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Abstract

This paper deal with a practical development technology on a highly accurate faster response adjustable speed drive
implementation for the three-phase sinewave fed general purpose induction motor system which is based upon sensorless slip
frequency type vector control scheme with an automatic auto-tuning machine parameter estimation strategy. The essential
procedure and considerations to measure and estimate the exact stator and cage rotor circuit parameters of the induction motor
treated here are discussed under its operating conditions. The speed regulation characteristics of the induction motor is
illustrated and evaluated for the induction machine parameter variations under the actual operating conditions ranging from
a low frequency to a high frequency for various specified load torque setting. The variable speed induction motor drive system
employing sensorless slip frequency-based vector control scheme which incorporates the current controlled three-phase high
frequency carrier PWM switching inverter with automatic auto-tuning estimation strategy on the temperature-dependent and
-independent machine circuit parameters is practically implemented using DSP-based vector controller. The dynamic speed
response performances under essentially changed load torque disturbances as well as steady state speed against torque
characteristics of the proposed variable speed drive control and implementations are illustrated and discussed from an
experimental point of view.
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1. INTRODUCTION

In recent years, a variety of latest power electronic associated control systems integration technologies relating
to the high performance and wide range adjustable-speed drives for the general-purpose induction motor
applications which are basically based on the three-phase voltage-source current-controlled PWM inverter using
IGBTs and its associated slip frequency type vector control scheme have gained specific interest in the fields of
the industrial, transportation, medical imaging equipment and consumer AC motor variable speed drives as well
as electric vehicle AC motor variable speed drives. Thus, the exact stator and rotor circuit parameters of multi
diverse general-purpose induction different types of motors driven under specified various load working
conditions should be measured in real time processing and estimated automatically in the case of a temperature
dependent parameters variation for the purpose of sensorless slip frequency-based vector control implementation
introduced for the induction motor variable-speed drive systems. In particular, the complex temperature-
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dependent rotor resistance variations of application specific induction motors and different rated induction motors
are considered and influence upon not only the steady state speed regulation in accuracy but also for the settling
time at the transient speed responses. It is difficult to achieve the sufficient speed regulation precision on in steady
state as well as the speed settling time in dynamic operating state which are practically required for wide speed
setting ranges and largely changed load torque disturbances for the general-purpose induction motors. In order
to solve these feasible problems significant mentioned above, the authors have recently developed a simple and
practical automatic autotuning method to measure and estimate the exact stator winding and cage type rotor
circuit parameters of application specific type induction motors in addition to some different type of general-
purpose induction motors used widely from multi-diverse utilization viewpoints.

In addition to these, the high precision performance induction motor variable speed electrical drive system
operated by the sensorless vector control based three-phase voltage source PWM inverter with a specific
automatic autotuning machine parameter estimation processing approach is newly introduced for compensating
the transient torque current component due to transient current suppression from a practical point of view.

This paper presents the state-of-the art feasible development and characterization on the general purpose and
application specific induction motor variable speed drive system applied for multi-diverse industrial fields which
are based upon the sensorless slip-frequency vector control implementation with a novel automatic autotuning
type machine parameter estimation strategy. The experimental results obtained from the slip frequency-based
vector control induction motor adjustable drive system treated here are illustrated and discussed for speed
regulation characteristics in steady state in addition to speed settling performances in dynamic state. The
effectiveness of this variable speed system is proved and discussed from a practical point of view.

2. SYSTEM DESCRIPTION AND VECTOR CONTROL STRATEGY

Fig. 1. Equivalent dynamic circuit of induction motor on plane transformed to d-q coordinate frame axis r;: Stator resistance, r,: Rotor
resistance, L,: Stator inductance, L,: Rotor resistance, /;: Stator leakage Inductance, l,: Rotor leakage inductance, v,4: Input voltage of d-
axis, v,4: Input voltage of g-axis, w,: Slip angular frequency, M: Mutual inductance between L;and L,.

