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ABSTRACT  

An analytical design is presented of the control system of a voltage vector based torque controlled Voltage 
Source Inverter (VSI) fed induction motor drive. The control of induction motor drives is considered in constant 
torque operation region by field orientation principle. Here the parameters of proportional-integral (PI) 
controller are designed with ensuring the stability of the system. More concentration is made on the design of 
speed-loop controller for a fast and accurate response of induction motor drive. A new simple rotor flux 
estimator based on Correlated Real Time Recurrent Learning (CRTRL) algorithm is used to estimate the rotor 
position accurately. Space Vector modulation (SVM) is used to generate the input voltage of the motor. A 32-bit 
TMS320F2812 DSP microprocessor based experimental control system is implemented for verifying the 
proposed control strategies. The theoretical results are verified by the experimental work. 

Keywords: Voltage source inverter, induction motor, speed response, PI controller, correlated real time 
recurrent learning. 

1.  INTRODUCTION 

In last three decades the control of high performance induction motor drives for general industry applications 
and production automation has received widespread research interests. Many schemes have been proposed for 
the control of induction motor drives, among which the field oriented control (Liaw et al., 1999) and (Blaschke, 
1972) has been accepted as one of the most effective methods. Field orientation technique provides a method of 
decoupling the two components of stator current: one producing the air-gap flux and the other producing the 
torque. The generated motor torque is the product of these two components of stator current. By keeping the 
magnetizing current component at a constant rated value, the motor torque is linearly proportional to the torque-
producing component, which is quite similar to the control of separately excited dc motor.  

The control system for induction motors can be designed from Current Source Inverters (CSI) or Voltage Source 
Inverters (VSI), and used as variable speed drives. The control features of a CSI fed induction motor drive are 
well documented in (Cornell and Lipo, 1977; Krishnan et al., 1980, 1983) and (Bologani and Buja, 1985). But 
recent advantages in semiconductor technology have led to new generation of fast-acting, power semiconductor 
switches like GTOs, MOSFETs, and IGBTs. The performance and characteristics of these switches strongly 
favour the VSI topology over the CSI one. Various control strategy have been proposed based on VSI-fed 
induction motor drive (Brod and Novomy, 1985; Liu et al., 1988; Kao and Liu, 1992). Current regulated pulse 
width modulated (CRPWM) inverters are employed to satisfy the control requirements in (Brod and Novomy, 
1985).  The control of VSI-fed induction motor drives is considered in both constant torque and constant horse 
power operation regions in (Kao and Liu, 1992). This paper includes conventional proportional-integral 
controllers and more advanced frequency-domain optimal controllers. In recent years several algorithms have 
been developed to get high performance VSI-Fed induction motor drives in (Attaianese et al., 2002) and (Gowri 
et al., 2009). However, many of these control systems have been assessed by means of a numerical approach in 
consequence of the high order and nonlinearity of the drive equations. 

In this paper, a design of the control system of VSI-fed induction motor drive is presented using an analytical 
approach. A transfer function model of the drive is first derived and analyzed. The control elements in the speed 
and current loops are determined with the objective to give the drive high performance such as constant torque 
operation and fast and accurate speed responses. Parameters of the control elements are found by putting the 
control requirements in the form of analytical constraints on the drive system transfer function. A correlated real 
time recurrent learning (CRTRL) algorithm (Rafiq et al., 2008) based flux estimator is used to estimate the rotor 
flux and torque accurately which eliminates the rotor position sensor. The effectiveness of the designed 
controller is verified by experiments.  
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2.  MATHEMATICAL MODEL 

The mathematical model of a three-phase, Y-connected, squirrel cage induction motor is described by equations 
in the d-q synchronously rotating reference frame (Leonhard, 1996; Crause et al., 1979). 
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Where, 

 dsv  and qsv  are the dq-axis stator voltages; dsi  and qsi  are the dq-axis stator currents; dri  and qri  are the dq-

axis rotor currents; 
sR  and rR  are the stator and rotor resistances; 

sL  and rL  are the stator and rotor leakage 

inductances respectively; mL is the mutual inductance; e  is the synchronous reference speed; r  is the rotor 

electrical angular speed; 
m  is the angular mechanical speed of the motor; )( resl    is the slip angular 

speed; LT  = the load torque; J  = the moment of inertia; B  = the rotational damping coefficient; pP  = the 

number of pole pairs; p  ≡ dtd /  .  

