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Abstract: This study deals with an overview of principles space vector control for dual star induction motor
and 5 level inverter with Space Vector Pulse Width Modulation (SVPWM) technique. A dual star induction
motor rated at 4.5 kW, 220 V, 1 pole pair, 50 Hz 1s modeled in vectorized form in the stator frame. The voltage
waveforms are generated by the space vector modulation techmique and the control method presented 1s
indirect rotor Field Onented Control (FOC) with stator currents regulation. The trajectories tracking, robustness
to parameters variations and disturbance rejection are successfully achieved using PT controller.
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INTRODUCTION

The multi-phase drives offer the improvement of the
system reliability which 1s of great mterest in specialized
applications such as electric/hybrid vehicles or aerospace
applications. Consequently 1f one phase 1s lost the drive
continues operating, although at different rating values.
This induction machine has 2 sets of 3-phase windings
which are spatially phase shifted by 30 electrical degrees
with isolated neutrals (Bojoi et al., 2005; Munoz and Lipo,
2000). The dual 3-phase induction machine is a 6
dimensional system. Therefore, modelling and control of
this machine n the original reference frame would be very
difficult. Because of this reason, the Park transformation
is necessary. For analysis and control purposes, the

Fig. 1: DSIM axis presentation

original 6 dimensional machine system can be
decomposed into 2 dimensional orthogonal subspaces dq
or ¢, P-axis as shown in Fig. 1.

MATERIALS AND METHODS

The model of the DSIM drive will be described in
stator field coordinates. This system of equations is
nonlinear. The indices r, s1 and s2 mean rotor, stator 1
and stator 2, respectively. The Park model in set of
equation of state is presented below (Munoz and Lipo,
2000, Gregor et al., 2008; Hadiouche, 2001).

Electrical part:
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We will eliminate, the use of currents in the model
and we will use the flux mstead. The connection between
these 2 variables 1s as follows:

[q)dqle ] = lel[:[dqsll] + Lm( qusl+:[dqsl+:[dqr )
[q)dqr] = Lr[qur] + Lm(qusl + qusl + qur )

(2)

and state equation between flux and input voltage are:
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The equation of flux 1s:
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or,
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The state matrix A and vector B in the d-q axis are:
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Mechanical parts: The mechanical equation 1s:

y 8 =T, -
dt

T - (10)

m

Ke L2,

The equation of the electromagnetic torque 1s:

L
L

Te =P L [(Iqsl + Iqu)'CDdr _(Idsl + IdsZ)'qur} (11)

m r

Five-level voltage source inverter modelling: The
structure of a typical 5-evel Voltage Source Inverter (VSI)
of diode-clamped that uses IGBT devices 1s shown in

Fig. 2.
The higher number of levels provides the
advantages of higher power rating and lower output

armonics (Bose, 2004; Menzies et al., 1994). The 24
switches can be power BIT, GTO or IGBT, the on/off
sequence of all these devices must respect two
conditions; three of the switches must always be on and
three always off, the upper and the lower switches of
same leg are driven with two complementary pulsed
signals. In this way, no vertical conduction is possible,
providing care is taken to ensure that there 1s no overlap
in the power switch transitions.

A 3-level inverter has 5° = 125 switching states, 8
switching devices (Table 1) and 6 clamping diodes for
each phase leg and 4 DC-side capacitors. In general an
N-level mverter requires 2 (N-1) switching devices and
2 (N-2) clamping diodes for each phase leg and (N-1)
DC-side capacitors where each switching device shares
V(N-1) voltage. It produces N-level phase voltage and
2 N-1 level line voltage waves and N°-(N-1 voltage space
vectors and 6™ number of triangle (Yu and Figoli, 1998)

(Fig. 3).