An electrical dynamic equivalent circuit of the three-phase induction motor with cage rotor shown in Fig.1
which is represented on the d-g coordinate axis. Fig. 2 shows an adjustable-speed induction motor drive system
by slip frequency mode vector control formulation based on  the three-phase voltage source PWM inverter using
the latest IGBT power modules. The induction motor variable speed drive system treated here incorporates the
P1 controller which has a delay function of the torque current component in order to suppress the transient current
sufficiently under largely changed load conditions. In Fig.2, the flux linkage ¢ defined here equals to L,i,4, in
which L, is the stator inductance and i, 4 is the d-axis exciting current component. Equation (1) gives the general
voltage equation of induction motor described and formulated on rectangular coordinate of d-q frame coordinate,
in which the rotation angular frequency denoted as w.
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where i, is the d-axis exciting current component, i, is the g-axis torque current component, L, is the stator
inductance, L, is the rotor inductance, r; is the stator resistance, r, is the rotor resistance,p is the differential
operator (= d/dt), w is the angular velocity value calculated in vector controlled sesorless inverter system, o is
the magnetic coupling coefficient of leakage flux, M is the mutual inductance between L;and L,, v, is the input
voltage of d-axis, vy, is the initial value of d-axis, vy, is the input voltage of g-axis, and ¢,4, p,, are the d
axis and q axis components of the rotor flux linkage described by

¢ld = Mlld + l’Zi2d ¢2q = Milq + L2i2q (2)

Equation (3) is a state-space vector equation estimated by rewriting (1).
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P2a Mr, /L, 0 —1,/L, wWg P24 V2a = 0
P2q 0 Mry,/L, —w; 1,/L, P2q

where w is the angular velocity value calculated in vector controlled sesorless inverter system, wy is the slip
angular frequency, and w, is the rotor shaft angular frequency.
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Fig. 2. Schematic block diagram of sensorless vector-controlled inverter system for induction motor variable speed drive.
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The reference value wg of slip angular frequency can be mathematically formulated by the equation (4)
considering L, and r,, because the stator voltage and the stator current of the three phase cage rotor type induction
motor operated on the basis of slip frequency type sensorless vector control principle are to be controlled as to
be @,, = Mi,, which is kept constant and ¢2q = 0 regarding equation (3).

_ TzM
g = ———
L2¢2a

g = (pr_zzd = Kinliq 4)
where K,,, = 1,/¢,4.The angular slip frequency L,and r,-based vector controlled three-phase PWM inverter
provides the specific voltage vector equation expressed by the equation (5) derived from the equations (3) and
(4).

Substituting @, , = Mi,, which is kept constant and #,, = 0 tothe equation (1) for the three-phase induction
motor under a steady state condition.

vld _ 121 _Gle] [ild]
[V1q] - [Llw n l1q ©)
Under steady state condition, wj is calculated from the torque current component i, by the equation (4) and

the rigid rotor shaft mechanical angular velocity w, of the induction motor could be coincided with the reference

value of the stator angular frequency specified by adding w; to rotor angular speed reference w;.
In a transient condition, the slip angular frequency wy is formulated by equation (6) on the basis of substituting
equation (5) to equation (3). As a result, w, can be obtained by the following equation:

M . oL{M .
s = 2 lig +— (6)
L2¢za

Based on equation (6), not only proportional term of torque current component i, but also differential term
of i;, determine the slip frequency angular w;.
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Fig. 3. Influence in case of transient mode of in the case of increasing torque current component.
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Then calculated reference value of the stator angular frequency w; can be larger by the differential term
specified by the equation (6). Therefore, it will be difficult to realize stable speed-adjustment in accordance with
increasing of the slip angular frequency. The motor shaft mechanical angular speed value of w, can be regulated
without making largely drastic changes of the reference slip frequency value of w;. The reference slip angular
frequency w; is calculated by substituting the output value of the PI controller in which its input signal is the
detected torque current component i, 4, as indicated in equation (4) mentioned above.

3. NOVEL PRACTICAL APPROACH OF MACHINE PARAMETER DETERMINATION

In this section, the novel automatic autotuning scheme of the three-phase induction motor machine parameters
(Lq,L,,my,1y) is described that is necessary to be driven by slip frequency-based three-phase PWM vector-
controlled inverter.

3.1. Influence on the errors of motor parameters (L,,L,,r;,7,) value preset to the inverter.

The three-phase voltage-fed type inverter supplies the voltage compensated for the voltage drop by the rotor
resistance r; and the stator resistance r, of the test motor itself to provide the required current to the induction
motor. Therefore, it is noted that the error between the measured value and the actual value of the induction motor
parameters, the stator resistance r; and the stator inductance L, become the error of the motor current value.