The developed electromagnetic torque in terms of d- and q- axes components is given by: 
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 If the field orientation control is established such that q-axis rotor flux is set zero, and d-axis rotor flux is 
maintained constant then rearrangement of (1), (2) and (6) yields 
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3.    PROPOSED CONTROL SCHEME 

The stator command currents are obtained as follows: 
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i   11
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Where, 
rr  ˆ*   and 

ee TT ˆ*   

The symbol ^ represents estimated value. 

Utilizing equations (7) and (8) along with both the reference currents, the generate reference voltages *
dsv  and

*
qsv  becomes: 

 
*** )( qssslmpdssds iLPiRv      (12) 
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*
*

** )( dssslmp
qs

sqssqs iLP
dt

di
LiRv      (13) 

The voltage vector angle 
v̂  combined with the reference rotor flux angle  estimated from flux components 

gives the angle of the input stator voltage needed with respect to the reference stator  - axis in stationary 
reference frame ( -  ) of the induction motor model as:  

 rvs  ˆˆˆ    (14) 

Where,  )(tanˆ
*

*
1

ds

qs
v

v
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Fig. 1 shows the overall block diagram of the proposed control scheme. The three phase motor currents Ia, Ib, 
and Ic are transformed into  -, and  - axis components through Clarke transformation.   

 
Figure 1: Proposed control scheme 

4.  CONTROLLER CONSTANT SELECTION AND STABILITY ANALYSIS 

The schematic block diagram of proposed voltage vector based torque controlled SVM controller in Fig. 1 is 
redrawn in Fig. 2. The corresponding signal graph is shown in Fig. 3.  

Using Mason’s gain formula (Nagrath and Gopal, 1981) the following transfer functions are deduced. These 
transfer functions are used to select the PI controller constants and study the stability of the system.  
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Figure 2: Simplified block diagram for proposed voltage vector based torque controlled SVM controller 

            
Figure 3: Signal flow graph of proposed voltage vector based torque controlled SVM controller 

 
The selection of suitable values for gain constants was carried out for different combinations of  

3pk  and 3ik in 

(15) after having got their initial guesses following the ideas in (Bologani and Buja, 1985). Finally, the 
following sets were arrived for the current controllers: 

0.3003 pk  and 0.5003 ik . 

After setting the above controller gains, )(siqs  becomes: 

 085022.296263184.5280894531.14835)( 23  ssssiqs     (18) 
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 Adopting the same procedure as the current control loop, the PI controller constants for the torque loop 
becomes:  

12.02 pk  and 0001.02 ik . 

Setting the above two current controller gains )(sT  becomes: 

 
Figure 4: Rotor flux synthesis by CRTRL algorithm based RNN 

 

 076730.1983464.1679649.24261459.27)( 234  sssssT    (19) 

The roots of )(sT are (-0.0158+j0.2122), (-0.0158-j0.2122),-26.3268 and -0.9031. 

By applying the initial guess procedure, the PI controller constants for the speed loop becomes:  
25.21 pk  and 05.01 ik . 

After setting the all above controller gains, )(s  becomes: 

685084.0932312.847164062.225468750.1078228505859.7496)( 2345  ssssss      (20) 

The roots of )(s are (-7.3498,-0.1467,-0.0  j0.0 and -0.0) 103. 

