-loop, which are the dc-link voltage sensor and
the incremental encoder, making this proposed approach distinct from the other solutions, which suggest
for example an additional sensor in the dc-link for current measurement or a shunt resistor.

e In the literature of current sensors fault-tolerant control, most proposed methods for currents
reconstruction are based on two observers at least, or one observer and the healthy sensors, which is not
suitable to achieve an efficient fault-tolerant control in case of a failure in two or three sensors, but using
the proposed method; a fault-tolerant control can be achieved even without current sensors.

o Simulation and experimental results show that the proposed algorithm for currents estimation achieves a
high-performance sensorless control, under different conditions, namely at low-speed, during a speed
reverse test, at variable speed, also with the rated load even with low-speed, as well as at a high-speed
test. All these tests prove that the proposed method provides a high-level performance operation, contrary
to the ones mentioned in the literature, which operate with degraded performance.

This study is intended to introduce a fundamental method to estimate the three stator currents. The adopted
stator currents estimator scheme is simple, original, and it can be used in any IM drives control system.

This paper is organized into 6 sections. Section 2 briefly describes the used induction motor model, and the
basics of the vector control. Section 3 analyses the theory and the design of the proposed current sensorless
vector control. Simulation results are presented in section 4. Afterwards, section 5 discusses the experimental
results. Finally, section 6 presents the main conclusions of the paper.

2. Basic indirect rotor field oriented control
2.1. Induction motor model



Among the various models used to represent the induction motor, the one that will be used in this paper uses
a reference frame (d, q) linked to the rotating field, and takes the stator currents, the rotor fluxes, and the
rotational speed as state variables. This model is expressed by the following system of equations, using the
voltages as control variables:

d k 1
Elsd = _llsd + wslsq + T_S(prd + kswr(prq + Evsd (1)
r s
d k, 1
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2.2. Vector control

The Indirect Rotor Field Oriented Control (IRFOC) of induction motors has as an objective to make the
control of flux and torque similar to the one of the separately excited DC motor, where these parameters are
controlled independently. In this case, the oriented rotor flux implies the following conditions:

Pra = Pr and Prq = 0 @)
From Eq.(3), Eq. (5), and Eq. (7), the flux and the torque expressions become:
__M ®
T Tsr1e
M
Te = pL_(prIsq ©)
T

The electromagnetic torque depends only on just one single current, which is the quadrature stator current I,
(see Eq.(9)), and so the electromagnetic torque is similar to the one of DC machines, presented in the following
equation:

T, =k'¢pl (10)
Like in DC motors, two independent action variables (I;4, I;4) are obtained, the first one for adjusting the
flux, and the second one for adjusting the torque. From Eq. (4) it is obtained:

M
wg = —— I, +pQ, (12)
TTwT 1

From the integral of Eq. (11) it results the angle 85 which will be used in all transformations.
o, = f w, dt (12)

The overall diagram of the indirect rotor field oriented control of an induction motor is illustrated in Fig. 1.

3. Vector control without current sensors
3.1. Current sensorless vector control scheme

The basic vector control scheme presented in Fig. 1 (where the symbol “*” denotes reference values)
generally requires three current sensors, and in the best-case scenario, two current sensors. Instead, the
recommended IRFOC scheme, described in this paper, uses only a single sensor for dc-link voltage



measurement, as shown in Fig. 2. For this reason, a proper technique is proposed for reconstructing the stator
currents and generating phase voltages, based on the modification of the basic voltage control scheme, and using
a voltage vector synthesizer as well as a modified adaptive observer.

One of the most important objectives of the proposed current sensorless vector control is to overcome all
defects caused by current sensors, as well as minimizing costs. This in turn allows simplifying the sampling
circuit to just one sensor, responsible for the dc-link voltage measurement. The information provided by this
voltage sensor will be used in the voltage synthesizer to generate the three-phase voltages applied to the
machine.

3.2. Stator currents estimation

In order to design a high performance current estimator, and establish a good compromise between stability
and simplicity of the observer, a model of the machine drive is defined in the reference frame linked to the
coordinates (a, B) by the following state equations:

{X = A(w,)X + BU (13)
Y =CX
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The general theory of an adaptive observer (see Eq.(14)) is based on the deterministic model of the system
and on an adaptation mechanism for the estimated variable, through a gain matrix to ensure the system stability
[34], [48]. Contrariwise, the proposed idea in this work is based on the conservation of the state model of the IM
presented in Eq.(13), with the gain matrix K which has been determined by the classical pole placement
procedure described in [49], and replacing the adaptive mechanism by the measured rotational speed, as well as
feeding the observer by the stator voltages provided from the voltage synthesizer. This gives the stator currents
estimation, as illustrated in Fig. 3.

