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Improving M echanical Characteristics of Inverter-induction Motor Drive System
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Abstract: An inverter-three-phase squirrel-cage induction anotlrive system with improved
mechanical characteristics is presented. The pegpsgstem provides mechanical characteristics with
constant maximum torque or increased maximum toequereduced slip speed at frequencies below
the nominal frequency. The control algorithm isdzhen the constant volts per hertz principle using
two improvement techniques: keeping maximum torcomiestant or keeping magnetic flux constant.
Performance analysis of the system under diffexap#ration conditions was provided. For this
purpose, a standard state-space model of three @uasrrel-cage induction motor, with respect to a
synchronously rotating d-q reference frame wasveadri The correctness and validity of the derived
model of induction motor was verified. The inverteas considered as a static linear element and
modeled through its input-output equation basedhenmodulation index. Three types of controllers
were modeled, simulated and experimentally testésk results show that both suggested control
methods improve the system performance. The skedhas been decreased and the starting torque
and maximum torque have been increased. Contnitlr constant maximum torque can be used in
drive systems working with constant load, while tcolter with constant flux can be used in drive
systems working with constant power.

Key words: Induction motor, constant volts per hertz, constar@ximum torque, constant flux
modeling, simulation

INTRODUCTION Ideally, by keeping a constant V/f ratio for all
frequencies the nominal torque-speed characteristic
Induction motor is the most used in industrythe induction motor can be reproduced at any
because of its high robustness, reliability, lowtchigh  frequency. In this case, the stator flux, statomemnt
efficiency and good self-starting capabffityln spite of  and torque will be constant at any frequency. Tieag
this popularity, the induction motor has two inlrdre majority of variable-speed drives in operation tdae
limitations: (1) The standard motor is not a trueof this type. However, since the introduction afldi
constant-speed machine, its full-load slip variesmf  oriented control theory, almost all research hasnbe
less than 1% (in high-horsepower motors) to moa&th concentrated in this area and little has been ghibti
5% (in fractional-horsepower motors) and (2) It . ) o
inherently capable of providing variable-speedabOUt constanl\fi operation. Its practical application at
operatioff. These limitations can be solved through
the use of smart motor controllers and adjustapéed
controller*®. The basic control action involved in a
smart motor controller is control of stator voltagea
fixed frequency to accomplish start/stop/brakingtool
and energy efficient operation. The basic contobioa v
involved in adjustable speed control of induction - drives at frequencies below 3fiz
motors is to apply a variable frequency variable . . .
magnitude AC voltage to the motor to achieve tmesai The performance of induction motor operating at
of variable speed operatiin The most common AC constantY. ratio can be improved by using different
drives today are based on sinusoidal pulse-width
modulation SPWM. Both voltage source inverters andechniques, such as stator resistance compensalijon,
current source inverters are used in adjustabledssp€  compensation and vector compensation. The stator
drives. However, voltage source inverters with tams  resistance compensation method consists of boosting
Volts/Hertz (V/f) are more popular, especially for the stator voltage by the magnitude of the current-
applications without position control requirements, resistance voltage drop. Slip compensation resualts
where the need for high accuracy of speed cortrobt  increasing the  operating frequency. Vector
crucial. compensation requires measurement of both voltage

low frequency is still challenging, due to the ughce
of the stator resistance and the necessary rafortcl
produce torqu8. In addition, the nonlinear behavior of
the pulse-width modulated voltage-source inverter i
the low voltage range makes it difficult to use stamt
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and current and accurate knowledge of machine )
. e[é] Electric Inverter-Based
inductances. Energy ——»|  AC-o-AC

The objective of this study was to develop new e Converter
techniques to improve the performance of inverter- Control 1 Feedback
. . . . Signals | Seignala(cl,)
induction motor drive system with constant.

f Co;;::r d Controller

controller. For this purpose, two improving techréq )
are presented. The first technique is based onirkgep Fig. 1: Block diagram of inverter-three-pba
the maximum torque constant for all operating squirrel cage induction motor

frequencies and equals to its value at nominal
frequency. The second technique is based on | |

maintaining the magnetic flux constant at all ofiaga gk !

frequencies and equals to its nominal value. The T b !
proposed techniques are validated by simulation and inputs | Saturation | outputs
experimental results. It is shown that large tosqaee ' !
y S e @y :

obtained, even in the low frequency range, with !
significantly reduced steady-state error in speed. |

Fig. 2. Steady-state model of inverter
Modeling system components. The block diagram of
inverter-three-phase squirrel cage induction masor
presented in Fig. 1. It consists of IGBT-invertasbd

i
AC-to-AC converter, three-phase squirrel cage : !
induction motor and controller. In order to analyhe . | f Stion |
system performance, all of these components sHurild mnputs z | outputs
modeled (mathematically described). seetion 1 section
Modeling of the IGBT-inverter-based AC to AC Fig. 3: The model of//f=constant controller

converter: The inverter-based AC-to-AC converter is
considered to be an ideal system, where the D@gelt Modeling of three-phase squirrel cage induction

at the input of the inverter has no AC component anmotor: Based on the flux linkages and voltages
the output voltage of the filter at the output ot €quations, the electrical model of the squirrel ecag
inverter has no harmonics. For sinusoidal pulsettwid three-phase induction motor with respect to a
modulation SPWM, the ratio of the amplitude of thesynchronously rotating d-qcoordinates can be
sinusoidal waveform to the amplitude of the tridagu expressed &s”:

waveform is called the modulation ind@%, which can

. VS=RiS+Lss.iS_w4-JS s_wl'slr; r
be in the range of 0 td°L The stator voltage, canbe ~ © - ! !

