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Figure. 22. Electromagnetic Torque Results for different T.
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The Figure. 22 shows load toque applied at 25%, 50%, 75% and 100% of the motor nominal toque (40
Nm). Note that for some load torque changes the transitory response maintains almost the same and the

changes are for the stable response to the different stabilization torque points. The induction motor has a

high non-linear model and involves current and magnetic flux components for the stator and rotor parts.
Therefore, must be established a control law capable to handle the relations among torque-magnetic flux,
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Figure 36. Motor Speed Response
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Stator current signals, TI=0
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Figure 37. Stator Currents
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The second test was for variable torque and speed. The torque step was set from 0 to 200Nm in t=0.3s
and the speed step was set from 20 to 60 rad/s in t = 0.2s. The results are presented in from the Figure 38

to Figure 40.
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Figure 38. Motor Torque

Figure 38 shows a little variation in the motor torque at 0.2 due to the motor speed reference change and

the 200Nm torque applied at 0.3 s.
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Stator current signals
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Figure 40. Stator Current Signals

From the results obtained is possible to note how the torque step at t=0.3s from 0 to 200 Nm generates in
that the stator current amplitude increases. Also, from Figure 40 is important to mention that the starting
current corresponds to the higher value achieved due to the static condition breaking, In general, the results
obtained from this implementation are good and depicts the control response in transitory and steady states.

At this point three control techniques used for AC motor have been explained with their mathematical
models. However, taking as an example the vector control scheme in Figure 32 is possible to note that
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» Linear modulation: Wrerl < = within the hexagon.

Vae = \/?
: v } )
» Overmodulation mode I: = < Wregd <2 in boundary of the circle.
V3 Vace 3
. v .
» Overmodulation mode II: § < lvlf—l, beyond the circle.
dc

It is important to note that for the linear modulation part the peak reference voltage magnitude is
|Vref| = % and if the modulation coefficient defined before as m = |Vref| /(2/3)Vp¢, then
m = 0.866. This result means that the space vector PWM in the linear modulation zone can use 86.6 % of

the DC bus voltage.

LabVIEW was used to simulate the SVPWM, the initial values used for this simulation were Vs
of 400 and 300 V to a 70Hz frequency. The block diagram and result are presented in Figure 52 and

Figure 53, respectively.
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Figure 52. SVPWM Block Diagram
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Figure 53. SVPWM Result

This PWM method has a better dc supply power use than the methods explained before. Also, it has a
good filtering for harmonics of low order.
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Figure 64. Vehicle Speed Error, FUDS

The error is evaluated based on the mean quadratic error which is computed following the next equation:
1 n
MSE =2 (4= %)
i=1

where Y; is the measured vector with size n, and ¥;" is the reference vector with the same dimension. The
MSE obtained for the FUDS driving cycle is 8.4482 km/h
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Reference, Measured Torque
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Figure 65. Torque and Stator Currents, FUDS

Satisfactory results were obtained from the simulation for a FUDS driving cycle. It is possible to note
that the FUDS test requires several speed variations which also imply torque variations.

A second test is carried out with a speed variation pattern capable to reproduce in a simple testbed. The
results obtained from this second test are presented in the following figures.

kmh

100

Reference, Measured Vehicle Speed
T ) I T ! T
s RGNS SNV o AR SRUNRISI — 7
________ v — :v ‘.... Reference speed
: ; : i : Measured speed
i i I i I
02 04 0.6 08 1 12 14
time]sec]
Reference, Measured Torgue
! . T ! T
‘.‘ L ,H mm l; Anllly il aul S ,J‘ . i I. b
i ! ' Wil L s LR l . Ll PRI
T L -"““""""“--“JE ----------------------- ”“‘--““"“"“"T ----------------------------------------- —Refetencetonme I
17 I i I I Measured torque
02 04 06 cs8 1 12 14

timefsec]

time[sec]

Figure 66. Vehicle speed, motor torque and currents results
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The base speed is calculated with the following equation:
Yr =222 (3.23)

Based on the motor speed measured (w,.), it is defined the reference rotor flux constant. The rotor flux
reference calculation is used to calculate the desired value for the flux current component, which is used as
a reference for a PI that controls the rotor flux loop. The implementation of the field-weakening helps to
improve the complete controller performance since the current flux component is estimated based on the
motor speed operation and not assumed as a constant.

The theory related to the modifications implemented in the vector control was explained, now the
controller is tested with the same speed variation used in chapter 2.
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Figure 73. Speed , torque and current variations
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Rr= 21.34 ohms (Rotor resistance)

Lm= 1.3704 ( Magnetizing impedance [H])

Lls= 0.04994 (Stator side leakage impedance [H])
Llr= 0.04994 (Rotor side leakage impedance [Ohms])
J=0.000589448 ( Rotor inertia )

Power= 370W

YV VVVVY

The first sets of tests that will be with no load applied and for a low speed range conditions, from 100 to
900 rpm.
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Figure 97. Low speed 100 RPM, without load

The MSE in steady state is 34.1672 RPM for a setpoint of 100 RPM
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Figure 99. Low speed 200 RPM, without load

The MSE in steady state is 34.2013 RPM for a setpoint of 200 RPM.
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Figure 100. Speed PI output and curreent components Ig, Id. 200 RPM
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Figure 101. Low speed 300 RPM, without load