The adaptive current observer is given by Eq. (14) where the symbol “” denotes estimated values:

{)? = A(w)X + BU + K¢ (14)
Y=cCX
where:
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Since there is no information about the measured currents, the vector & becomes:
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Considering the following system of equations, that present the current observer model in the complex
format, the gain matrix K is defined as follows:
{)? = AX + BV, + K¢

Y =cX

The determination of the gain matrix K uses the conventional pole placement procedure, through the

imposition of the observer's poles and consequently of its dynamics [50-53].

(15)



The characteristic equation of the observer is as follow:

G(s) = det(sI — (A—KC))

Developing the different matrices 4, K and C knowing that K = [5] the following equation is obtained:
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where K and K" are complex gains.

The dynamic equation of the observer is defined as:
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where | is the proportionality constant, slightly bigger than the unit (see Table A.2, in the Appendix).

Eq.(17) and Eq. (18) are in the form of the following equation:
P(s) = 52 + 2cwy,s + w?
The comparison of Eq. (17) and Eq. (18) gives for the expressions of K" and K"
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According to the anti-symmetry of matrix A, the gain matrix K is set as follows:

= [ Ky K; K, ]T
—K, K —K, K

3.3. Observer stability

Considering the following equations:

(16)
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Induction motor model: X =AX+BU
and
Observer model: X =AR + BU + K¢
The estimated stator currents error (e =1 - IAS) is the deference between the observer and the induction motor
models, so:
ée=(A—-KC0e
Considering the Lyapunov function below:
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Its time derivative is:
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=)o+ (@) e+ g @en (26)
Knowing that Aw, = 0, then:

ds deT de

(= et 27
dt (dt>e+(dt)e @7)
Replacing Eq. (24) in Eq. (27) gives:

ds
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A sufficient condition for this estimator stability is that Eq. (28) is less than zero, and indeed, this equation is
always less than zero.

4. Simulation results

The behavior of the proposed current sensorless vector control of an induction motor drive based on a
modified adaptive observer was verified in simulation, under the MATLAB/Simulink® environment, for
different operating conditions, using the motor parameters presented in Table A.1 of the Appendix.

Fig. 4 illustrates the behavior of the induction motor, under the operation of the proposed technique, from 0
to 1000 rpm with an off-load start, and then with the introduction of the rated load torque (5 Nm) at t = 1s. Figs.
4(a) and 4(b) present the estimated and measured three-phase stator currents, respectively. The three waveforms
of the estimated stator currents are similar to the three waveforms of the measured stator currents. As shown in
Fig. 4(c), the motor is started with a zero reference torque, and then, at t = 1s, the torque reference was set to 5
Nm (100% load). Fig. 4(d) plots the measured rotational speed transient response from 0 to 1000 rpm against a
100% load torque (5 Nm) applied at 1 s. It can be seen that the speed control is accomplished, as planned, by
applying the method without current sensors.

Decoupling is the main purpose of vector control, and this objective is fully achieved in the present case
(without current sensors) as is illustrated in Fig. 4(e).

Fig. 5 presents the various quantities registered during a speed reverse test. In this context, a high-
performance estimation of the three-phase stator currents was carried out by the proposed technique which is
proved by the total similarity between the estimated and measured stator currents, plotted in Figs. 5(a) and 5(b),
respectively. The speed reverse test has been applied at full load (5 Nm) as shown in Fig. 5(c), and low speed; as
it can be seen in Fig. 5(d), the speed decreases from 200 rpm to -200 rpm at 1.3s and increases from -200 rpm to
200 rpm at 2.6s. When the speed either decreases or increases, the proposed method reacts quickly and preserves
the decoupling between the direct and quadrature axes, as can be seen in Fig. 5(e).

To verify the dynamics and the performance of the proposed current sensorless vector control, a variable
speed test was applied. Figs. 6(a) and 6(b) present the estimated and measured phase currents, respectively. As it
can be seen, there is a good match between the estimated and measured current waveforms. Fig. 6(c) illustrates
the reference and the measured speed. Clearly, the motor rotation speed tracks perfectly well the reference speed.
The fast dynamics and the high performance of the proposed current sensorless vector control are, therefore,
confirmed.

