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This paper aims to present a speed sensorless direct field oriented control (DFOC) of an induction motor (IM) fed by current 
source inverter (CSI). The DFOC is based on the orientation of the rotor flux to be superposed on the d axis of the rotating 
frame (dq), to achieve similar performances of those of dc motors, hence, the flux is controlled by the d axis current and the 
torque by the q axis current separately. The stator currents and voltages are employed for the estimation of the rotor flux and its 
angle and then the calculation of the rotation speed, by means of a sliding mode observer (SMO). Unlike voltage source 
inverters, a capacitive filter is required at the output of the CSI for current commutation and harmonics filtering, the 
mathematical model of this filter is used for the prediction and the control of the motor voltages. Simulation results under 
MATLAB/Simulink have been obtained to verify the effectiveness of the different proposed strategies. 

 
1. INTRODUCTION 

The induction motor associated with power electronic 
converters constitute variable speed drives whose the industrial 
use is in incessant growing. These motors are rugged, 
reliable, economical, and suitable for low and medium power 
variable speed drives [1]. 

Despite these advantages, the non-linear relation between 
the magnetic flux and the electromagnetic torque renders 
the control of this type of motors complex [1,2]. To overcome 
this drawback, control strategies have been designed, such 
like scalar control with voltage to frequency constant ratio, 
direct torque control (DTC) which controls directly the 
motor torque through a look up table, and the field oriented 
control (FOC) strategy which can control the induction 
motor with same performances as the dc motors. 

The FOC is a powerful control method. It has the advantage 
of controlling independently the flux and the torque, which 
means that the torque variation is achieved with constant 
flux and vice-versa. Consequently the system will be linear 
and easy to control [2]. 

Induction motors are usually fed by voltage source 
inverters (VSI), principally because of their simplicity of dc 
supply and due to their developed voltage and current 
control strategies. But they have also drawbacks such like 
high common mode component, acoustic noise, and large 
dv/dt voltage transitions due to pulse width modulated 
(PWM) voltages and this may cause deterioration of the 
motor windings [2–4]. However, CSI as compared with 
VSI in the field of speed control of ac drives, offers many 
features such as reliability, ruggedness, inherent short circuit 
protection, capability of four-quadrant operation without 
extra regeneration power circuit, and motor friendly currents 
and voltages with low dv/dt resulting from filtering effect of 
the output capacitor filter [1–3]. 

There are several modulation techniques for CSI, among 
them trapezoidal PWM (TPWM) technique which the dual 
technique of VSI PWM. The pulse patterns calculated 
offline with selective harmonic elimination (SHE) is also 
one the most used strategies to control the CSI mainly because 
of the low harmonic content it offers. Another widespread 
technique is current space vector modulation (SVM) which 

is very used due to its simplicity of implementation. And 
recently appeared a new control strategy, named finite-set 
model predictive control (FS-MPC), which is a promising 
advanced control method that explicitly uses the system’s 
model to predict its future changes [3]. The basic idea of 
MPC is the determination of the required control signals in 
advance. It calculates at each sampling period all the possible 
current vectors and selects the optimal one by means of an 
optimization cost function. 

Induction motor drives require often information about 
the rotation speed for the regulation, by using sensor for 
this purpose. Nevertheless, the presence of speed sensor 
increases the system cost, and the complexity of the installation 
and reduces the reliability due to the high sensibility and 
delicacy of such sensor to external disturbances. 

Recent researches about CSI fed IM drives were mostly 
focused on control strategies, PWM techniques, and 
sensorless speed operation. In [4] an improved direct torque 
control (DTC) strategy based on the orientation of the stator 
flux has been proposed to overcome the drawback of 
variable switching frequency. The authors in [5] used shunt 
active power filters to enhance the power quality at both 
input and output terminals. [6] proposes a hybrid control 
strategy for the CSI based on SVM, and SHE. Common 
mode voltage reduction using MPC scheme is proposed in 
[7], and harmonics interaction suppression in [8, 9]. Current 
controller design has been proposed in [10] using two 
decoupling methods in the synchronous reference frame. In 
[11] a modified vector control strategy is proposed by 
adding two current control loops. Sensorless techniques of 
IM drives are proposed in [12–14] 

This paper proposes an improved DFOC strategy (Fig. 1) 
with extra current regulation loops, based on a novel model 
predictive voltage control (MPVC) technique for CSI using 
an adaptive SMO for speed estimation. 

