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Abstract—High performance induction motor (IM) drive 
system fed from space vector pulse width modulated 
(SVPWM) inverter and based on optimal preview control 
theory is realized. The synthesized control algorithm achieves 
motor speed control, constant flux control and field 
orientation control via an optimized control input command 
contains the synchronous angular speed and the two 
synchronously rotating components of the stator voltage 
vector. The novel error system used in building the optimal 
preview controller can cure the adverse phenomena caused by 
parameter uncertainty and unmodeled dynamics. With few 
feature values of the desired and disturbance signals the 
transient performance can be improved. A laboratory 
prototype was built and the overall control system is 
implemented using low cost multifunction data acquisition 
card (DAC). Where, the SVPWM switching patterns 
representing the control input command is realized by 
generating successive sector dependent digital words on DAC 
digital lines. Accordingly, the storage memory is minimized 
and the sawtooth carrier generator is eliminated. Extensive 
experimental results have been carried out to show the 
effectiveness and applicability of the proposed control system.  
 

Index Terms—Data acquisition card, optimal preview 
controller, induction motor, SVPWM. 

I. INTRODUCTION 
INCE 1980's, field oriented control (FOC) has been 
recognized as the algorithm which gives the induction 

motor (IM) drive the best dynamic performance. Most of 
FOC implementations are based on rotor flux orientation. 
However, this strategy is sensitive to both the rotor speed 
and rotor time constant which varies greatly with 
temperature, skin effect and, the flux saturation level in the 
iron core. Therefore, some errors can be expected in such 
scheme. To obtain a robust control, more sophisticated on 
line tuning methods were developed, which often adds to 
the complexity. On contrary, the stator quantities and 
parameters such as currents and resistance can be easily 
measured with good accuracy; therefore the stator flux can 
also be estimated more accurately than the rotor flux. Using 
the stator flux instead of the rotor flux as a feedback signal 
leads to implementation of stator flux oriented control 
which is more accurate and robust control [1]-[4]. In the 
stator flux oriented control, the stator leakage inductance is 
moved to the rotor side [1]. Accordingly, the stator flux 
response will follow immediately the input voltage 
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command as long as the stator resistance voltage drop is 
small. Hence, voltage control is more preferred over the 
stator flux orientation. In today's industrial world pulse 
width modulated voltage source inverters (PWM-VSI) 
have been widely accepted because of existing low cost 
high performance switching power devices and needless to 
sophisticated feedback schemes which are mandatory 
employed to stabilize the motion of the IM driven by 
current source inverters (CSI). Different PWM techniques 
such as; sinusoidal PWM, hysteric PWM and the relatively 
new space vector pulse width modulation (SVPWM) 
technique, have been proposed [5]. The SVPWM technique 
is based on the space vector representation of the command 
voltage. In comparison with the sinusoidal PWM 
technique, the space vector PWM technique generates less 
harmonic distortion in the output voltages and currents, 
provides more efficient use for the DC bus voltage and 
requires less execution time and memory program for 
digital implementation [6], [7]. Advantages of the SVPWM 
such as; constant switching frequency, well defined 
harmonic spectrum, optimum switching pattern, 
minimization of switching losses and good utilization of 
the DC bus voltage cannot fed directly by classical current 
regulated PWM techniques [2], [7], [8]. Application of 
digital signal processor (DSP) to realize the SVPWM 
technique for 3-phase voltage source inverter has been 
proposed in [7], where an external sawtooth carrier 
generator is required.  

Many applications of the modern control techniques for 
high performance control of the IM have been published, 
such as direct torque neruo-fuzzy control (DTNFC), neural 
network, adaptive neuro-fuzzy inference system (ANFIS). 
Further modern control includes variable structure control, 
adaptive control, and other optimal preview control are also 
proposed [2], [3], [9]-[12]. The advantages of optimal 
preview IM vector control such as; formal off line 
procedure to determine the controller gains, needless to 
tune these gains on line, optimality of the system 
performance, robustness against model mismatch, and 
improved stability are all declared [3], [6], [11].  