On the other hand, the equivalent resistance r, of the rotor of the induction motor is to be contained in the
proportional coefficient for dynamic slip angular frequency from a torque current component in Equation (6), the
measurement error of a rotor resistance r, is to cause an error of slip angular frequency w;.
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Fig. 4. Relationship between error of induction motor parameters and speed change.
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Fig. 4 represents the experimental regulation characteristics of the inductor motor rotor angular speed w,
under the conditions of not only low frequency at 3Hz but also high frequency at 60Hz in case of giving some
errors to the three types of induction motor parameters.

The stator resistance r; of the induction motor influences upon the rotor angular speed (w,) regulation in the
range of low angular frequency w, its stator inductance influences upon the rotor angular speed regulation over
the ranges of high angular frequency w. It is noted that the rotor resistance r, influences upon to the speed
regulation for any rotor angular frequency (w,) ranges, but the leakage inductance of the stator does not give
much influence.
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Fig. 5. Relationship between error of induction motor parameters and speed variation

Fig. 5 represents the experimental results of the rotor current regulation to adapt in accordance with some
errors to three motor types of machine circuit parameters. Figs. 5(a) and 5(c) show that the variations of the stator
resistance and inductance cause the variations of the stator current of which the induction motor. Therefore, it is
possible to estimate its stator resistance r; and inductance L, on the basis of measuring the stator current directly
using the sensor consisted by the current transformer and the A/D converter. But Fig. 5(b) shows that the sensor
of the rotor angular speed (w,) should be necessary to measure the rotor speed w, of the induction motor itself
because the rotor resistance regulation change the rotor angular speed w, but not the stator current. The novel
practical automatic estimation or determination scheme of these machine parameters without the rotor angular
speed sensing method is discussed and evaluated below.

3.2. 3.2 Estimation of induction motor stator winding resistance
The lumped rotor resistance of the induction motor should be estimated when this induction motor does not

rotate to remove the influence upon the stator inductance. Under this condition, the induction motor tested here
does not generate the output torque at all, then the torque current component i, is to be zero. Thus, the following
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Equation (7) described as the product of the stator resistance r; and the reference value of d-axis exciting current
component ij 4 can be exactly derived by substituting v,, = 0 to Equation (5).

Vig = Tiiiq (7)
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Fig. 6. Schematic block diagram to estimate resistance of induction motor stator.

Fig. 6 demonstrates the practical method to estimate the stator resistance.

The induction-motor stator winding resistance r; can be obtained by measuring the current which flows to
winding using the current transformer, adding the reference voltage vy, determined to the stator coil of the
induction motor expressed in equation (7). At the time of opening of measurement, voltage reference value v;,
determined by the product of the initial current reference value i74 and initial stator winding resistance rl* which
are preset into DSP is added to the primary winding of the induction motor and the actual winding current ild
which flows to induction-motor winding is measured.

If the measured current i, is equal to the current reference preset value ij, the stator winding resistance is
equal to the reference resistance 7", but when an error between i;4 and i;; occurs, the measured resistance I
has the error. Since this error current value of Ai,, is generated because of the inequality between the measured
resistance value I, and the actual resistance value of the induction-motor winding. Therefore, resistance ;" is
finely tuned until Ai,, of current error by the d-axis current error compensator shown in Fig .6 will be equal to
0 to obtain the exact value of the induction-motor winding resistance, and estimation of the stator resistance will
finish after determination r; as the actual primary winding resistance value when Ai;,; = 0. Asaresult, the stator
lumped resistance r; can be determined exactly.

3.3. 3.3 Estimation of stator inductance
After measuring the stator lumped resistance, the stator inductance can be measured through driving the
induction motor for a constant rotor angular speed under no-load condition. In this case, the deviation of angular

velocity of the induction motor and the torque current component i;, are both to be zero. Substituting the g-axis
current component i;, = 0, the equation (5) can be rearranged to the following equations.

Vig =11 l1geVig =W - @ (8)

where w is the angular velocity value calculated in vector controlled sesorless inverter system and ¢ is the
reference value of flux calculated in vector controlled sesorless inverter system.
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Fig. 7 Schematic block diagram of inductance detector of induction motor stator. i1 ,is the reference value of exciting current component.
i1y is the preset value of reference exciting current component.