deﬁned as: Vqs = Riqs+ Lss.iq5+ L rriI q;'-wL ls d-s'-st irln dr (4)
V, =mV, (2) 0=RY i+ Ly i+ Lyis— (@ -@)L i =@ -w L
wherev, = nominal value of stator voltage. 0=Ry i, +L', i'q,+meqs+ (@ -l i+ (@~ ) g
The frequency of the stator voltagé equals the The mechanical model of an induction motor can
frequency of the sinusoidal input waveform be represented BY
3 A,

f= fm (2) Te :Z PLm(IqJ dr_I dL q)

Varying the modulation index and the sinusoidal , 3PL, 3PL, (5)
waveform frequency will change the RMS value of the wm =2Tiq4 ""_ZTi o 'q,-%'l' m

stator voltage and frequency, respectively. Eggnd 2

constitute the steady-state model of inverter, shaw
Fig. 2. Nomenclature

v, = d-axis component of the stator flux linkage, Wb
Modeling of controller: The controller with ¢,= d-axis component of the stator flux linkage, Wb

V / f =constant must apply the following function: w', = d-axis component of the rotor flux linkage
m:{Kf, O0<f<f, A3) referred to the stator, Wh

L f=zf, w', = g-axis component of the rotor flux linkage
wherek =1/f, and f, = nominal frequency. The model referred to the stator. Wb

of v/t = constant controller is shown in Fig. 3. v, = d-axis component of the stator voltage, V
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v.= (-axis component of the stator voltage, V Table 1: Induction motor data
L= deaxi fth A Parameter Value
i,= d-axis component of the stator current, Stator resistanca; 0
io= Q-axis component of the stator current, A Stator reactanci; 400
) . Mutual reactancm 2410
i',= d-axis component of the rotor current referred torotor resistance referred to the stagr 250
the stator. A Rotor reactance referred to the stafgr 30Q
L . ' Nominal voltageV,, 230/400 V
i'y= g-axis component of the rotor current referred toy;minar torqueT, 13nm
the stator, A Nominal input poweP, 0.25 kW
— ; Nominal current, 0.76 A
L= stator. inductance, H Power factor cos 0.79
L' = rotor inductance referred to the stator, H Nominal frequency 50 Hz
_ tual induct bet t d stat H Number of pole$ 4
L,= mutual inductance between rotor and stator, Nominal speedh, 1455 rmp
L.=L.+L,, H Nominal angular speed 152 rad/s
Moment of inertial 0.02 kg.M
Llrr :L‘r+Lm’ H
w,= Stator electrical angular speed, rad/s 1 o0 0 00
w = rotor electrical angular speed, rad/s 0 1 0 00
. 0 0 1 00
@, =3wr , rotor mechanical angular speed, rad/s C=
P 0 0 0 10
P= number of poles 0 0 0 01
T.= electromagnetic torque, N.m -al,j', 0 alLj'y, 0 0
T.,= load torque, N.m 3. LU Nt
. X . a—*P, Kl_ SS rr2 ; , = 5
J= equivalent moment of inertia, kgz.m 4 LL' -5, LL'—L%,
The state-space model of induction motor in
standard form, with respect to a synchronouslytirega d axis
d-q coordinates, can be derived from Eqgs. 4 arsl 5 a
X =Ax+Bu (6) Electrical
y=Cx+Du kil Part
where the matrix quantities in Eq. 6 are as follows
U -7 L T
XZPm iy as iy w@ X =[lg iy g g @] 3
Y=l 'y ig i'g @n T3 U=[ve 0 v, O T,J;
(las]
D =[q]
7
54)5+BmmK2 EmmKli 5K1 —&K2 0
2 2 [ L Lo
Ry, Rey, co-Pox, -Foxt of 0 T e i
L Lo 2 27
P P R
A= _Ew"‘Kl "; ws—zmel —%Kz L': K, 0
' Mechanical
E%Kz Fle gqxlm —w,+—wK, 0 Part
_aLmi ar 0 al—mi ‘dr 0 0 . . .
L J J ] Fig. 4: State-space model of induction motor
(K oy K o o] The state-space model of induction motor
L L, according to Eq. 6 is repregented in Fig. 4. THali
0 K, 0 Ke o and correctness of the derived model were checlked b
L, L, comparing its response to that of the embedded
Bel K o Koo o MATLAB model. Both models gave identical
- _Tm L', ’ responses with relative error of 0.01% under threesa
K, K, conditions. The parameters of simulated induction
0 L, 0 L, 0 motor are given in Table 1.
1 The complete model of the drive system studied
o o 0 0 -7 using MATLAB Simulink is shown in Fig. 5.
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(] Tmax =Constant
Motor Current 2 160 ﬂHZ\ -~ —— V/f= Constant
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Fig. 5: The model of the drive system