In this paper, an optimal preview vector control for  
3-phase IM fed from SVPWM inverter is realized using 
PC6014-NI low cost multifunction data acquisition card 
(DAC) [12]. The state equations of the IM suitable for 
voltage control are derived in a synchronously rotating 
reference frame using space vector method. The equations 
are then linearized about nominal operating point and the 
motor is described as 3-input, 3-ouput controlled object. 
The three input variables of this object are the synchronous 
angular speed and the two components of the stator voltage 
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space vector and the three output variables are the rotor 
mechanical speed and the two components of the stator 
flux space vector. The objective of the synthesized 
controller is to achieve rotor speed control, constant flux 
control, and field orientation control. Novel error system is 
used to cope with the parameter variations and model 
mismatch. The preview controller is implemented with few 
future values of the desired and disturbance signals which 
represent the rotor speed and estimated load torque, 
respectively. The SVPWM technique is employed to 
realize the optimal control input signals. This is done by 
generating successive sector dependent digital words, 
representing the SVPWM switching patterns, on the DAC 
digital lines. Consequently, the storage area is minimized 
and the sawtooth carrier generator is eliminated. 

II. INDUCTION MOTOR MODEL 
The dynamic equations of the three phase IM drive 

expressed in a coordinate system rotating at synchronous 
speed ( βα −  frame) is given by 
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where ,,,,, sssss vii αβαβα ψψ  and svβ  are the βα −  
components of the stator current, flux linkage, and voltage 
space vector, respectively. The symbols ,, re ωω  and sω  
denote the synchronous, rotor, and slip angular speed, 
respectively while, ,,, FTP L  and J  are the total number 
of poles, load torque, equivalent mechanical friction and 
inertia constants, respectively. Further, mL  denotes the 
magnetizing inductance, while ,,, rss LRL  and rR  are the 
stator and rotor self inductances and resistances, 
respectively. The coefficients ,, rs γγ  and σ  are specified 
as 
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The nonlinear IM model (1), expressed in terms of state 
space notation as 

))(),(),(()( tdtutxftx =&  (3) 
where the state variable )(tx , the input variable )(tu , and 
the disturbance signal )(td , are given by 
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the superscript " t " denotes matrix transposing. 

III. OPTIMAL PREVIEW CONTROLLER 
Linearizing (1) around nominal operating point 

),,( 000 dux  by the small signal approximation 
technique yields 

t
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The constant matrices ,,, 000 CBA  and 0E  are given by 
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The discrete time equivalent of (5) is given by 
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  . (7) 

where the input vector )(ku  is delayed by one sampling 
period to compensate for the microprocessor execution 
time. Define the error signal )(ke  as the difference 
between the desired variable )(kR  and the output variable 

)(ky , 
)()()( kykRke −= . (8) 

An error system can be constructed from (7) and (8) 
)()()()()1( kddGkZrGkukXkX ∆+∆+Γ∆+Φ=+  (9) 

where ∆  is the first difference operator and 
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The performance index dJ  is selected as  

∑
∞

=
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Minimization of the performance index in (11) subject to 
the constraints in (7) leads to the following real time 
optimal preview control law as in [3], [6], [10] 
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where ][ 4321 ggggG =  

          ,GG, FGGF djdjrjrj ==  for ,M,, j …= 21  
Feedback gain:   φγ KG tΓ−=  
Feedforward gain: KG tΓ−= γ1 , λφγ ttG Γ−=2 , 
        11KGG jj −= ,  for ,M,, j …= 43    

λφ tKK 1
1

−= where γ,K  and λ  are the steady state 
solution of the following algebraic Riccati's equation 
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Fig. 1.  Optimal preview controller structure. 
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Fig. 2.  SVPWM basic space vectors and sectors. 
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The weighting matrices of the error and input signals in 
performance index (11) have the following structure 
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All the parameters of the optimal preview control law are 
defined straight forward and implemented as indicated in 
Fig. 1. The symbol M  denotes the preview steps. 