The reference flux ¢ determined by the rated voltage of the induction motor tested here is estimated as the
product of the stator inductance L, and the exciting or magnetizing current component i,,. That is, we can get,

@ =1Ly ijq 9)

v / Vo : Emvelope Wave of Vi

Fig. 8. Relation between residual voltage and output voltage of the comparator output for detection of the induction motor rotor resistance.
v, Residual voltage waveform between one pair of 3-phase. v,: Envelope waveform of residual voltage waveform v,. v, ,: Reference
voltage value for comparing residual voltage v,. v,,,: Output voltage of comparator shown in Fig. 9. t;: Attenuation period of residual
voltage v, to calculate rotor resistance by substituting to the Equation 16.

In accordance with the equation (9), the mismatched error of L, (defined as AL,) of induction motor stator
inductance is to be detected as a variation of the exciting current component i7,. The stator inductance L, of the
induction motor is measured in terms of the following procedure. The inverter based on the vector controlled
scheme has an initial inductance value L, of the induction motor preset into the DSP in the control circuit board,
if the actual stator inductance L, is specified as AL, larger than the initial preset value of the inverter, exciting
current component i, , of the induction motor is smaller as Ai,; which is defined as the equation (10) which is
obtained trough substituting L, = L, + AL into the equation(9) and solving about i, .

e
(1/(L1+4L1)~1/Ly) (10)

Aild =

Since the stator resistance r; of the induction motor has been measured and specified, the difference between
the reference value and the detected value of exciting current component Ai,,; depends on the mismatched
error of the stator inductance of the induction motor used in the electrical system. Therefore, by adjusting the
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reference value i, of the exciting current component as to be the same as the detected exciting current
component i, 4, the stator inductance of the induction motor can be exactly set to the actual value L,. The stator
inductance estimation processing scheme is demonstrated in Fig. 7. The current compensator in the control
implementation shown Fig.7 adjusts the reference value exciting current component i;,; in order to make the
adjusted reference exciting current i, equal to the measured stator current i, ;.

3.4. Estimation of induction rotor resistance

When the terminals of the induction motor driven by the three-phase sinewave PWM inverter are opened.
Absolutely, sinewave voltage v, across the terminal of the induction motor will decreases gradually. This voltage
v, of which is measured between two wires of three phase voltage is defined as the residual voltage and
represented by the following equation which is obtained from the envelope curve of the measured voltage
waveform shown in Fig.8.

v, = —ﬁwrMIZOe_t/To -sin(w,t + 6,) (11)

where M is the mutual inductance, w, is the rotor angular velocity, 1, is the rotor current flowing before opening
the power terminal of the induction motor, 6, is the initial phase angle expressed generally by sinewave equation,
and T, is the time constant.

The damping phenomena and performance of a residual phase voltage v, is determined by the damping time
constant T, defined as Equation (12). The inductor motor rotor angular speed w,, and the induction electrical
angular frequency of the residual voltage v, is equal to the induction motor rotor angular speed w,. The damping
time constant T, is represented as follows by the rotor resistance r, and the rotor inductance L,.

Ty = Ly/7, (12)

Therefore, the rotor lumped resistance r, of the induction motor under the test condition can be calculated
from the damping time constant T, of the residual voltage v, detected at the ports of terminal of the induction
motor by the circuit of Fig. 9.

—(} —(} —ni} .

'\-_\_.-/

Inwverter drive circuit and

wector control system
K

Algorithm of rotor eguiwvalent
resistance detection

Fig. 9, Schematic diagram of detecting residual voltage for estimation of induction motor rotor resistance. v,: Residual voltage waveform
between one pair of 3-phase.v,.;: Reference voltage value for comparing residual voltage v, to obtain the square wave of the residual
voltage waveform. v,,,.: Output voltage of comparator shown in Fig. 9.

Fig. 9 illustrates the easy system which can measure the residual voltage dumping time of the of the induction
motor by the DSP without using the A/D conversion.
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DSP can recognize the damping time of the residual voltage by the zero-crossing voltage of the residual
voltage v, which generated using 0 crossing comparator comparing with the residual voltage v, and 0V.