Induction Motor

Fig. 8: Mechanical characteristics afer
system witf,;,=constant controller
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Fig. 6: Mechanical characteristics afer
system withv//f=constant controller
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Fig. 7: The model df,,;=constant controller

) ] ) Fig. 10: Mechanical characteristics avelr
Performance analysis of the drive system with system with different types of cotiers

Y - constcontroller was provided for different values of ) ]
f Improving performance of drive system: The

frequency and load torque. Examples of mechanicgberformance of the drive system can be improved by
characteristics of the system at different freqienare using a controller that keeps the maximum torque
shown in Fig. 6. The results showed that both théma=constant or the flux=constan at any frequenci
starting torque and maximum torque decrease by

decreasing the frequency. The motor was not able teontroller with constant maximum torque: The
start at frequencies below 22Hz at load of 1.0Nnd a maximum torque at nominal frequenay,, can be
below 11Hz at load of 0.5N.m. It was noticed atb@t  getermined by the following equatifn

the absolute slig, , defined as: - 3PV?, 8)
s =@ (7 et R R X,
o, whereV,= nominal value of stator voltage (phasgy,

decreased by decreasing the frequency, whereis nominal frequency and,,, = X, + X', =27, (L + L")

. . The maximum torquer, at any frequency can be
the no-load speed at a given frequency &g is the mex
P g a y determined as:

no-load speed at nominal frequency. In order to 5
: ; : _ 3PV

improve the starting and load performance of theedr T, = ‘
system, a new controller is required. 87l R+ R+ (21 fl+ 2 1L,
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N
D
o

.;2  s0hz ¢ = Constant Eq. 11 shows that the stator voltage the case of
= 140 Tmax = Constant controller with constant flux is always greaterrttthat
=T T T N O B V/f = Constant v
=120 of n =constant controller. The model of controller
o
@100 30 Hz with constant flux is shown in Fig. 9. Simulated
= el T mechanical characteristics of the drive system with
% 14 \ . P
g different types of controllers are representedim EO,

60

which shows that the decrease of frequency causes
significant increase of maximum torque in the cake

N
o

10 H . .
P 2 ORI S S controller with constant flux. Fig. 10 also showmstt
I the absolute slip reduced and became less tharothat
O o5 1T 15 5 35 3 35 4 45 5 55 other types of controllers. The obtained mechanical

Electromagnetic Torque 7, N.m characteristics of the drive system with constdmx f
controller are similar to those of drive systemragiag
Fig. 11: Experimental mechanical characteristics ofwith constant power.
drive system with different types of controllers
RESULTS

Equating Eqgs. 8 and 9 we get:

f o . To verify the use of the proposed controllers with
vV _f TRH/(T) Rit Xom constant maximum torque and with constant magnetic
m_v*n’* flux, some experiments have been carried out with t

f" R1+ R2 + Xzsn

Ea. 10 sh y lth tyth | ¢ modulation ind same drive system that was simulated. The mecHanica
q- shows that the vajue ol moaulation INA€X,,, 4 cteristics were obtained for different freqries.

m for controller with constant maximum torque is

Some of these characteristics are presented inlHig.

The experimental characteristics are similar to

simulated characteristics, which means that the
The model ofT,, =constan controller is shown in  proposed techniques can be implemented in drive

Fig. 7. The simulated mechanical characteristicthef systems based on squirrel cage induction motors.

drive system witht__ =constan controller are shown in

Fig. 8, from which it is clear that the maximumdoe

remains constant for the frequency range from 20piz
to 50Hz. For frequencies below 20Hz the maximum Based on the results of this study, the following

torque has been significantly increased compariitly W conclusions can be made:

The derived state-space model of three-phase
squirrel-cage induction motor can be used to
analyze the performance of induction motor drive

systems.

(10)

greater than that of controller wit\f\ = constant.

CONCLUSION

that of the drive system Witléf(: constant controller.

The absolute slip has been decreased. Analysis of
simulated mechanical characteristics of the systdtim

T... = constan controller showed that the starting torque
significantly increased and the motor successfully
started at frequency of 4Hz under=1.0N.m and 3Hz
undert, =0.5N.m.

Controller with constant flux: The stator flux can be
kept constant and equal to its nominal value, éf iitio
of the magnetizing e.m.fg,, to the stator frequendy

remains constant, (% :% =constant. Under this

n *

condition and based on the induction motor steaates
equivalent circuit and phasor diagf@m the stator

voltageV can be determined as:
V = K\//f f + R\l Izs_ Izm

where K,,, :¥

(11)
| =

=constan, | = magnetizing (no-load)

current.

196¢

The implementation of constant maximum torque
and constant flux controllers improve the
mechanical characteristics of inverter-induction
motor drive systems.

The mechanical characteristics of the drive gyste
with constant flux controller are harder than that
with constant maximum torque controller.

It is recommended to use constant maximum
torque controller in drive systems operating with
constant torque.

It is recommended to use constant flux contralter
drive systems operating with constant power.
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