IV. SVPWM IMPLEMENTATION 
Fig. 2 shows the six sectors limited by eight discrete 

vectors, in the stationary reference frame (d-q frame), 
which are corresponding to the possible combinations of 
ON and OFF states of the power transistors in two levels 
three phase inverter. The length of the nonzero vectors is 

two thirds of the DC bus voltage while the angle between 
any two adjacent non-zero vectors is 60 degrees. The zero 
vectors are at the origin and apply zero voltage to a three 
phase loads. The eight vectors are called the basic space 
vectors and are denoted by ]000[0 =v , ]001[1 =v , …, 

]111[7 =v . The objective of the SVPWM technique is to 
instantaneously realize the reference voltage *v ,  
by controlling the duration of the switching states 
corresponding to the basic space vectors such that in  
one switching period, the average output voltage can be 
written as 
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where 710 ,...,, ttt  are the turn ON time of the vectors 
710 ,...,, vvv ; ci Tt ≤∑  and cT  is the switching period. The 

decomposition  of *v  into 710 ,...,, vvv  has  infinite  ways. 
However, in order to reduce the switching actions and 

make full use of active turn-on time of the space vectors, 
the reference voltage is normally split into two nearest 
adjacent voltage vectors and two zero-vectors 0v  and 7v  in 
an arbitrary sector. For example, in sector 3, in one 
switching period, the reference voltage can be expressed as  
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Fig. 3.  Sector -3, PWM switching patterns. 
 

Symmetrical SVPWM implies that 
)(5.0 2170 ttTtt c −−== . (18) 

The following steps will indicate the on-line 
implementation of the proposed symmetrical regular 
sampling SVPWM algorithm. 

Step 1: is to know which sector the reference vector *v , 
defined by dsv  and qsv , is in. The following three tests 
give the sector number as an output [5], [7] 
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Step 2: is to calculate and saturate the duration of the 
two-sector boundary vectors 1t  and 2t  based on the sector 
number as follows: 

Let, 
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such that the duration periods are given in Table I. 
The saturated duration periods satt1  and satt2  are 

illustrated as follows 
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Step 3: is to determine the proper switching patterns to 
be generated according to the sector number. 

Fig. 3 shows switching waveforms of a symmetric 
switching scheme for a reference voltage lies in sector 3. 
The scheme can be easily implemented with the DAC by 
using successive sector dependent digital words to be 
generated on its digital lines. Table II gives the digital 
words represented in binary notation according to the 
sector number. 

TABLE I 
DURATION PERIODS 0t  AND 1t  

 

Sector 1 2 3 4 5 6 
1t  M  L  - M  - K  K  - L  
2t  L  - K  K  M  - L  - M  

 
TABLE II 

SECTOR DEPENDENT DIGITAL WORDS 
 

Sector 1 2 3 4 5 6 
DW0 (000) (000) (000) (000) (000) (000) 
DW1 (010) (100) (100) (001) (010) (001) 
DW2 (110) (101) (110) (011) (011) (101) 
DW3 (111) (111) (111) (111) (111) (111) 

 
Step 4: is to calculate the necessary delay times for each 

digital word to be resident on the digital lines of the 
converter card as 

0322

1100

25.0,25.0
25.0,25.0

tDelaytDelay
tDelaytDelay

==
==

. (22) 

Step 5: is to generate the proper sequence of the digital 
words with duration periods controlled by (21) using the 
following software commands: 

 (Delayj) NIDAQDelay
(DWj)t DIG_Out_Pr

 (23) 

for 2,1,0=j , and 3, and then repeat in reverse order. 
Where, DIG_Out_Prt (.) represents a digital output routine 
called from C++ programming environment, while 
NIDAQDelay (.) represents a stalling dummy loop whose 
time period determined by the augmented value [13]. 

