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Chapter

Sensorless Speed Observer for
Industrial Drives Based Induction
Motors with Low Complexity

Sherif Dabour, Mohamed Hussien, Ahmed Aboushady
and Mohamed E. Farrag

Abstract

This chapter presents a simple method to efficiently predict the rotor speed for a
sensorless vector control technique applied to induction motors (IMs). The motor is
supplied by a Simplified Split-Source Inverter (S°I), which provides dc-boosting and
ac-inversion processes during input voltage sag. It also has a wider modulation range
and a lower harmonic content than conventional boosting inverters. With this contri-
bution, it is possible to efficiently estimate the rotor position directly without needing
a PI controller with fluctuated supply voltage. The proposed strategy can be divided
into three parts. The first uses a dual-loop controller to obtain the reference DC-
boosted voltage of the SSI and regulate the input current. The second is the suggested
observer for speed detection, which is derived from the principles of phase axis
relations of the adopted machine currents and the indirect rotor flux orientation
control (IRFOC) approach. With a newly developed space vector modulation, the
third part will generate the switching pulses of the inverter switches. A complete
analysis has been conducted to ensure the observability of the proposed technique.

A series of PLECS simulations were conducted to verify the concept. The obtained
results validate the proposed strategy with the S°I topology.

Keywords: induction motor, split-source inverter, sensorless observer for speed
detection, vector control technique

1. Introduction

Due to their low cost, high power density, and ability to withstand harsh environ-
ments, induction motors are the most popular motors in the industry [1, 2]. If this
motor is directly connected to the grid, it operates at speeds determined by the line
frequency and the number of poles. Due to the nonlinear relationship between motor
current and torque, speed control is much more complex than DC motors. During the
past few years, there have been numerous applications for induction motors, includ-
ing pumps, blowers, and industrial applications. Although this control strategy is easy
to implement and utilizes inexpensive hardware, it has poor performance and slow
response times. Nevertheless, modern variable speed drive applications, such as
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electric vehicles (EVs), require high performance and fast dynamic response control
systems.

To improve the dynamic responses of the electric drive systems, vector control
strategies, such as the Field-oriented Control (FOC) method, are proposed [3-5].
According to this control method, flux is controlled by the amount of current gener-
ated on the d-axis, while the current component on the g-axis controls torque. Based
on this approach, the induction motor mimics the dynamic behavior of a DC motor.
The advantages of FOC include a wider speed range, better dynamic response, precise
speed and position control, and field weakening (movement beyond base speed). In
this control method, it is possible to directly measure the position of the field or the
motor speed using the hall effect sensor. However, this method increases the system
cost and the need for maintenance.

Low-cost and highly reliable controlled IM drives without mechanical sensors at
the motor shaft have been demonstrated in the literature. It’s called sensorless vector
control algorithms. In these algorithms, to replace the sensor, the stator voltages and
currents at the motor terminals are measured to determine the rotor speed or position
[3-5]. The dynamic equations of induction motors can be used to estimate several
quantities, such as magnetic flux and frequency. However, these quantities often
require expensive or difficult-to-implement physical sensors. This class only requires
current and voltage sensors. Accurate knowledge of machine parameters and open
equations for estimates is necessary. On the other hand, closed-loop observatories rely
on flexible techniques that require more computational power [6-18].

In general, a conventional voltage source inverter (VSI) can only achieve an output
voltage that is limited by the input voltage level of the DC supply [19, 20]. Therefore,
the new topology overcomes the performance-enhancing potential of DC-AC power
converters, such as the Z-Source Topology Converter (ZSI). However, there are some
issues, such as the lack of input current continuity and the use of four passive ele-
ments. Therefore, S’ (Simplified Split Source Inverter) topology can be used instead
of ZSI, as shown in Figure 1, which handles the benefits of continuous input current
and the reduced need for passive components [21]. Due to their advantages, the SSI is
recently considered in different applications and control techniques, such as model
predictive control [22], virtual synchronous control [23], dual motor drive [24],
multilevel converter topologies [25] and multiphase machine drives [26].
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Figure 1.
Simplified Split-source inverter feeding three-phase induction motor.
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This chapter aims to present a simple method for efficiently predicting the induc-
tion motor speed, which is supplied by S’I directly without a speed sensor. Basically,
there are three parts to the control strategy. In the first part, the dc-link voltage v,
and the supply current iz, shown in Figure 1, are controlled by a dual-loop controller.
In the second part, we propose a new speed observer derived from the principles of
phase axis relationships of the adopted machine currents and indirect rotor flux
orientation control (IRFOC). The third part will be used to generate the gating pulses
of S’I with a modified SVPWM approach. Finally, the concept behind this chapter was
verified using simulations.

