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 This paper presents sensorless position and speed control for a four-switch 
three-phase inverter (FSTPI) fed induction motor drive. Accurate knowledge 
of stator resistance is of utmost importance for correct operation of a number 
of speed sensorless induction motor control schemes in the low speed region. 
Since stator resistance inevitably varies with operating conditions, stable and 
accurate operation at near-zero speed requires an appropriate identification 
algorithm for the stator resistance. The paper proposes such an identification 
algorithm, which is developed for the rotor flux based model reference 
adaptive system (MRAS) type of the speed estimator in conjunction with a 
rotor flux oriented control scheme. In this speed estimation method only one 
(out of the two available) degree of freedom is utilized for speed estimation. 
It is utilize the second available degree of freedom as a mean for adapting the 
stator resistance. The parallel stator resistance and rotor speed identification 
algorithm is developed in a systematic manner, using Popov’s hyper stability 
theory. It increases the complexity of the overall control system 
insignificantly and enables correct speed estimation and stable drive 
operation at near-zero speeds. The proposed speed and position estimator 
with parallel stator resistance identification for FSTPI fed induction motor at 
very low speed under high load operation is verified by simulation and 
experimental results. The results show the robustness of the proposed method 
with FSTPI. 
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1. INTRODUCTION  

The induction motor has found very wide industrial applications due to its well-known advantages 
as simple construction, reliability and low cost. The most popular high performance induction motor control 
method is that one known as Field-Oriented Control. It is based on a d-q reference frame rotating 
synchronously with the rotor flux vector, which allows achieving a decoupled control between the flux and 
the produced torque, likewise to a separately excited DC motor [1].  

In Direct Field-Oriented Control, both the instantaneous magnitude and position of the rotor flux 
vector are supposed to be precisely known. However, as the rotor flux cannot be directly measured, efforts 
have been made to estimate the rotor flux using various kinds of observers, based on the measurements of the 
stator currents, the stator voltages and the motor speed. An important problem is that the exact values of the 
motor parameters, from which the observer and some high performance control systems depend, are different 
from nominal values and change with respect to the temperature and the operating conditions. Another 
question is the need of a speed sensor to provide the rotor speed measurement, necessary to regulation 
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purpose as well as observer operation. The presence of this sensor increases the drive cost and can reduce the 
robustness of the overall system; moreover, in some cases a speed sensor cannot be mounted, such as motor 
drives in a hostile environment and very high speed motor drives. 

The extended Kalman filters for simultaneous estimation of the rotor flux, the speed and some motor 
parameters (frequently only the rotor resistance, the parameter subjected to the widest variation) have been 
proposed as a potential solution to the above problems [2], [3]. Unfortunately, this approach has some 
inherent disadvantages, such as the influence of noise and computation burden.  

In the last years, the sliding-mode observer has represented an attractive choice for its being quite 
robust to disturbances, parameter deviations and system noise [4], [5]. Adaptive flux sliding-mode observers, 
in which the motor speed is estimated by additional equations, have been designed trying to reduce the 
influence of parameters variations [6]-[8].  

The stator resistance identification methods are by far the most frequently met and it includes all the 
estimators where an updated stator resistance value is obtained through an adaptive mechanism [9]-[19]. 
Proportional integral (PI) or integral (I) controllers are used for this purpose. In principle, two distinct sub-
categories exist. In observer based systems [11]-[12], [15], [18]-[19] the error quantity, which serves as an 
input into the stator resistance adaptation mechanism, is determined with the difference between the 
measured and the observed stator current. 

In MRAS based systems [9]-[10], [13]-[14], [16]-[17] the choice of the error quantity is more 
versatile. The scheme of [9] operates in the rotating reference frame and the error quantity is determined with 
the difference between the rotor flux d-axis components obtained from the voltage and current models. The 
method of [10] is similar, except that it utilizes the rotor flux reference and only one estimate of the rotor flux 
d-axis component information of the error quantity. The error quantity in [13] is based on active power, while 
the one in [14] is obtained as a sum of the products of rotor current and rotor flux d-q axis components. The 
error signal of [17] utilizes an error in the stator d-axis current component as the input of the integral 
controller, while the error quantity of [18] is formed in such a way that the stator resistance identification is 
independent of the total leakage inductance. From the point of view of the method of stator resistance 
identification proposed in this paper, especially relevant are the MRAS schemes of [9]-[10], [16], as 
discussed shortly.  

This paper presents a model reference adaptive system working in parallel with a particular adaptive 
scheme. This scheme is able to estimate either the motor resistive parameters or the rotor speed. Thus, the 
MRAS allow obtaining robust rotor flux estimation. Moreover, the configuration with the adaptive scheme 
for the estimation of stator resistance value allows to implement high accurate speed controls, where there is 
the need to have constantly the right values of these parameters to preserve high level performances. On the 
other hand, the configuration with the rotor speed estimation can be used for the implementation of a 
sensorless control. Finally, the validity of the proposed algorithms is verified by means of simulation and 
experimental results.  
 