V. STATOR FLUX ESTIMATOR 

The stator flux space vector in the stationary reference 
frame (d-q frame) can be estimated from the space vectors 
of the stator voltage and current as 

dt
ds

s
iRv sss

s =
−

= ,ψ) . (24) 

The integration drift problem due to the dc offset and 
measurement noise can be avoided by using high pass 
filter, hence (23) becomes 

c

sss
s s

iRv
ω+

−
=ψ) . (25) 

The cut-off frequency cω  is selected fairly small compared 
to the working frequency to reduce the phase and 
magnitude errors. In this work, the fundamental component 
of the stator voltage provided by the inverter is assumed to 
be equal to the reference voltage. The errors caused by this 
assumption are often small in medium and high speed 
ranges. While at low speeds, the errors caused due to 
voltage drops and dead times in the switching devices 
become more prominent in the output voltage. Further, 
precise results can be achieved by using an inverter 
modulator as proposed in [4], [6]. 

VI. COORDINATE TRANSFORMATION 
The coordinate transformation angle, θ , is generated 

from the command synchronous speed *
eω , output from the 

controller as follows 
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Fig. 4.  Experimental system layout. 
 

∫= dttt e )()( *ωθ  (26) 

with an initial value equal zero. 

VII. LOAD TORQUE ESTIMATOR 
The load torque which represents the disturbance signal 

in the optimal control law (12) is estimated from the  
electromagnetic torque, emT , as 

γγ ωω FJsTT emL −−=ˆ  (27) 

where, 
 

)(
4
3

ssssem iiPT αββα ψψ −=  . (28) 

A suitable variable gain digital filter is employed at the 
output stage of the load torque estimator to attenuate the 
wide frequency range noise with minimal delay [14]. 

VIII. EXPERIMENTAL SYSTEM LAYOUT 
Fig. 4 shows the IM drive system schematic diagram 

based on the proposed optimal preview controller. In this 
figure all blocks inside the dotted line box represent 
software programming functions written in C++ and 
executed on Pentium-III- personal computer with 750 MHz 
clock and 250 MB RAM. Euler's backward method is used 
to map (24), (25) and (26) into the discrete form. Some 
hardware blocks in the schematic can be realized by using 
application specific IC (ASIC) to give more compact 
packing and enhanced performance. However  for the stage  
of prototype  verification it was decided to avoid the cost 
associated with such approach and the design is tuned 
toward the use of discrete and commercially available 

components in the Egyptian market. The IM considered is 
4-pole, 1 kW, 130 V, 50 Hz, star connected with the 
following parameters: 020.J = N.m.s2; 00350.F =  N.m.s, 

890.Rs = Ω; 110.Ls = H; 920.Rr = Ω; 110.  Lr = H and 
10.  Lr = H, and loaded with 0.72 kW separately excited 

DC generator. 
Two current sensors (LEM LTS 25-NP) are used to 

convert the stator phase currents ai  and bi  to a proper 
voltage signals. The tacho-generator speed signal is filtered 
and reduced to suitable level through a speed conditioning 
circuit block. To avoid controller windup, an anti-windup 
flag is activated when the inverter is being saturated and 
this in turn will stop updating the integral part of the 
optimal control low till normal operation retained again. 
This was necessary to mitigate the noise and improve 
performance. The stator voltages command are transformed 
to the stationary frame and processed through the SVPWM 
algorithm where 1.25 kHz switching frequency is used. 
The switching patterns are generated on the digital lines 
(D0, D1 and D2) of the DAC with a duration controlled by 
the computed switching intervals as explained in Section 
IV. The generated PWM switching signals are then fed to a 
dead time circuit, where the 3-PWM signals are 
complemented to get 6-PWM signals and a proper blanking 
time of 40 µs is provided for the high and low side signals 
of the same phase. The outputs of the dead time circuit are 
then isolated and amplified in the driver circuit to provide 
adequate PWM gating signals for the 3-phase MOSFET 
inverter circuit. A DC bus voltage of 190 V is obtained by 
3-phase diode bridge rectifier and filtered with a 2000 µF 
capacitor filter such that it could be considered constant. 
The time required to perform the necessary calculations 
and data storage is found to be 0.4 ms, therefore 1.2 ms 
sampling period is selected. 
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Fig. 5.  Experimental response of the drive system. 
 