Stability of the proposed system can be tested by considering the parameters uncertainty. Considering the 

maximum and minimum values of uncertain coefficients 12 , aa   and 0a  the Kharitonov’s (Kharitinov, 1978) 

interval polynomials of ( )(siqs ) are written. The polynomials and their corresponding roots are given in 

Appendix. The same procedure was applied for the remaining characteristic polynomials )(sT  and )(s . 

All the negative roots indicate that the system is stable. 

5.  CRTRL ALGORITHM BASED FLUX ESTIMATORS 

Correlated Real Time Recurrent Learning (CRTRL) algorithm (Rafiq et al., 2008) is used for training the 
Recurrent Neural Network (RNN) based flux estimator. To simplify the presentation of the CRTRL, we define 
matrices as follows: 

• The derivative matrix of the q-by-1 nonlinear state matrix x(k) with respect to the weight vector  Wi : 
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•  Zi(k) is a q-by-(q + m + 1) matrix whose rows are all zero, except for the ith row that is equal to the transpose 
of vector  z(k) : 
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• )(k is a q-by-q diagonal matrix: 
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With these definitions, the following recursive equation i  for the neuron i can be obtained by differentiating 

Eq. (21) with respect to  Wi and using the chain rule of calculus: 

)]()()()[1()1( kZkkWkk iiai                                                                                                            (24) 

The objective of the learning process is to minimize a cost function obtained by the instantaneous sum of 
squared errors at time k, which is defined in terms of e(k) by 
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where the p-by-1 error vector  e(k) is defined by using the following measurement equation: 
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where )(~ ky denotes the desired output vector.   

The adjustment for the weight vector of the ith neuron, 
iW , is: 
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Hence, the new weight vector of the ith neuron is: 

 )()()1( kWkWkW iii   
 (28) 

Rotor Flux Synthesis by CRTRL Algorithms are shown in Fig. 4. 

6.  SIMULATION AND EXPERIMENTAL RESULT 

Simulation and experiments are carried out to confirm the validity of the proposed controller. A simulation 
model is developed in Borland C++ software environment. The experimental setup of the proposed control 
system shown in Fig. 5(a) consists of a three-phase, 415 V, 50 Hz, four pole, 0.75 KW induction motor fed from 
IGBT based three-phase Intelligent Power Module (IPM) inverter. The two gate pulses of IGBTs in the same 
arm of the inverter are shown in Fig. 5(b) and the dead band time between the two pulses is set to 0.8μsec. The 
induction motor has the following parameter values: Rs=13.25Ω, Rr=16.818Ω, Ls=Lr=0.7359H, Lm=0.7114H, 
J=0.0075Kg-m2 and B=0.00107Nm-sec/rad. Control algorithms were realized in a high performance Pentium-
IV computer with necessary interfacing module with 32-bit fixed point DSP trainer based on Texas instruments 
TMS320F2812 DSP processor. Hall sensors were employed in the current feedback, and the voltage signal was 
synthesized from the dc-link voltage and switching signals of the inverter. Sampling frequency was 10 kHz. The 
rotor speed was monitored using a quadrature encoder pulse (QEP) sensor. The robustness of the speed response 
against change of motor reference speed and external load disturbance were especially given importance in the 
experiment. 

                                                                              
(a) 

 

 
Figure 5: (a) Hardware block diagram of the Experimental system (b) SVM gate pulses for IGBTs in the same 

arm of the  inverter 

0.0000 0.0004 0.0008 0.0012 0.0016 0.0020
-1

0

1

2

3

4

5
 IG B T  1
 IG B T  4

G
at

e
 p

u
ls

e
 m

ag
n

itu
de

 in
 v

o
lts

T im e in  m icro  secs

 

 
 
 
 
 

Micro-2812 
DSP 

 
IPM 

I 
N 
V 
E 
R 
T 
E 
R 

(a) (b) 



Journal of Engineering Science 02(1&2), 2011, 87-96  93 
 

Fig. 6 shows the rotating stator voltage vector and the rotor flux vector for the proposed control system for a 
small duration. It is clear that voltage and rotor flux in the proposed controller follow the circular locus.  