This paper is divided into seven sections. Following the 
introduction in Section 1, the modelling of the IM is presented 
in Section 2. In Section 3 the DFOC strategy is illustrated. 
The basics of the speed SMO are discussed in Section 4. 
Section 5 presents the principle of the proposed MPVC 
strategy. Simulation results are shown and discussed in 
Section 6. And finally the conclusion forms Section 7. 
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Fig. 1– Block diagram of the proposed CSI fed DFOC-IM drive. 

 

2. INDUCTION MOTOR MODEL 

Assuming linear magnetic circuits, equal mutual 
inductances and neglecting core saturation and iron losses, 
the squirrel-cage IM dynamic model can be represented by 
a well-known set of complex equations in a synchronously 
rotating frame  
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where sv  and si   are the stator voltage and current vectors 
respectively, ri  is the rotor current vector , sφ  and rφ are 
the stator and rotor flux vectors respectively, sω and rω are 
stator and rotor field speeds respectively, sR  and rR are 
the stator and rotor resistances respectively, rs LL , and mL  
are the stator, rotor, and magnetizing inductances, 
respectively, eT  and p  are electromagnetic torque and 

number of pole pairs, respectively, and '
rφ is the complex 

conjugate value of  the rotor flux vector . 

3. DIRECT FIELD ORIENTED CONTROL 

Using a proper field orientation, the stator current can be 
decomposed into flux producing component and torque 
producing component, then these two components are 
controlled separately [2]. 

In this work, the rotor flux orientation is used for the 
control of the induction machine. It is achieved by aligning 
the d-axis of synchronous rotating frame with the rotor flux 
vector rφ as shown in Fig. 2. 

0=φrq and constrd rφ = φ = .                 (6)  

 
Fig. 2 – Field orientation in the synchronous rotating frame. 

From (5) the electromagnetic torque is given by  
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From the equations (2–4) 
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Taking into account that rotor flux is kept constant equal to 
its reference. Substituting (6) into (7) and (8) yields  
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So, the current references are as follows 
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Two current control loops are designed using proportional-
integrator (PI) regulators to generate the reference voltage, 
while an integrator- proportional (IP) regulator is used for the 
control of the rotation speed, as shown in Fig. 3. 

 
Fig. 3 –Speed control loop using IP regulator. 
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The rotor flux angle θe used for field orientation can be 
determined directly from measured stator voltages and 
currents, or from motor rotating speed and calculated slip 
angle θsl in the case of indirect FOC. 

In this paper, the rotor flux, and its angle θe, and also the 
speed rotation are determined by an adaptive full-order SMO. 

4. SLIDING MODE OBSERVER 

The adaptive flux observers are now receiving 
considerable attention and many achieving new solutions 
because of their high precision and relative robustness 
gainst machine parameter deviation [2]. 

By means of the IM mathematical model, and using the 
sliding mode theory, the proposed full-order SMO can be 
modeled as follows   
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where (^) denotes an estimated value, σ = 1–(Lm
2/LsLr), 

τ = Lr/Lm, and k, k’ are SMO gains. 
The sliding surface (S) is constructed using the error 

between the measured and the estimated current )( ss ii − . In 
this SMO a saturation function is used instead of the sign 
function to reduce the undesirable problem of chattering. 
The applied saturation function is defined below, where ∆ 
is tuning parameter (Fig. 4) 
 
                         1                    if     Δ>− xx  

Sat(S)=      Δ− /xx        if     Δ<−<Δ− xx  .        (15) 
                     –1                   if     Δ−<− xx  

 
Fig. 4 – Sign and saturation SMO functions. 

