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VECTOR CONTROL WITH OPTIMAL TORQUE OF
A SALIENT-POLE DOUBLE STAR SYNCHRONOUS
MACHINE SUPPLIED BY THREE-LEVEL INVERTERS

Lazhari Nezli — Mohand Oulhadj Mahmoudi *

This work relates to the study of the vector control of the salient-pole double star synchronous machine drive (DSSM)
fed by three-level inverters which are controlled by PWM hysteresis strategy. Indeed, it is a question of carrying out a

decoupling between rotor flux and electromagnetic torque, by introducing a vector control with an optimal torque working
and by imposing constant flux regime. Furthermore, to ensure a decoupled dynamic behavior of the machine as in the case
of a DC machine, a regulation of the rotor current has been introduced through a chopper operating at 5 kHz chopping
frequency, feeding the excitation circuit. The obtained results are very satisfactory and reveal the effectiveness of the proposed

approach.
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1 NOMENCLATURE

Val, Upl, Vel vOltages of stator three phase first winding
Va2, Up2, Uc2 voltages of stator three phase second winding

ia1,%1,%c1 stator currents a,b,c phases of first winding
ia2,%2,1c2 stator currents a, b, c phases of second winding
Vd1, Vgl stator voltages dq components of first winding
Vd2, Vg2 stator voltages dq components of second winding
1d1,tq1 stator currents dg components of first winding
1d2, g2 stator currents dg components of second winding
iy DC current of rotor excitation

ba1, Pq1 stator flux dq axis components of first winding
baz, Pg2 stator flux dq axis components of second winding

R stator resistance

L4, Lq d—q inductances

Mg, M, d—q magnetizing inductance

Tem, T2y,  electromagnetic torque, reference torque
T, load torque

J total inertia

fr coefficient of friction

Ky, Kq PI parameters of rotor excitation current ¢y
P number of pole pairs

w synchronous pulsation

Q rotating speed

DSSM double star synchronous machine

X reference value of x

2 INTRODUCTION

The electrical AC machines drive play a very impor-
tant role in industrial applications. The performances re-
quested from these machines are constantly increasing
from the point of view of the dynamics speed and of the
waveform quality of the delivered torque.

The progress achieved in the domain of the power elec-
tronics permitted to construct some static converters at
variable frequency which has led to the effective speed

salient-pole double star synchronous machine, tree-level inverter, decoupled control, optimal torque

drive of the AC machines. For high powers, the use of the
synchronous machines associated static inverters espe-
cially finds its application in the electric traction and the
motorisation at variable speed of the embarked systems
[1,2]. Among these machines one finds the self-controlled
synchronous machines supplied by thyristor components.
The great inconvenience met with this type of supply is
the high waveform of the electromagnetic torque. To over-
come this problem, one uses a three-phase double star
synchronous machines whose windings are shifted of 30
degrees one compared to the other, supplied with two in-
verters [1-5].

The development of the high power components al-
lowed the passage of the voltage supply of these machines
with two voltage source inverters (VSI) and their use
makes it possible to segment the power which improves
commutation of these power components. Moreover, in
low and average power, the feeding of this machines is
generally assured by two-level inverters, however, for the
high power, these machines supply often requires multi-
level inverters [6].

Otherwise, the difficulty to control this type of ma-
chine resides in the fact that the mathematical model of
the system is nonlinear, multi-variable and highly coupled
due to the existence of a strong coupling between rotor
flux and electromagnetic torque. Several control strate-
gies have been proposed in the literature [5], [7—11]. For
the smooth-pole synchronous machines, the decoupling at
optimal torque operating is carried out for vector control
with imposing direct components of stator current null
[10].