Table 1: Switching states of a phase groupe for a 5-level inverter
Switching

states 51 82 83 84 35 86 87 38 Vi

4 on on on on oft off off off Ve

3 off on on on on off off off 3Vald
2 off off on on on on off off Va2
1 off of off on on on on off Vi d
0 off  off off off on on__ on on 0
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Fig. 3: Switching sequence for each sector for SVPWM
Space Vector Pulse Width Modulation technique

(SVPWM): Space vector PWM refers to a special
switching sequence of the upper 3 power switches of a
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6-phase power inverter. Tt has been shown to generate
less harmonic distortion in the output voltages applied to
the phases of an DSTM motor and provides more efficient
use of  supply voltage in comparison with direct
sinusoidal modulation technique (Hadiouche et al.,
2003, Van der Broeck et al., 1988; Zhao and Lipo, 1995).
The objective of space vector PWM technique is to
approximate the reference voltage vector V by a
combination of the 8 switching patterns. Equation 12
means for every PWM period, the desired reference
voltage V can be approximated by having the power 2
level inverter in switching pattern V,, V... and origin O
(000 or (111) for T,, T, and T, duration of time,
respectively:

(12)

prm.V =T Vi + Ty Vawis + Ty (Ogyp o1 Opy))

The envelope of the hexagonal formed by the basic
space vectors m Fig. 3 shows the angle between any
adjacent two non-zero vectors 1s 15° the zero vectors are
at the origin and apply zero voltage to a motor
(Hadiouche et al., 2003). The either vectors are called the
basic space vectors and are denoted by V,, V., V5, Vi,
Vg, Vas Voo, Vigs, Vige. Vizs, Vi, Vies, Vige, Viss, Vi, Vaos,
Ve Vs, Vi Vagss Vi, Opgy and O,y The hexagonal is
the locus of maximum V therefore, the magnitude of V
must be limited to the shortest radius of this envelope
when V 18 a rotating vector. This given a maximum
magnitude of vdc/ﬁ for V. As shown in Fig. 3, the
maximum rms values of the fundamental line to line and
line to neutral output voltage are Va/vZ and Vu/s which
is  2/4f3 times higher than what a sinusoidal PWM
technique can generate. The resulting wave forms are a
times-average version of PWM switching signals and
show clearly the fundamental frequency at w, and the 3rd
harmonic at 3w, which 13 mherently generated by the
space vector strategy. As expected the three wave forms
are spaced 120°C apart (Fig. 4). Figure 5a, b shows the
simulation results of the 5-level mverter for parameters
modulations of PWM techmque: modulation index
m = 0.8, switching intervals r = 24 and switching
frequency f,, = 1200 Hz. Figure 6a, b shows the voltage
harmonics in the phase, the simulation results show
clearly low harmonic components.

Field oriented control of DSIM: The field orented control
based on projections which transform a 3-phase time and
speed dependent system mto a two co-ordinate time
invariant system. These projections lead to a structure
similar to that of a DC machine control by eliminating the
rotor cwrrents, Eq. 13 and 14 can be derived relating
rotor fluxes with stator cumrents (Bojor et al, 2003;
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Fig. 5. Simulation results of the 5-level source inverter

Markadeh et al., 2009, Lee et al., 1994). Substituting the
conditions @, = 0 and d® /dt = O for decoupled control
and d® /dt = O for constant flux, Eq. 15 and 16 can be
derived. Equation 15 mndicates how the control slip
command ®’, can be derived in feedforward manner from
the control currents I, and I, whereas Eq. 16 shows that
rotor flux 1s a function of I, and Lirgnay 15 mi1e 10 the
steady-state condition:

gs2
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Where:

FOC needs two constant input references the torque
component and the flux component by maintaimng the
amplitude of the rotor flux (D,) at a fixed value, we have a
linear relationship between torque and flux:

* L *
T =p O (I, +1,. )% (a7
The relations between voltages and currents

components are:

V:;Sl =R, I, +pL Iy — (n:(le I, + Trqurm;)

Vi =Ry L +PL, L + @il I, +P5) 18
V:Sz =R Ty +pLg Ty, —(n:(LSEIqSZ + Trqa’grcd;)

Vi, =R Lo, +PL T (L Ty + @)
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For a perfect de-coupling, we will add new currents
regulators, command I',,,, generated by @', (constant or
programmed with speed for field-weakening control) 1s
compared with the comresponding machine value which
then generates the V,,” command after adding the
decoupling compensation voltage V., in the control
loop as shown:

»
Vi = Vaa = Ve

Vi =V + Vute 19)
V:sz =Via —Vaa
Vi =Via + Ve
Where:
Vige = 0 (Ll + T,0,00,)
Vige =0 (Ll +@,) 20)

Vdslc = (D: (L sZIqsl + Trq)rm;)

Vqslc

= (Ll +P,)

In indirect vector control, the slip command signal
@', is derived from the command I, through the slip gain
21../T,. This signal is then added to the speed signal w,,
and then the slip »", command is derived. In the constant
torque region, the rated flux is generated by constant T,y
command. For closed-loop flux control m both constant-
torque and field-weakening regions, T, can be controlled
within the programmed flux control loop so that the
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Fig. 7. Indirect field orientedcontrol of DSTM
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inverter always operates in SVPWM mode. The loss of
flux in the field-weakening region causes some loss of
torque from that of the square-wave mode but fast vector
control response is retained as shown in Fig. 7.

RESULTS AND DISCUSSION

Simulation results demonstrate the effectiveness of
the discussed control for DSIM with the parameters
shown 1n Table 2, the overall block scheme 1s shown in
Fig. 7. The decoupled torque and stator flux is achieved in
the DSIM rotor flux field oriented reference frame using
conventional PI regulators (Hadiouche, 2001).

The results of the speed regulation are shown in
Fig. 8a-f, the corresponding speed and electromagnetic
torque of motor tends to its reference command in the
proposed control. The speed 1s linearly mereased from 0-
2751 (rpm) in 1 sec without overtaking.

The rotor flux magnitude achieves its reference with
a fast dynamics. The components of stator currents and
voltages of 5-level PWM inverter are sinusoidal and in
quadrature to each other. After 1.5 sec a nominal load
torque of 14 [N. m] is applied to appreciate the dynamic
response of the motor.

Robustness tests

We propose two tests of robustness

Speed pursuit test: Figure Sa, b shows the simulation
results of the speed reversal test, in this test the DSIM
runs with positive nominal speed then the speed is
reversed linearly in 2 sec (t) (Munoz and Lipo, 2000;
Gregor et al., 2008).

The amplitude of rotor flux is kept constant on 1
[Wh]. These results wverify the ability of TFOC
during speed reversal. It 1s evident that the flux of the
motor remams unaffected during the transient of the
speed.

Table 2: Shown the motor parameters using in sirmulation

Nominal values Values TS-unit.
Power 4.5 kKW
Frequency 50 Hz
Voltage (A Y1) 220/380 v
Current (A Y1) 5.6 A
Speed 2751 pm
Constant Value IS-unit
Poles of pair 1

Rsl=Rs2 3.72 Q

Rr 212 Q
Lsl=Ls2 0.022 H

Lr 0.006 H

Loy 0.3672 H

) 0.0625 kgm?
K 0.001 Nm (rad sec ™))
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Fig. 10: Parametric variation test under 100%

Parametric variation test: The Indirect Vector Control disadvantage is that the slip gain parameters 21../T,
(IVC) is used widely in industry. However, one particularly R,, vary widely with temperature causing a
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coupling effect that deteriorates transient response and
affects the flux and torque transfer characteristics
(Bose, 2004). Figure 10a, b shows a parameter variation
test of rotor resistance, simulation results prove clearly
the effect of the slip gamn on the IVC. We performed a
variation of 100% of rotor resistance, we thus provide
mformation on the performance of control in the most

adverse conditions.
CONCLUSION

In this study, we introduced the rotor flux-oriented
control of dual star induction motor after a general
presentation of the motor model. We established the
indirect rotor flux orientation where we do not need to
measure or to estimate the module flux. This control
method provides a good dynamic performance m closed
loop. Indeed, the decoupling between the rotor flux and
the electromagnetic torque 1s completely but the
performances were only slightly damaged, this 1s shown
by the robustness tests any time; they remain satisfactory
hence, we can conclude the proposed IVC with PI

regulators provide good performance.
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