However, in case of zero crossing comparator, the attenuation time of continues very long until the zero-
crossing voltage v, fades out completely. Then using the reference voltage, which is little higher than zero
volts, the rectangle wave voltage v,,,,; of the comparator output will no longer be output when the residual voltage
becomes below v,..;. Thus, obtained time t, shown in Fig. 8 which is the fade-out time of the comparator output
voltage v,,; can be considered the damping time of the residual voltage. Fig. 8 illustrated the relationship
between the residual voltage v, and the output voltage v,,,; of its detecting circuit of Fig. 9. The schematic block
diagram of the signal processing circuit to detect the residual voltage v, was indicated also in Fig. 9. The
detecting circuit of the residual voltage composed of a comparator and a photo-coupler is very simple and
effective. In Fig.8, when the residual voltage v, is higher than the comparison reference voltage v,.r, the
measuring circuit illustrated in the range of the dotted line of Fig.9 generates the square waveform v,,,, output
by the comparator shown Fig. 9. By measuring the frequency of comparator output voltage v,,,;, the electrical
frequency of the residual voltage v, can be detected equivalently. As shown in Fig. 9, a novel machine parameter
estimation implementation is described in the following. Under the no-load condition, the decreasing of the motor
rotor angular speed is too small and can be neglected after opening the induction motor power terminals.
Considering the amplitude of the residual voltage v,, Equation (13) can be obtained as follows.

v, Zvp-e 'To (13)

where v, is the amplitude of the terminal voltage observed after opening the electrical terminals in the induction
motor. Considering the equation (11), v, can be calculated as Equation (14)

Vo = |_‘/§wr M- 120| (14)

Substituting the observed decreasing time of the residual voltage t; to the Equation (13), rearranged equation
(15) is obtained from Equations (13) and (14).

-t -t
Vyep, Z Vg - € 1o = |—\/7a),M120| e /T (15)

For the reasonable conditions of T, = L, /r,, L; = L, and Equations (11) - (15) which determine the residual
voltage v,, the rotor resistance r, can be given by Equation (16).

=224 I (V—O) (16)

i1q-t1 Vref

where 1, is a measured period during the residual voltage v, is larger than v,..; in Fig. 8.

By (4), the constant coefficient K,,, of the slip angular frequency is required to calculate the slip angular
frequency ws. The slip angular frequency constant K, (see Fig.9, 10) is calculated by substitution the ,.
expressed in the Equation (16) to the equation (6) as Equation (17). 2

K,="t=—"1In ("—0) (17)

Y24 l1ats Vref

where 7, is a period when v, is larger than the reference voltage v,f

Finally, the attenuation time t; of the residual voltage is obtained from the square voltage waveform v,,,, of
the rotor resistance detective circuit expressed in Fig.8. The slip angular constant K,,, defined in the Equation (4)
can be calculated by using Equation (17). Because vy, v,.r and t; are already known in the Equation (16), the
slip angular frequency constant K,,, can be obtained easily from the Equation (17). The block diagram for
estimating rotor resistance is displayed in Fig.10.
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Fig. 11 shows the experimental results of some types of induction motors depicted by the estimation system
displayed in Fig.10. The induction motors constants are designed for the follow items; Rated voltages are
considered for two cases of 200 V and 400 V. The horse powers are regulated from % hp to 5hp. Constructions
of the induction motor are considered for three cases of 2, 4 and 6 poles. The difference between the estimated
rotor resistance value and one measured by the method obtained by using both no-load test and adjustable speed
induction motor drive system with its machine parameter measuring scheme is implemented in Fig.12.



Sayed and Kassem: SENSORLESS VECTOR CONTROLLED THREE-PHASE 45

Commercial Power Supply

Stator Winding Resistance and Stator AC200V//400V 50/60Hz
Inductance Measurement Block T T T
" =| X 3-Phase
Alyy Rectifier
-0 | Current Controller
“A A (PI Controller) v | [
ild 2 axis to 3 axis [~ ®|  3-Phase
E — "
oo Ii'__: - Coordinate |y Voltage
Stator Winding ¢ Viq Conversion [~ Source
Inductance r/S —@ ™ | F o> « H (dg — UvW) |y* | PWM Sine
Reference r, + L > % Inverter
. « neh + o+ A ulviw
Stator Coil L1 *—>
Inductance Reference
Rototr Angular o
velocity Reference r
q
Ot Dol 1/5|—®
A 4 i
{, |3axisto2axis |-—J cT
- Coordinate iv b S
iy {a | conversion |- 4 [T
(UVW — dq) >
‘-gl'-;-T------- mmmmmmmmmmmea
L] 1p Angular Rotator f 1 Va
' Frequency Equivalent Reslldual >
Coefficient Resistance Voltage €7
Operation Measurement Detector Vet 3

Rotor Equivalent Resistance Measurement Block
Fig. 12. Block diagram of control system with a novel auto-turning machine parameter estimation scheme.