2. Dynamic model of IM

The voltage and current relations for three-phase IM in the dg-axes are described
as follows:

4

. d
Vg, = Tilg + E/lqs + wAg,
. d
Vg, = 7slg, + %ﬂdj — a)/lqs dx
Vq, = Tsig + L+ g (1)
0=ri, +L0 +( Vi & S
=71 — @ — Wy
9 dt r dy
0 4+ a A ( ) A
=7, — g — (0w —
\ vld, dr d, W — Wy) Aq,
where,
P
w == o
2
P @)
Wy = E Wy

The associated relations of flux linkage are given as follows

g, = Lyt + Liniq,
/1d5 = Lsidj + Lmid,

3
A, = Lylq, + Lty 2
/1d, - Lridr + Lmids
where,
{Ls:Lls+Lm (4)
LV — Llr + Lm

The corresponding electromagnetic torque can be obtained as follows

QOE

Furthermore, the overall torque expression can be realized by
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Te=Ti+]—=+Bom (6)

3. Proposed sensorless vector-control strategy

In general, vector control strategies are classified into direct field-oriented control
(DFOC) and indirect field-oriented control (IRFOC) [3-5]. This chapter concerns the
IRFOC technique. According to the field orientation principle of the three-phase IM,
the magnetic flux and motor torque can be controlled independently by injecting
appropriate stator currents or voltages [4]. The dynamic equations of the three-phase
IM, which are presented by (1)-(6), can be simplified under certain conditions. For
rotor-driven control, the rotor flux is aligned with the excitation frame (4;, = 4,) and
the expression is simplified so that 4, equals zero (4, = 0). Since the resulting motor’s
torque and flux are decoupled. In this way, the IM can be controlled like a DC motor
[2]. In this technique, the synchronous speed required to maintain the orthogonal
orientation of vectors 4, and i, in field-oriented control (FOC) is denoted by w, *. For
the proposed orientation of the rotor winding field, the IM phase-axis relationship is
shown in Figure 2.

The required slip speed @, and the desired current i;* to produce the torque T, *
and the desired magnetic flux 4, * are calculated from the motor equations and
the orientation conditions of the magnetic field. Manipulating the equilibrium
equations, we obtain the following equation, which represents an indirect vector

controller:
. (\[2\[L\T."
OO
ﬂ 3k
cow M 8
o =1 (8)
q-axis
q’-axis
=
& d®-axis
@,
d'-axis )
(Rotor Side)
d’-axis
(Stator Side)
Figure 2.

Phase-axis relationship of the IM for the proposed control strategy.
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*

Furthermore, the angular reference speed w, * can be obtained from the machine

rotor speed w,, and the slip speed w; as follows
" = wg + o, 9)

Note that the relevant frame angle 6, can be found directly by integrating w, *. In
the indirect FOC (IRFOC) technique, the slip speed, oy is determined from [2], as
follows

L,7r .

=rr 10
WL (10)

Wg]

Based on the principles of the introduced IRFOC, the real flux of the rotor 4, is
calculated as:

L, di, )
— —+4 =L, 11
o + iq, (11)

The stator current component corresponding to the dg-axis can be determined
from the actual three-phase currents using the desired frame angle (frame angle,
0r = 0,) with a suitable conversion (given K,,):

2 2
cos Qf cos <0f — ?ﬂ) cos (Hf + ?ﬂ)

—sin Hf —sin (Hf — 2;) —sin (Hf + 2{)

It is worth noting that the vector control algorithm for the desired orientation
depends on the rotor speed signal. However, the necessary speed sensor increases the
overall system cost and requires more maintenance. Therefore, it is recommended to
implement speed control based magnetic field orientation using a more efficient
sensorless rotor speed monitor. Therefore, this section explores a simple method to
detect the speed of the IM without an additional observer. The block diagram of the
proposed sensorless control strategy is shown in Figure 3. The main control procedure
applied can be illustrated as follows:

First, the phase angle, 6;, and the current space vector of the stator side, i; are
determined from the actual three-phase signals as follows

{ is =k - igp,, (13)
01, = angle (i )

Ky = § (12)

where k = (2/3 2/36% 2 /3ef“s—”)

In addition, the slip angle 6,; can be obtained directly from the relevant slip angle
velocity integration process using (10). Therefore, the corresponding amount of the
expected rotor current on the dq axis is given using a transformation matrix, where
Ky is the angle of the indicated magnetic flux direction (6 = 6).

Then, the corresponding shaft stator current dq can be determined using the
IRFOC (4, = 0) in (3) and (11). Therefore, the relevant phase angle is expressed as
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Figure 3.
The main structure of the proposed sensorless vector-control system.
i€
e = tan-tt (14)
ld:
Hence, the desired frame angle, 6.0, can be finally predicted as:
0, =6, —¢ (15)

Finally, the intended estimated value of the machine rotor position can be given,

with the aid of (9), as:
Oy, = 0 — Oy (16)

After sensing the IM position signal, the corresponding speed signal can be
obtained directly using the procedure for deriving the rotor position (16). However,
derivative problems can create a lot of noise in the resulting speed signal. This noise
affects the overall efficiency of sensorless vector control techniques. Refs. [27-29]
have used extra observers to solve this problem. However, these observatories are
complicated and expensive. Then, as shown in eq. (17), a simple method is proposed
[30] to perform velocity estimation without being affected by noise.