IX. EXPERIMENTAL RESULTS 
In order to achieve constant flux control and field 

orientation control, the desired two components of the 
stator flux vector are chosen to be 35.0=d

asψ Wb and 
0.0=d

bsψ Wb, respectively. In Figs. 5 to 10, the horizontal 
lines denote the time in second furthermore, the desired 
values of the rotor speed and the two components of  the 
stator flux are illustrated by dotted lines while their 
response ( asr ψω , and, sβψ  ) and the command input 
variables ( **, ase vω  and, *

svβ ) are demonstrated by solid 
lines. The weighting factors are chosen to be 

.10,2000,10 321321 ====== rrrqqq   

 
Fig. 6.  Simulated response of the drive system. 
 

A Matlab® simulation program is constructed to simulate 
the drive system. Where, the nonlinear IM dynamic model 
is solved using Runge-Kutta 4th order method. Further, the 
inverter switching patterns are simulated by 70 points to 
emulate a digital transfer rate of 70 kword/s of the DAC. 
The dead time effect on the inverter output voltage 
is neglected.  

First the desired speed is ramped from 0 to 200 r/s in 0.6 
s while the motor operates under a linear increasing load up 
to 25 % of rated torque. The desired speed is then changed 
abruptly with 10 r/s peak to peak during steady state 
conditions. Figs. 5 and 6 show the corresponding 
experimental and simulated results, respectively with  
good agreement. The vertical lines  depict from up to down  
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Fig. 7.  An enlarged part of Fig. 5. 
 
rotor speed in r/s, α -component of the stator flux vector in 
Wb, β -component of the stator flux vector in Wb, 
synchronous speed command in electrical radian per 
second (r/s), α -component of the stator voltage vector 
command in V, β-component of the stator voltage 
command in V, voltage of phase a in V, current of phase a 
in A, and, computed voltage to frequency ratio, 
respectively. Fig. 7 is an enlarged part of Fig. 5 during the 
abrupt change in the speed command. The constant voltage 
to frequency ratio is inherently satisfied with trivial 
variations during transient states. Fig. 8 demonstrates the 
ability of the drive system to track wide variation in  
the desired speed where, a sinusoidal speed command  
of 440 r/s peak to peak is traced. Fig. 9 shows  the effect of 

 
Fig. 8.  Drive response for sinusoidal speed command. 
 
changing the preview steps )2,0( =M  on the transient 
response of the drive when the speed command is changed 
from 125 r/s to 135 r/s abruptly. Fig. 10 shows the ability 
of the proposed control scheme to attenuate the effects of 
sudden load torque variations from 25 % to 50 % abruptly 
with 1=M . 

X. CONCLUSION 
An optimal preview vector control of IM drive is 

realized in this paper. The experimental results obtained 
show the applicability and effectiveness of the proposed 
control scheme to achieve speed control, constant flux 
control and field orientation control over wide speed 
control range.  From the test  results have  been carried out,  
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Fig. 9.  Effect of changing the preview steps ( 2,0=M ). 
 
the following important features are concluded: 1) formal 
and easy procedure to obtain the off line controller gains, 
2) needless to tune the controller gains on line, 3) 
suitability for on line implantation owing to simplicity of  
the control law structure, 4) good robustness against un-
modeled dynamics and parameter variations, 5) ability to 
use few preview steps to improve the transient response 
whenever it was needed, 6) good performance during 
sudden change in the speed command and/or load torque 
which may be desirable in many applications. As a further 
development, implementation of this control scheme in 
sensorless IM drive is currently in progress. 
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