4. SYSTEM IMPLEMENTATION
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Fig. 13. Feasible DSP circuit implementation of vector inverter.

The feasible system implementation of the three-phase PWM inverter-fed induction motor drive is concretely
depicted in Fig 13. The slip frequency-based sensorless vector control software processing stage and the
calculation processing stage of the delay torque current component can be achieved in terms of DSP
implementation with its peripheral circuits including operational amplifier, A/D converters, D/A converters and
so on as depicted in Fig.13. In this case, the control procedures for the d-q coordinate transformation processing
and the reference voltage can be achieved within 100 usec. The induction machine parameter estimations and
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the calculation processing of the delay torque current component in dynamic state can be performed during the
sampling time Ty = 1 msec. Also, in this machine parameter estimation system, the current detection interface
board designed by the authors uses the isolated current transformer CT with hall-effect sensing device and 12-
bit A/D converter.

5. EXPERIMENTAL RESULTS AND PRACTICAL EVALUATIONS
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Fig. 14. Step speed response in case of load torque change.

Fig. 14 illustrates the dynamic speed transient response performances when step-rise load torque disturbance
is applied for this induction motor drive system from no-load to full load torque.

It is proven from a practical point of view in practice that the stator current of the induction motor adjustable
speed system driven by the three-phase PWM inverter using sensorless slip frequency-based vector control
scheme system becomes stable without an excessive current despite largely changed load torque disturbances. In
addition to this, in experiment, the speed regulation factor in steady state is less than about 2.8% of the rated
speed over wide speed ranges settings as well as large load torque disturbances. Furthermore, it is noted that the
transient recovering time or settling time is to be about 300 msec. Table 1 indicates the induction motor machine
constants measured by means of no-load test and lock test.

Fig. 15 illustrates the steady state torque vs. speed characteristics of this the induction motor speed control
scheme. It is noted that the steady state accuracy of the speed regulation for two types of induction motors is less
than about 2% within a wide range of speed settings and under load torque variation conditions.



Sayed and Kassem: SENSORLESS VECTOR CONTROLLED THREE-PHASE 47

=]
=]

B Ay O00TPM) (12 00rpm) E 240r &00 (1200rpm
(240rpm) s vurpm) P (60 0r i
Z sto ™ o = Z gl w
= . =
= (1800rpm) = (1300rpm)
5 6 I I 5 6
g 2 ‘ 5 2
E E
_j - | | o) —j - | 1 1
= U ~ ol = 0 T
- 400 200 1200 1600 2000 — 0 400 800 1200 1600 2000
. 60-m, 60-
Motor shaft speed N, = = (rpm) Motor shaft speed W = = (rpm)
a0 T
(a) Induction Motor with 200 Voltage Rating (b)) Induction Motor with 400 Voltage Rating

Fig. 15. Characteristics between motor speed and torque estimated by novel machine parameter auto-tuning method.

TABLE1 MACHINE PARAMETERS.

Motor r1(Q) 2(Q) L1 (H)
Type A 2.50 2.47 0.15
Type B 1.54 1.97 0.11

6. CONCLUSIONS

In this paper, demonstrated and characterized are, a high performance and accurate adjustable-speed induction
motor drive system incorporating sensorless slip frequency type vector control based three-phase voltage source
type sinewave PWM inverter using IGBTs power modules. The high frequency carrier PWM sinewave three-
phase inverter operating under current controlled voltage source has a novel automatic auto-tuning induction
machine circuit parameter estimation scheme in addition to an effective PI controller to delay the transient torque
current component to reduce the excessive induction motors stator current in the dynamic load torque
disturbances. The inherent automatic auto-tuning principle of the stator and rotor circuit parameters of some types
of general-purpose induction motors has been presented including actual measuring processing from theoretical
and practical considerations. Finally, the steady state variable speed regulation characteristics and dynamic speed
response performances of cost effective sensorless vector control inverter-fed induction motor variable speed
drive system have been built and tested experimentally.
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