= Dl —Xx-=y 1
= (17)

do,, _d(, Y\ _dY  dxX
N P A Y dt

(49

Here, the variables “X” and “Y” are trigonometric functions of the rotor pitch angle

Vest *
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Figure 4.

Block diagram for generating the gating pulses using the proposed SVPWM approach for the S’I.
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By adjusting the rotor flux, 4,* and the electromagnetic torque, T, * we can obtain
the command values of the stator current iy, * and i, * can be obtained in the expected
frame dq as shown in Figure 3. Therefore, the corresponding three-phase stator
current can be specified using the transformation matrix K, along with the desired
frame angle 6,.

The three-phase modulating signals, M, are determined using Synchronous Cur-
rent Control (SSC) technique, as shown in Figure 3. In SCC, two pairs of current
controllers are used to evaluate reference voltages in the synchronous reference
frame. After these voltages have been converted to three-phase, they are utilized as
references for modulation.

Finally, the SVPWM modulator handles the signals from the dual-loop controller
and the sensorless controller to obtain the gating pulses of the inverter, as shown in
Figure 4 [31].

It is worth noting the dc boosting factor, B of the analyzed inverter circuit (B is
defined as the ratio between the capacitor average voltage and the supply voltage) and
can be calculated from the charging duty cycle, D, which is determined from the dual-
loop controller for the dc-side and is governed by [31].

1

B=——"
1-D

(18)

Moreover, the voltage gain, which is defined as the ratio between the peak value of
the phase voltage to the supply voltage, is [31].

M
¢ = S ein(22/3)(1- D)

(19)

4. Simulation study

Simulation models have been developed using PLECS®© software for the proposed
sensorless control technique of a three-phase induction motor drive fed by S’I. The system
and motor parameters are listed in Tables 1 and 2. The induction motor was simulated
using dg-model in the stationary reference frame, and the dc- and ac-sides were con-
trolled using the proposed strategy with the given parameters. The reference torque is
limited to the motor-rated torque (3.75 Nm). Forced excitation is initiated before
powering up the drive system to keep the rotor flux at the rated value for speed lower
than the base value. Therefore, at the time of speed reference application, the rotor flux is
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Parameter Value Parameter Value

Power [kW] 2 Rs [Q] 4.2

Line voltage [V] 380V Rr [Q] 4.37

No. of poles 2-pole Ls [H] 0.8714

Frequency [Hz] 50 Hz Lr [H] 0.8714

Inertia 0.03 Lm [H] 0.85
Table 1.

Parameters of the three-phase induction machine.

Parameter Value Parameter Value
Torque limit 3.75 DC voltage controller ke, 0.5
Initial rotor flux 1.525 ki 0.04
Speed controller ky 2.67 DC current controller ke, 1
ki 118.5 ki 0.5

Table 2.
Parameters and gains for Sensorless and dual-loop controller.

previously stabilized at the rated value. To verify the validity of the PLECS models
developed for the proposed drive system, a series of simulation results have been obtained
for supply voltage dip, acceleration, a step change in speed, disturbance rejection, and
speed reversal transients. The results shown in Figures 5-10 have been classified into two
case studies: 1) supply voltage dip and 2) constant supply voltage case (Table 2).

4.1 Supply voltage dip

In this case, it is assumed that the supply voltage is 300 V for the first 1.3 sec of the
simulation. Afterwards, it was reduced to 150 for 0.4 sec and then restored to its
original value. Moreover, the motor is accelerated at t = 0.3 sec from the standstill to
1000 rpm at no-load in 0.7 seconds. After that, a load of 1.5 Nm is applied at t = 1 sec.

The waveforms of supply voltage, charging duty cycle, dc-link voltage and motor
terminal voltage are shown in Figure 5. Moreover, Figures 6 and 7 show the actual
and reference dq components of the motor current; the motor reference and estimated
speed; the reference and actual motor torque; and actual phase currents waveforms,
respectively, for the case study. It can be observed from these results that:

It can be observed from Figure 5 that

* The proposed topology initially boosts the supply voltage from 300 to 600 volts
at the dc-link capacitor.

* Furthermore, the dual loop controller can follow the reference dc-link voltage
and the inductor current references despite disturbances with small ripples.