 
2. SENSORLESS VECTOR CONTROL  
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Figure 1. Block diagram of sensorless vector control 
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Vector control is a method that separates the flux and torque currents so as to linearly control the 
output torque of an induction motor. As such, vector control requires precise knowledge of the angle of rotor 
flux. Normally, with vector control, the angle of rotor flux is indirectly estimated using the motor speed 
measured from a speed sensor attached to the rotor shaft. Although a vector controller using a speed sensor 
can accurately control a servo system, various problems occurs as a result of the speed sensor. Therefore, 
sensorless vector control, which can control the torque without a speed sensor, has become an important 
research topic. 

Although many methods have already been proposed for speed estimation, the MRAS approach is the most 
attractive method because in this method, the models are simple and very easy to implement [20]. Figure 1 
shows a block diagram of a sensorless vector controller where estimated speed is used for the vector control. 
The control scheme of induction motor drive consists of the modeling of the inverter, sensorless control 
algorithm and the overall system controller, which are discussed in the following subsections. 
 
2.1. FSTPI Topology And Space Vector Analysis 

The FSTPI topology consists of 4 power switches that provide two of the inverter output phases. 
The third phase is fed by the dc link from the center of a split-capacitor bank, as shown in Figure 2 

 
 

 
 

Figure 2. Power Circuit of 4-switch 3-phase inverter 

 
 

With respect to the circuit of Figure 2, the phase voltages at the 3-phase load terminals depend on 
the conducting states of the power switches. The calculations of phase voltages are presented in Table 1. 

 
 

Table 1. The values of Line-zero & Line-neutral load voltages in FSTPI 
Switch on Vector Vbo Vco Van Vbn Vcn 

3      5 1  1 Vdc Vdc -Vdc/3 Vdc/6 Vdc/6 

6      2 0  0 0 0 Vdc/3 -Vdc/6 -Vdc/6 

3      2 1  0 Vdc 0 0 Vdc/2 -Vdc/2 

5     6 0  1 0 Vdc 0 -Vdc/2 Vdc/2 

 
 

The resultant space vector of the inverter output voltage is calculated using the following equations: 
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The voltage space vector can be computed with the aid of the gating signals S3 and S5: 
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Where a= 3/2je  
Thus, the orthogonal components Vd and Vq are: 
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The numerical calculation of the Vd and Vq, leads to the following important facts: 
a) The discrete voltage space vector has four active vectors (unlike the six switch three phase 

inverter (SSTPI) which has 6-active vectors with equal magnitude). 
b) These vectors have unequal magnitudes. 
c) No zero vectors are found (unlike the SSTPI inverter that has 2-zero vectors). 
Figure 3 shows the equivalent discrete voltage space vector of the FSTPI topology.   
 
 

 
 

Figure 3. Equivalent active voltage vectors of (FSTPI) 
 
 
2.2. Speed Estimation Scheme Based on MRAS 

The speed estimator, analyzed in this paper, is the one originally proposed in [21] and illustrated in 
Figure 4, where the two left-hand side blocks perform integration of Equation (6) and (7). It relies on 
measured stator currents and measured stator voltages and is composed of the reference (voltage) and the 
adjustable (current) model. The estimator operates in the stationary reference frame (α, β) and it is described 
with the following equations [21]: 
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A hat above a symbol in (6)-(9) denotes estimated quantities, symbol p stands for d/dt, Tr is the 

rotor time constant and )/(21
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L . All the parameters in the motor and the estimator are assumed to 
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be of the same value, except for the stator resistance (hence a hat above the symbol in (6)). Underlined 
variables are space vectors, and sub-scripts V and I stand for the outputs of the voltage (reference) and 
current (adjustable) models, respectively. Voltage, current and flux are denoted with u, i and ψ, respectively, 
and subscripts s and r stand for stator and rotor, respectively. Superscript s in space vector symbols denotes 
the stationary reference frame. 