Using the estimated flux components, the synchronous 
speed can be calculated as  
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By consequence the slip speed ωsl is deducted as 
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Thus, the below equation gives the estimated speed 

slr ω−ω=ω .                               (18) 

5. PREDICTIVE VOLTAGE CONTROL FOR CSI 

The PWM CSI shown in Fig. 5 is composed of a current 
source (Id), six unidirectional switches (IGBT in series with 
a diode), and a capacitive filter. 

 
Fig. 5 – CSI-fed IM. 

At any given time, the CSI must have at least one of the 
upper switches and one of the lower switches conducting 
simultaneously to ensure a current path for the dc-current. 

In addition, only one of the upper and lower devices can 
conduct at a time to ensure the output current waveform. 
These restrictions can be summarized as follows 
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The output currents can be defined according to the 
switching signals and the dc-current Id by 
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The valid switching states with the corresponding phase 
and output currents are presented in Table 1. 

Table 1 

Rules for mathematical symbols and equations 

And the output current vectors are shown in Fig. 6. 
The mathematical model of the output filter is 
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Switches Phase current 

1 2 3 4 5 6 ILa ILb ILc 

Current vector 

1 0 0 0 0 1 Idc 0 -Idc 2/1)6/j(
1 3/e2 π= dcIi  

0 0 1 0 0 1 0 Idc -Idc 2/1)2/j(
2 3/e2 π= dcIi  

0 1 1 0 0 0 -Idc Idc 0 2/1)6/5j(
3 3/e2 π= dcIi  

0 1 0 0 1 0 -Idc 0 Idc 2/1)6/7j(
4 3/e2 π= dcIi  

0 0 0 1 1 0 0 -Idc Idc 2/1)2/3j(
5 3/e2 π= dcIi  

1 0 0 1 0 0 Idc -Idc 0 2/1)6/11j(
6 3/e2 π= dcIi

1 1 0 0 0 0 0 0 0 07 =i  

0 0 1 1 0 0 0 0 0 08 =i  

0 0 0 0 1 1 0 0 0 09 =i  
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where C is the filter capacitance, io the converter output 
current vector, Vs is the load output voltage vector and is 
the motor current vector. 

 
Fig. 6  – CSI output current vectors. 

The space vector of the output voltages is given by 
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Vs can be expressed in the following form  
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where Vs is the instantaneous amplitude of the output 
voltages defined as  

 
)()( 22

βα += sss vvtV
 (26) 

 
Fig. 7 – Predictive control scheme. 

In Fig. 7, the proposed predictive voltage control is 
shown, which constitutes the major contribution of this 
work. The basic principle of this technique is the prediction 
of the future behavior of the controlled variables. The 
optimization criterion of the control method is expressed as 
a cost function to be minimized [3].  

A. Prediction model. In this structure, the load currents, 
and voltages, are measured. These measures are necessary 
to predict the behavior of the controlled variables, which is 
the motor voltage. Then, based on this prediction, a cost 
function is minimized and the appropriate current vector is 
selected. Thus, the selection generates pulses to control the 
power switches of the inverter. The control algorithm is 
illustrated in Fig. 8. 

For the prediction model an approximation in the discrete-
time is considered, such as for a generic variable x [3] 
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where Ts is the discrete-time sample time. 
By the application of the approximation in equation (27) 

into equation (23), the discrete stator current can be written  
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From (28), the nine voltage predictions can be obtained 
as follows 
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B.Cost function. The nine prediction of the stator voltage 
are evaluated using a cost function g given by 
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Fig. 8 – Predictive control algorithm. 

6. SIMULATION RESULTS AND DISCUSSION 

In order to evaluate the performance of the proposed 
SMO sensorless MPC based DFOC shown in Fig. 1, computer 
simulations using MATLAB/Simulink® have been performed 
using a low power induction motor of 0.37 kW whose 
parameters are listed in Table 2.  
 First the motor is started without mechanic load with speed 
reference of 100 Rad/s, and after 0.2 s, a rated load of 2.6 Nm 
is applied, in 0.4 s the motor is unloaded again. 