-200 -150 -100 -50 0 50 100 150 200

-200

-150

-100

-50

0

50

100

150

200

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

 Voltage Vector

 Flux vector

 
Figure 6:  Rotating phasors of voltage and rotor flux for the proposed controller 

Figure 7: Experiment response of no load motor (a) speed (b) phase currents 

Fig. 7 shows the speed and phase current response of the proposed control system at no load condition. It can be 
seen that the reference set speed is selected at 1200 rpm. The machine speed reaches its desired speed within 
about 1.1 sec and almost follows the set speed. It is visualized from Fig. 7(b) that one of the phase currents has 
distortions. This is due to data acquisition of the concerned ADC channel and problem of signal conditioning. 

Figure 8: Speed responses with change of step set speed (a) simulation (b) experiment 
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The performance of the drive system for various speed changes with no load are shown in Figs. 8 & 9. From 
Fig. 8 it is observed that the motor speed follows the reference speed with step changes of set speed, the drive 
also follows the ramp changes in speed as can be depicted in Fig. 9. Some minor changes at about 176 sec. in 
experimental result may be due to fluctuation in the reference value. The minor variations in values may be due 
to acquisition of experimental data. 

Figure 9: Speed responses with change of ramp set speed (a) simulation (b) experiment 
 

Figure 10: Speed responses with step change of load torque (a) simulation (b) experiment 

 
Figure 11: Experiment phase current for speed response with step change of load 

Effectiveness of the controllers was tested by applying and withdrawing load in step. The motor was started at 
no load from standstill. Load is increased to 1 A at t= 7.0 sec and then again decreased and increased to 0 and 
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proposed controller system shows better performance. Recurrent loading and unloading of the drive was carried 
out after the motor started working at its set speed. Only minor changes in motor speed are noticed due to load 
changes can be noticed from Fig. 10. This characteristic indicates the effectiveness of the experimental setup to 
work under load disturbances.  

7.   CONCLUSION 

This paper has presented a control system design methodology for VSI-Fed induction motor drives. Systematic 
and analytic design procedures have been derived ensuring the stability of the system. The paper has 
concentrated on the design of speed-loop controller for a fast and accurate response of induction motor drive. 
The performance of the controller has been tested for the tracking property using different types of reference 
signals under simulation and experiment. A 32-bit TMS320F2812 DSP microprocessor based fully digital 
control system is implemented for realizing the proposed control algorithm. The experimental work validated 
the proposed theoretical approach in modeling and control of induction motor drives.   

APPENDIX 

Utilizing parameter uncertainty the ranges of uncertain coefficients in )(siqs becomes: 

85.1085485.10628 2  a  

01.285245.2474 1  a  

66.2948.29 0  a  

Table 1: The different polynomials and roots 

Polynomials Roots 

29126.297377441.5136751953.14796)( 123
1  ssssq  (-1.4797,-0.0,-0.0) 104 

275208.295377441.5136751953.14796)( 123
2  ssssq  (-1.4797,-0.0,-0.0) 104 

29126.297258301.5453751953.14796)( 123
3  ssssq  (-1.4797,-0.0,-0.0) 104 

275208.295258301.5453751953.14796)( 123
4  ssssq  (-1.4797,-0.0,-0.0) 104 

29126.297258301.5453751953.15061)( 123
5  ssssq  (-1.5061,-0.0,-0.0) 104 

275208.295258301.5453751953.15061)( 123
6  ssssq  (-1.5061,-0.0,-0.0) 104 

29126.297377441.5136751953.15061)( 123
7  ssssq  (-1.5061,-0.0,-0.0) 104 

275208.295377441.5136751953.15061)( 123
8  ssssq  (-1.5061,-0.0,-0.0) 104 
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