As is evident from (6)-(9) and Figure 4, the adaptive mechanism (PI controller) relies on an error 
quantity that represents the difference between the instantaneous positions of the two rotor flux estimates. 
The second degree of freedom, the difference in amplitudes of the two rotor flux estimates, is not utilized. 
The parallel rotor speed and stator resistance MRAS estimation scheme, which will be developed in the next 
section, will make use of this second degree of freedom to achieve simultaneous estimation of the two 
quantities. The role of the reference and the adjustable model will be interchanged for this purpose, since the 
rotor flux estimate of (7) is independent of stator resistance.  
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Figure 4. Basic configuration of the rotor flux based on MRAS speed estimator 
 
 

2.3. Parallel Rotor Speed  and Stator Resistance estimation 
Parallel rotor speed and stator resistance estimation scheme is based on the concept of hyperstability 

[21] in order to make the system asymptotically stable. For the purpose of deriving an adaptation mechanism 
it is valid to initially treat rotor speed as a constant parameter, since it changes slowly compared to the 
change in rotor flux. The stator resistance of the motor varies with temperature, but variations are slow so 
that it can be treated as a constant parameter, too. The configuration of the parallel rotor speed and stator 
resistance is shown in Figure 5 and is discussed in detail next. Let Rs and ω denote the true values of the 
stator resistance in the motor and rotor speed, respectively. These are in general different from the estimated 
values. Consequently, a mismatch between the estimated and true rotor flux space vectors appears as well. 
The error equations for the voltage and the current model outputs can then be written as: 
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Symbols s
rV , s

rI in (10b), (11b) stand for true values of the two rotor flux space vectors. 
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Figure 5. Structure of the MRAS system of parallel rotor speed and stator resistance estimation 

 
 

The system is hyper-stable if the input and output of nonlinear block satisfy Popov's criterion [21]. 
The adaptive mechanism for rotor speed estimation and stator resistance identification is given in (12), (13) 
respectively. 
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Where kpω, kIω, kpRs, kIRs, are PI controller parameters of rotor speed and stator resistance adaptation 
mechanisms respectively. The role of the reference and the adjustable models is interchangeable in the 
parallel system of rotor speed and stator resistance estimation. The speed and stator resistance can be 
estimated in parallel using (12), (13) at any speed. The rotor speed adaptation mechanism (12) is the same as 
in the customary MRAS speed estimator reviewed in Section B. Stator resistance adaptation mechanism (13) 
is, at the first sight, similar to the one of [9], [10]. However, stator resistance is here estimated in the 
stationary reference frame (rather than in the rotor flux oriented reference frame), and error quantity is 
obtained using two rotor flux space vector estimates (rather than the reference and a single estimated value, 
as in [10]). Further, stator resistance and rotor speed estimation operate in parallel, rather than sequentially as 
in [16]. This is enabled by utilizing the second available degree of freedom (the difference in rotor flux 
amplitudes) in the process of stator resistance estimation. 
 
 
3. SIMULATION RESULTS 

The proposed method was verified by SIMULINK/ MATLAB Program. The parameters of the 
induction motor used in the simulation are in appendix I. In all simulations, the estimated speed was used for 
vector controller and presented with the actual speed for comparison purpose. 

Figure 6 shows the position waveforms when the sensorless position control was performed using 
the proposed method for FSTPI. The position change from 50° to 100° at t=2.5sec and then back to 50° at 
=4sec. The position command applied in the position controller is shown in Figure 6 upper diagram (blue) in 
degrees the estimated angle (red) and the actual rotor angle (black). The load torque is changed from 0 to 
100% rated at t=1.5sec as shown in Figure 6 lower diagram. The results show the robustness of the sensorless 
position control during load change and position change operations. 

Figure 7 shows the actual motor speed and estimated speed during load change and position change 
operation (upper diagram) and (lower diagram) shows the three phase motor currents during the same 
operation. 
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Figure 6. Upper: Reference (blue), estimated (red) and actual (black) rotor angles in °, Lower: torque current 
iq (A) 

 
 

 
 

Figure 7. Upper: Actual speed (black) and estimated speed (red) in (rpm), Lower: motor currents Iabc in (A) 
 
 

 
 

Figure 8. Actual stator resistance (black) and estimated stator resistance (red) in ohm 
 



IJPEDS  ISSN: 2088-8694  
 

Control of Four Switch Three Phase Inverter Fed Induction Motor Drives Based Speed… (M. K. Metwally) 

199

Figure 8 shows the actual stator resistance and the estimated resistance using the proposed 
estimation algorithm during the tests depicted in Figure 6 in ohm values the figure show the accuracy of the 
estimation algorithm during load and position change operations.  

Figure 9 shows the speed waveforms when the sensorless speed control was performed at very low 
speed operation. The speed change from 5rpm to 50rpm at t=5sec. The speed command applied in the speed 
controller is shown in Figure 9 upper diagram (red) in rpm the estimated speed (blue) and the actual rotor 
speed (black). The load torque is changed from 0 to 90% rated at t=2sec as shown in Figure 9 lower diagram. 
The results show the robustness of the sensorless speed control during load change and speed change 
operations at very low speed. 