A test of inversion of the rotation direction is done at 
0.5 s. Finally at 0.7 s the speed reference is set to 40 rad/s to 
test the low speed operation of the proposed control strategy. 

Fig. 9a shows both measured and observed rotation 
speeds. It is obvious that the speed follows rapidly the set 
reference during all the performed tests without overshoot 
and static error. 
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Fig. 9 – DFOC responses of CSI-Fed IM: 

a) rotation speed; b) speed observation error; c) electromagnetic torque; d) stator current; e) rotor flux; f) stator voltage. 
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This explains the use of the IP regulator instead of the 
conventional PI. It is also notable that the measured and the 
observed speeds are practically identical, as shown in 
Fig. 9b. The error between the two speeds is approximately 
neglected. 

In Fig. 9c the torque response is given, it is remarkable 
that it responds swiftly with low ripple about 0.04 Nm as 
shown in the zoom.  

The measured and the observed currents of motor’s 
phase (a) are represented in Fig. 9d, it can be seen that the 
current is practically sinusoidal with low total harmonic 
distortion (THD = 0.51 %). Furthermore the observed 
current is superposed on the measured one. 

The same thing can be seen in the waveforms of the rotor 
flux, Fig. 9e where the observed and the measured 
waveforms are identical, and the value of the flux is kept 
constant at the rated value of 0.95 Wb during all the 
simulated tests. 

Figure 9f exhibits the effectiveness of the MPVC 
method, the motor voltage follows the reference perfectly 
with very low distortion. 

Table 3 presents a comparison between the proposed 
MPVC based DFOC in this paper, and some other control 
techniques achieved in the field ac drives. 

Table 2 

Simulated drive parameters 

Rated power P = 0.37 kW 
Stator resistance  R s= 20.2 Ω 
Rotor resistance Rr = 14.45 Ω 

Stator inductance Ls = 0.982 H 
Rotor inductance Lr = 0.982 H 

Mutual inductance Lm = 0.921 H 
Rated voltage Vs = 220/380 V 

Number of pole pairs p = 2 
Rated speed N = 1385 rpm 
Rated torque T = 2.6 N.m 

Moment of inertia J = 0.00095 kg.m2 

Friction coefficient f = 0.00001 N.m/s 
dc link inductor L = 10 mH 

 CSI output capacitor filter C = 5 µF 

Sample time Ts = 40 µs 

Table 3 

Comparison of different control techniques 

 
FOC of 
VSI fed 

IM 

DTC of 
CSI fed 

IM 

SVM 
based 

FOC of 
CSI fed 

IM 

SHE 
based 

FOC of 
CSI fed 

IM 

Proposed 
MPVC 

based FOC 
of CSI fed 

IM 
Current 

THD Low Medium Low Extremely 
low Very low

Voltage 
THD 

Very 
High Medium Low Low Low 

Torque 
ripple Small Very 

Large Moderate Small Very small

Response Fast Slow Medium Slow Fast 

7. CONCLUSIONS 

In this paper, a new DFOC strategy for an IM supplied by 
a CSI has been proposed and simulated in MATLAB/ 
Simulink®. This strategy is based on a novel MPC technique 

to control the motor voltages by using extra current 
regulation loops to generate the reference voltages, where the 
output capacitive filter is used as a model for predictions. 

A full-order SMO has been proposed to estimate the rotor 
flux, and the rotation speed without sensors. In the addition 
an IP type regulator is introduced and preferred in comparison 
with a simple PI regulator to have a fast response and 
overshoot suppression. 

Performance results presented in the previous Section, 
show the good performances of the proposed DFOC based 
on MPVC in terms of fast response and motor currents and 
voltages, where the waveforms are close to sinusoidal with 
very low harmonic distortion. 

The proposed technique is simple and easy to implement, 
future research is open to test robustness against parameters 
sensitivity and measurement errors for SMO and predictive 
controller, and to consider the use of intelligent controllers. 
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