* The duty cycle, D is changed during the voltage dip period to obtain a constant
dc-link capacitor voltage at the capacitor terminal (600 V) and, therefore, the
required voltage at the motor terminals.
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Figure 5.
Simulation results for the supply voltage, charging duty cycle, capacitor voltage, modulating signals and motor
phase voltages, respectively, of the suggested sensorless control strategy of the proposed system for voltage dip from

300 Vto150 V.

* The motor currents’ actual flux and torque components are fully decoupled and
follow the reference components generated from the IFOC very well.

* The motor runs from the standstill to 1000 rpm in about 0.4 sec, and the motor
torque follows the reference torque with a fast response.

* An accurate motor speed estimation is achieved from the simulation results of the
proposed algorithm.

¢ In addition, the motor currents have sinusoidal waveforms with a THD of less
than 3.4%.

4.2 Constant supply voltage

In this case, the supply voltage is assumed to be a constant of 300 V. An accelera-
tion with ramp change from 0 to 1000 rpm at no-load during the interval from t = 0.3
to t = 1 second, then a load of 1.5 Nm is applied from t = 1 to t = 1.6 sec. After that,
speed reversal during the interval from t = 2 to t = 2.8 sec is applied to 1000 rpm in

9
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02 04 06 08 1.0 12 14 16 18 20
Time, [sec]
Figure 6.

Simulation results for the veference and actual motor current dq-axes components of the suggested sensorless control
strategy of the proposed system for voltage dip from 300 Vto 150 V.
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Figure 7.
Simulation results for the veference and actual motor curvent dq-axes components of the suggested sensorless control
strategy of the proposed system for voltage dip from 300 Vto 150 V.

the backward direction of the motor. A sample of the obtained results is shown in
Figures 8-10.
It can be observed from the results that:

* The dc-link voltage is boosted and regulated at its reference value, as in case 1.
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Figure 8.

Simulation results for the supply voltage, charging duty cycle, capacitor voltage, modulating signals and motor
phase voltages, respectively, of the suggested sensorless control strategy of the proposed system for a constant supply
voltage of 300 V.
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Figure 9.
Simulation results for the veference and actual motor curvent dq-axes components of the suggested sensorless control
strategy of the proposed system for a constant supply voltage of 300 V.

* The actual torque follows the reference torque very well. In addition, the flux and
torque current components are fully decoupled.

It can also be noted that the motor currents increase due to the loading effect at
1 sec but still have sinusoidal waveforms.

The speed reversal transient is also examined between t = 2 and t = 2.8 sec.

The responses show that the actual motor speed and the estimated speed from the
proposed sensorless observer closely follow the reference value, resulting in rapid
speed reversal, with torque in the limit.

The change of phase sequence in the stator current is observed because of the
change in the rotational direction.

11
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Simulation vesults for the reference and actual motor current dq-axes components of the suggested sensorless control
strategy of the proposed system for a constant supply voltage case under different loading and speed conditions.

The above analysis and simulation results show that the proposed speed observer
has been validated for indirect field-oriented control techniques with a three-phase
induction motor drive based on a simplified split-source inverter.

5. Conclusions

In this study, a simple topology has been investigated and implemented to
efficiently predict the rotor speed signal for a proposed sensorless vector
control technique for an induction motor (IM) using a simplified split-source
inverter configuration. The proposed observer for detecting the rotor speed has been
obtained based on the principle of the phase-axis relationship of the applied
machine current and indirect magnetic flux orientation control (IRFOC)
method. It has been confirmed that the proposed observer procedure was simple and
did not require an additional observer to detect IM rotor speed. The analysis supported
by the results has confirmed the efficient performance and observability of the
presented topology to predict IM speed signal with the implementation using split-
source inverters compared to conventional inverters. In addition, the results have
assured the controllability and robustness of the proposed observer for the sensorless
control system that uses the vector control technique to drive the induction motor.

Nomenclature
E DC-supply voltage
Ve DC-Link Capacitor voltage
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i Supply or inductor current

L,C Switching network inductance and capacitance

D Charging duty cycle

M, Modulating signals

S — S Inverter switches

Ly, Ly, Stator and rotor windings’ leakage inductances, H
Ly, Inductance of magnetizing, H

Ldrs gr dq-axis currents of the rotor side, A

Ldss Lgs dq-axis currents of stator side, A

Vs Ty Resistances of stator and rotor windings,

0, Flux-vector electrical angle of stator side, rad.

Adrs Agr dq-axis flux linkages of rotor side, V.s/rad

Adss Ags dq-axis flux linkages of stator side, V.s/rad.

A Flux-vector amplitude of rotor side, V.s/rad.

W, Stator-winding electrical angular-frequency, Hz
wy Reference frame mechanical angular-speed, rad./s

Wy Mechanical angular speed of the rotor, rad./s
P Poles number

Ty, Load Torque, N.m

B Coefficient friction, N.m.s/rad.

J Moment of inertia, kg.m”
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