Higher order dynamics are difficult to identify and remain excluded from the theoretical model of the system;
these dynamics are generally the main cause of instability. In such linear or nonlinear systems, the presence of
not modeled dynamics results in undesirable oscillations, that affect the overall stability, and leads to limited
control performance. In this context, some systems need Uncertainty and Disturbance Estimator (UDE) [54,55].

In this paper, UDE is not used. In contrast, two external low-pass filters are used to filter out the high-
frequency noise in the measurements of the dc-link voltage and the rotational speed, in order to reduce the
sensitivity to sensor noise, instability effect due to not modeled dynamics, and the undesirable oscillations can be
suppressed, thus improving the system stability.

In Figs. 7 and 8, a scenario of an experimental implementation is simulated. In the test presented in Fig. 7,
noise is injected in both dc-link voltage and speed sensors as it can be seen in Figs. 7(a) and 7(b). This noise
causes ripple in the estimated stator currents, in the electromagnetic torque, as well as in the direct and
quadrature stator currents, such as depicted in Figs. 7(c), 7(d) and 7(e). Fig. 7(f) presents the FFT analysis of the
estimated stator current I, o5, Where the THD = 1.16%.



Fig. 8 presents the results saved after adding two low-pass filters to the speed and voltage measurement
circuits, which reduce the noise in these measurements (see Figs. 8(a) and 8(b)). The current oscillations are
suppressed (Fig. 8(c)), the ripples in torque and (d, q) axes stator currents are reduced (see Fig. 8(d) and 8(e)),
and more important, the THD is also decreased from 1.16% to 0.85% (Fig. 8(f)).

In the experimental implementation of the proposed method, the low-pass filters are added from the
beginning, to filter out the high-frequency noise in the measurements of the dc-link voltage and the rotational
speed. The equation of the low-pass filters is as follows:

1
Tf5+1

F(s) = (29)

Where, Ty was chosen by trial and error method for both filters (dc-link voltage and speed), and Ty = 0.01.

5. Experimental results

To confirm the performance and efficiency of the proposed stator-currents observer presented in the
simulation model, a test bench has been developed to apply the suggested technique. The experimental test
bench is shown in Fig. 9(a) and it is composed of a dSpacel1104 card, a control desk software plugged into the
computer, a three-phase power supply (50 Hz), an incremental encoder, a voltage sensor, three current sensors, a
power electronics Semikron module (consisting of a rectifier and an IGBT inverter), a powder brake, and a 1.1
kW induction motor, whose parameters are the same used in the simulation model (see Appendix). However, it
should be noted that the current sensors were not used in the control loop.

The current sensorless vector control was implemented in a DS1104 board, where ControlDesk software,
measurements, and control variables can be combined. One of the board’s incremental encoder interfaces picks
up the encoder signal of the motor, while one Analogue/Digital Converter (ADC) is required to analyze the DC-
voltage, measured by the dc-link voltage sensor. The controller board runs the control algorithm on the basis of
the measured values and determines the corresponding inverter control signals, which are generated on the
board‘s DSP subsystem through the Digital Input/Output (Digital I/O) board, to specify the converter‘s output
voltage, and frequency (see Fig. 9(b)).

Figs 10, 11, and 12 show the experimental results of the introduced current sensorless vector control, applied
to an induction motor drive operating under different conditions: 1000 rpm at no-load and at rated load, low
speed (200 rpm) at rated load, speed reversal at full load, and variable speed (industrial benchmark test [56]).
The figures show the different signals registered from the experimental tests, such as the estimated and measured
stator currents, rotational speed, direct and quadrature stator currents and electromagnetic torque.

As it can be seen from Figs. 10(a) and 10(b), the estimated stator currents and the measured stator currents
are coincident. These waveforms were recorded from an experimental test where the induction motor control
was performed starting with a reference load torque fixed at 0 Nm. At 4.8 s, the load torque reference raised to 5
Nm (rated load) in which the motor operation switched from off-load to a full load condition; the
electromagnetic torque plots are given in Fig. 10(c). Figs. 10(d) and 10(e) outlining, respectively, the fast
increase of the rotational speed from 0 to 1000 rpm, and the stator currents linked to the axes (d, q) which are
perfectly decoupled. This proves the good accuracy of the stator currents estimator.