This paper forms part of this context and the aim is to
propose a new control strategy for achieving a decoupling
between rotor flux and electromagnetic torque operating
at optimal torque behavior of a salient-pole double star
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Fig. 1. Synoptic scheme of a vector control DSSM drive

synchronous machine (DSSM) supplied with two three-
level inverters controlled via hysteresis based PWM strat-
egy. This decoupling is ensured by introduction of a vec-
tor control which will maintain stator current producer
of the electromagnetic torque, obtained by imposing by
the means of the direct components of stator currents not
null. Furthermore, to guarantee this operation with op-
timal torque working in all regimes as in the case of a
DC machine, we have introduced a regulation of a rotor
current through a chopper operating at 5 KHz chopping
frequency, feeding the excitation rotor circuit.

3 THE PROPOSED SYSTEM

Figure 1 illustrates the synoptic scheme of a DSSM
control drive. The machine is a salient-pole type with a
dual-stator three-phase winding whose the windings are
shifted of 30 electrical degrees one compared to the other,
supplied by two independent three-level inverters which
are controlled by PWM hysteresis strategy. Because of the
salient-pole type, a vector control with imposing constant
d-axis stator current was proposed in order to decouple
the machine model. A classical PI speed regulator was
introduced with the closed-loop regulation.

3.1 Modeling of the double star synchronous
machine

The studied machine is a double star synchronous ma-
chine (DSSM) with stator is made up of two three-phase
windings shifted between them of an angle (30°), and an
exciting winding shifted compared to the axis of the sta-
tor phase of an angle measuring the position of the rotor
[3]. The machine is a coiled rotor and with poles with-
out damper windings. For the variation speed, we will
use the principle of the self-control which consists in sup-
plying the machine with a current whose frequency and
phase are controlled to the rotor position.

The modeling of the machine is based on the usual
assumptions such as the effect of saturation is neglected,
the distribution of induction along the air-gap is sinu-
soidal and the effect of the damper windings is neglected.
On a reference frame related to the rotating field, the
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system of d—q equations is [3]

d
Va1 td1 ds ?1 w 0 da1
; 0 + O
vaz | _p | a2 | di G w Paz (1)
Vg1 lq1 —w 0 & 0 Pq1
Vg2 g2 0 —wod Dq2
dt
The rotor excitation circuit is written as
d
Vi = Ryiy + doy (2)

dt
and the corresponding flux relations are given by
¢a1 = Laiar + Maige + Myaiy,
¢a2 = Laias + Maiq1 + Myaiy,
®q1 = Lgiqn + Myigz, (3)
¢g2 = Lyiq2 + Myiq,
¢5 = Lyiy + Myq(iqr + iq2) -
The mechanical equation is:
%%:Tem—%w—ﬂ. (4)

The electromagnetic torque developed by the machine is

Tem = p(driqr — dqria1 + Gaziqz — dg2ta2) . (5)

2

v by

Fig. 2. Schematic representation of the DSSM windings

3.2 Power supply of the machine

By their principle, the synchronous machines can oper-
ate at variable speed only if they are fed by static inverters
at frequency variable and controlled to the rotor position.
The converters of power supply of the machine schema-
tized on Fig. 3a are three-level inverters with NPC struc-
ture whose each inverter consists of twelve bidirectional
switches (K;;) and each switch is made of a transistor
and a recovery diode. Level zero of the output voltage is
obtained by two diodes connected to the point-medium
of the dc-link voltage supplying the inverters (Fig. 3b).
All these elements are assumed to be perfect switches.
This structure, intended for applications of high power
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Fig. 3. (a) — Supplying of DSSM scheme by three-level inverters,
(b) — Scheme of three-level inverter NPC structure

makes it possible to have a voltage waveform closer to
the sinusoid than with the traditional structure of two-
level inverter. Moreover, for the same dc-link voltage, the
three-level inverter switches support half of the voltage
supported by those of the two-level inverter [6].