MSE in steady state is 20.9048 RPM
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Figure 102. Speed PI output and curreent components Iq, Id. 300 RPM
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Figure 103. Low speed 400 RPM, without load

MSE in steady state is 7.55 RPM
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Figure 104. Speed PI output and curreent components Iq, Id. 400 RPM
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Figure 105. Low speed 500 RPM, without load

MSE in steady state is 8.0905 RPM
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Figure 106. Speed PI output and curreent components Iq, Id. 500 RPM
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Figure 107. Low speed 600 RPM, without load

MSE in steady state is 9.5382 RPM
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Figure 108. Speed PI output and curreent components Iq, Id. 600 RPM
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Figure 109. Low speed 700 RPM, without load

MSE in steady state is 20.1764 RPM
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Figure 110. Speed PI output and curreent components Iq, Id. 700 RPM
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Figure 111. Low speed 800 RPM, without load

MSE in steady state is 2.6825 RPM
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Figure 112. Speed PI output and curreent components Ig, Id. 800 RPM
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Figure 113. Low speed 900 RPM, without load

MSE in steady state is 13.7637RPM
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Figure 115. Speed reference variation, without load

MSE in steady state is 37.7991 RPM

110



Reference Te signal

M

oa
o - @
==
=%
=

-
e

Speed Pl output
& .
o o
T
=
Pe

T

£
=
I

o - 50 100 150 200 2650 300 350
Tima [sac]
Direct current component, flux

Py "{H“ (H
W ‘f_:’!_\ J"L”M

Time [sac]
Quadrature current component. forque

= . ——
! I Reference Igs*
" r“‘ it Real Igs. i
o A :‘r ‘\ 1

.\' ¥ :‘.‘_.”'\vw

Tirmo [sac)

Figure 116. Speed PI output and curreent components Iq, Id.

Load applied during motor operation 1 Nm (100% of the nominal load).
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MSE in steady state is 34.0875 RPM
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MSE in steady state is 34.1862 RPM
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. Low speed 300 RPM, with load

MSE in steady state is 14.4232 RPM
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MSE in steady state is 33.9582 RPM
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MSE in steady state is 33.1834 RPM

Low speed 500 RPM, with load
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MSE in steady state is 33.3087 RPM
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MSE in steady state is 33.9635 RPM
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MSE in steady state is 34.7800 RPM
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MSE in steady state is 41.7675 RPM
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Figure 136. Speed PI output and curreent components Iq, Id.

Since several tests were performed, the results are summarized in Table 6 and Table 7.

Table 6. Motor test with no load

Speed [RPM] | MSE [RPM]

100 34.1672
200 34.2013
300 20.9048
400 7.55
500 8.0905
600 9.5382
700 20.1764
800 2.6825
900 13.7637

Variable setpoints 37.7991
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Table 7. Motor test with load, INm

Speed [RPM] | MSE [RPM]

100 34.0875
200 34.1862
300 14.4232
400 33.9582
500 33.1834
600 33.3084
700 35.3973
800 33.9635
900 34.78

Variable setpoints | 41.7675

In order to compare the results obtained from the tests with load and no load is depicted the Figure 137,
where is possible to see how the no load results keep a low profil in comparison with the loaded tests.

MOTOR TEST MSE

=== No load === With load

Figure 137. Motor tests with and without load

Next, it is evaluated the results for the intelligence vector control in the co-simulation environment.
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4.2.3 Co-Simulation Results

The results obtained from the co-simulation with Multisim model as depicted in the Figure 138 to Figure
140.
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Figure 138. Reference and measured motor speed, co-simulation intelligent vector control
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Figure 139. Stator currents, co-simulation intelligent vector control
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Figure 140. Motor speed error, co-simulation intelligent vector control

The mean square error obtained for the co-simulation is 23.438 rpm. All the steps involved during the
programming phase were depicted in this section and also the results obtained for the experimental
implementation and co-simulation. It was showed that acceptable results were obtained from each controller
and it was demonstrated how useful the implementation of a co-simulation tool for control design is.

The implementation of SMC and fuzzy logic helps to obtain acceptable results with a low error margin.
It is valuable to mention that one important result from the implementation of fuzzy logic is the mitigation
of torque chattering produced from the SMC controller. Thus, a second test in the co-simulation
environment was performed in order to show the reduction in torque pulsations. Figure 141 shows load
variations applied to the motor using vector control working with SMC for the speed controller and PI’s
controllers for the current loops in the co-simulation environment. Some chattering is perceptible in the
torque response, especially in the portion after 3 sec.
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Figure 141. Torque load changes. SMC and normal PI’s, co-simulation

The reference current component i, obtained from equation (4.5) is calculated based on the torque
reference signal from the SMC controller. From Figure 142 is notable the torque ripple during load
variations, which in real applications can represent efficiency losses. SMC can introduce chattering since

one state must track the S surface (see chapter 3, section 3.1). Thus, fuzzy logic contributes to eliminate
part of the chattering produced by SMC.
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Figure 142. Iq torque current response. SMC and normal PI’s, co-simulation
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For the same torque load changes the intelligent vector control with SMC and fuzy logic controllers is
tested. The load changes are presented in Figure 143, where is possible to note a similar graphical response.
However, comparing with Figure 141 is possible to see how the chattering was reduced, more visual in the
same portion mentioned before, after 3 sec
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Figure 143. Torque load changes. Intelligent vector control, co-simulation
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Figure 144. Iq torque current response. Intelligent vector control, co-simulation
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