 
 

 
Figure 9. Upper: Reference (red), estimated (blue) and actual (black) rotor speeds in rpm, Lower: torque 

current iq (A) 
 
 

 
Figure 10. Upper: Actual rotor angle (black) and estimated rotor angle (red) in °, Lower: Actual rotor flux 

angle (black) and estimated rotor flux angle (red) in ° 
 
 

Figure 10 (upper diagram) shows the actual rotor angle (black) and estimate rotor angle (red) during 
load and speed change at very low speed operations also the actual rotor flux angle (black) and estimated 
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rotor flux angle (red) are shown in (lower diagram). The actual and estimated angle are coincidence to each 
other where the error is approximately zero during load change and speed operations which ensure the 
effectiveness of the proposed method at very low speeds. 

Figure 11 shows the motor current in the stationary reference frame (α,β) (upper diagram) and the 
three phase motor currents Iabc (lower diagram).  

 
 

 
Figure 11. Upper: motor current in stationary reference frame (αβ) in (A), Lower: motor currents Iabc in (A) 

 
 

4. EXPERIMENTAL RESULTS  
The experimental setup is carried out by a DSpace 1103 system with I/O card for real time control 

(sampling time: Ts= 5e-5). An interface board was build to receive the gate-drive signal, isolated them and 
connected to the four switches which were implemented using integrated IGBT 100A. The output from 
FSTPI was connected to a three phase induction motor. The experimental results shown are from the IM 
drive coupled to a separately excited DC generator works as a load as shown in Figure 12. The machine was 
operated under sensorless position and speed control algorithm. The torque is applied by the DC generator 
under torque controlled mode. An optional position signal is available from an encoder with 1024 pulses per 
revolution. 

 

 
 

Figure 12. Experimental Setup 
 
 

Figure 13 shows the dynamic behaviour of sensorless position control at 60% rated load with 
change in position of ± pi/3 rad. The deviation between actual and estimated rotor position is about ±1° 
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mechanical during transient position change and zero in steady state as shown in the lower diagram. The 
response time is limited by the bandwidth of the speed controller. The position controller is proportional 
only. Good performance of the system is achieved noting the current controller limitation to about 100% load 
current imposed by the inverter as shown in the middle diagram of Figure 15. It should be noted that the 
results presented indicate the potential of the method in combination with the signal processing. 

 
 

 
 

Figure 13. Sensorless position control at 60% load and change in position of ± pi/3 rad.Upper: Reference 
rotor angle (blue), estimated rotor angle (green), and actual rotor angle (red); Lower: error between actual 

and estimated rotor angles in (°) 
 

 

 
 

Figure 14. Upper: Reference flux angle (sensor-based) (red), and estimated sensorless flux angle (green), 
Lower: error between reference and estimated angles (°) 

 
 

Figure 14 upper diagram shows the comparison between the actual rotor flux angle (red) and 
estimated rotor flux angle (green) during the test depicted in Figure 13 the error between the two angle is 
shown in lower diagram ± 2 degrees which confirm the effectiveness of the used control method. 
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Figure 15 upper diagram shows the αβ motor currents, middle diagram shows the load torque 
current Iq in (pu), as well as the motor speed (red) and sensorless estimated speed (green) is shown in lower 
diagram these results are captured during the test depicted in Figure 13. 

 
 

 
 

Figure 15. Upper: stator currents in αβ reference frame (pu), Middle: torque current component Iq (pu), 
Lower: actual speed (red) and estimated sensorless speed (green) in (pu) 

 
 

5. CONCLUSION 
The sensorless speed and position control using FSTPI fed induction motor drives was presented. It 

is based on parallel operation of MRAS and stator resistance identification schemes. The mathematical 
description of MRAS for rotor speed estimation in parallel with stator resistance identification is presented. 
The FSTP inverter fed IM drive system reduces the cost of the inverter, the switching losses and the 
complexity of the control algorithms as compared with the conventional SSTP inverter based drive. The 
vector control scheme has been incorporated in the integrated drive system to achieve high performance. A 
comparison between the actual stator resistance and estimated resistance is also presented during high load 
operation to show the validity of the identification algorithm. The FSTPI fed IM drive has been ensured 
robust and acceptable for low-cost applications such as automotive and home appliance. The simulation and 
experimental results verified the robustness of the FSTPI approach during sensorless position change under 
high load operation. The effectiveness of the used method at very low speed near zero speed under load 
operation is also presented.  
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APPENDIX I 
The parameters of applied induction machine 

Rated power                                      1 kw 
Rated load torque                              6.4 N.m. 
No. of poles                                       4 
Stator resistance                                4.25 ohm 
Rotor resistance                                 2.6840 ohm 
Rotor leakage inductance                  0.0221 H 
Stator leakage inductance                  0.0221 H 
Mutual inductance                             0.4114 H 
Supply frequency                               50 Hz 
Motor speed                                      1500 r.p.m. 
Supply voltage                                   380 volts 
Inertia                                                 0.018 kg.m2 
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