Fig. 11 outlines the experimental results of the motor operation at low speed (200 rpm), without current
sensors, using the proposed stator current estimation technique. The estimated currents are equal to the measured
ones, as shown in Figs. 11(a) and 11(b). To confirm the efficiency and the high accuracy of the control system
response of the proposed current sensorless approach, the start-up of the machine was carried out under rated
load, as illustrated in Fig. 11(c).

Fig. 11(d) depicts the motor reference speed and the measured rotational speed. At 3.1 s a speed reversal was
imposed, from 200 rpm to -200 rpm, and back to 200 rpm at 6.9 s. It can be noticed that there is a very good
response of the control system for the speed reversal test, even at the rated load.

As previously mentioned, to achieve a high-performance vector control it is necessary to get a perfect
decoupling between the direct and quadrature quantities, which is reached in this case, and confirmed by the
direct and quadrature stator currents depicted in Fig. 11(e).

The response of the control system for the industrial benchmark trajectory is shown in Fig. 12. By comparing
the results displayed in Figs. 12(a) and 12(b) it can be concluded that the estimated currents are similar to the
measured ones. In addition, it can be seen from Fig. 12(c) that the instantaneous speed perfectly follows the
reference speed, and so, it is clear that the adopted method has a fast response despite the speed variation, with
good acceleration and deceleration performance.



The experimental tests confirm the simulation results, where the proposed current observer scheme
associated with the IRFOC reveals a high precision for stator currents estimation under different operating
conditions: variable speed, speed reversal, and load transients.

6. Conclusion

In this paper, a control strategy without current sensors, based on the indirect rotor field oriented control with
a modified adaptive observer, has been presented. The vector control was proposed considering its simplicity,
and wide application to different AC electrical drives. The estimation of the stator currents is proposed in order
to avoid the various defects that threaten the current sensors. Consequently, the control system is simplified,
which reduces costs and increases the reliability of the global system. The effectiveness and performance of the
proposed current sensorless strategy have been verified by simulation and through experimental tests. Both
simulation and experimental results present fast dynamics and good performance under different operating
conditions, namely, load transients, speed reversal, variable speed, and low-speed operation. In conclusion, it is
obvious that the proposed method of stator currents reconfiguration can be used as an effective solution in
applications where current sensors failures are susceptible to occur, thus minimizing significantly the losses, and
for critical applications, a temporary alternative solution which uses only mathematic calculations without
additional costs, can be interesting.
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Fig. 4 Simulation results of the system response from 0 to 1000 rpm: (a) estimated stator currents, (b) measured stator currents, (c)

electromagnetic torque, (d) reference and measured speed, (e) direct and quadrature currents.
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Appendix A

Table A.1 Specifications and parameters of the induction motor used in simulation and experimental tests.

Nomenclature

IM

Specifications Parameters
Nominal power [kW] | 1.1 Rs [Q] 6.75
Nominal voltage [V] 400 R, [Q] 6.21
Nominal current [A] 2.5 Ls[H 0.5192
Frequency [Hz] 50 L, [H] 0.5192
Number of pole pairs | 2 M [H 0.4957
Nominal speed [rpm] 1450 J [Kg.m7] 0.0124

f[Nm.s.rad™] | 0.002

Table A.2 Pl regulator values used in simulation and experimental tests.

Simulation Experimental implementation
Kp,, = 0.329 Ki, =28 Kp, =002 | Ki,=0.674
[ =1.001 [ =1.004

Induction Motor

Alternative Current

Direct Current

Permanent Magnet Synchronous Motor
Pulse Width Modulation

Voltage Source Inverter

Vector Control

Indirect Rotor Field Oriented Control
Fault-Tolerant Control

Fault Detection and Isolation
Uncertainty and Disturbance Estimator
DC-link voltage

Three phases stator voltages

(a, b, ¢) axis stator currents

(d, q) axis stator voltages

(d, q) axis stator currents

(d, q) axis rotor fluxes

(a, B) axis stator voltages

(a, B) axis stator currents

(a, B) axis rotor fluxes

Rotor flux magnitude

Synchronous speed

Rotor angular speed

Electrical angular speed

Mechanical speed

Electromagnetic and load torques