For the control PWM strategy of the inverters, the
adjustment is carried out by the duration of opening and
closing of the switches, and by operation sequence. For
our study, we apply the hysteresis-based PWM strategy
whose principle consists in maintaining the variation of
the current for each phase, in a band framing the cur-
rent reference, using an appropriate control of the inverter
switches. This control is achieved by a permanent com-
parison between the real stator current and its reference.
Thus, the converter will behave as a current fed inverter
whose structure is in voltage.

4 VECTOR CONTROL STRATEGY UNDER
OPTIMAL TORQUE OPERATION

The model of the double star synchronous machine is
multivariable, highly coupled and nonlinear. The speed
control of this machine and thus torque requires the si-
multaneous control of several variables. Indeed, the dis-
tinction between the current producer of the torque and
the one producer of the flux is not as evident as in the
case of the DC machine. In order to obtain the desired
performances, the control strategy of the AC machines
often consists in making the electromechanical behavior
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similar to that of a DC machine. This similarity is carried
out by the application of the vector control [7,10,11].

The main objective is to decouple the electromagnetic
torque from the direct components of stator flux and thus
to control the torque it is necessary to impose the com-
ponents of the two stator currents iq1, 242, %q1, ig2. In
the case of a machine with smooth poles, the electromag-
netic torque is optimal for a decoupled control strategy
with 441 = 0 and 42 = 0 [10], but for machine that
we study who is with salient poles (Lgy = 196.1 mH,
L, = 110.5mH), the developed electromagnetic torque
is not optimal for this control strategy but for an other
one with i4; # 0 and ig2 # 0 and thus the electromag-
netic torque takes a value proportional to (iq1 + i42) for
a given rotor excitation. After this choice, one obtains
a model where (iq1,%42) components command only the
electromagnetic torque.

On the basis of the relations (3) and (5) and suppos-
ing that the two inverters provide equitably half of the
consumption by the machine, one writes

1q1 = g2 = id,

(6)

lqgl = g2 = 1q -
The torque is expressed as

(7)

For a fixed excitation rotor current iy, the electromag-
netic torque is proportional to the ¢, component of the
stator current if however its 74 component is maintained
constant. Thus, it is possible to impose by the means of
the 74 component an operating at optimal torque and sta-
tor flux constant. Indeed for the imposed following nom-
inal values ¢s, = 1.52 Wb and maximum value of stator
current ismax = v 2isnom = 7.6 A, we write

Ter, = 2p[(Ld — Lq + My — Mq)id + Mfdif} iq .

o =00+ %,
¢a = (La+ Ma)ig + Myqiy,
¢q = (Lq + Mq)iq :

(8)

2 —i2
s max d»

By holding account owing to the fact that ig =1
the quadratic equation of 74y component is given by

[(Ld + Md)2 — (Lq+ Mq)2] 13 +2(Lag+ Mqg)M¢qisiq
+ (Lq + Mq)zigmax - (bgn + M?dZ? =0 (9)
and while posing
i = — (Lat Ma)Myaiy
$ 7 (La+ Ma)® — (Ly + M,)?

i2 _ (L‘I + Mq)Qigmax - gn + M?dZ?
¢ (La + Ma)* — (Lq + Mq)2

The solution of this quadratic equation is

Qg = —ig £ \[i2 — 2.

(10)
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Fig. 5. Regulation of rotor current with a chopper feeding

The one of numerical values of iy component is —3 A
and the other value is rejected, for the imposed nominal
values (s, = 1.52 Wb, ismax = 7.6 A and iy =1 A).

Figure 4 illustrates the scheme of vector control-DSSM
supplied by two three-level inverters, the decoupled con-
trol strategy of the machine is ensured by the decoupling-
block obtained by the model of the machine. Indeed, for
an optimal operating of the torque, we impose the d-
axis (iq41,%q42) components on their constant values given
by the relation (11) and we establish the g-axis (iq1,742)
components by the means of the reference torque T,
the decoupling structure can written as

g — i — 2
iy =g =g = —ig +/if — i3

_ T, ()
2p[Ld + Md — Lq — Mq]lz + Mj'dij' '

The reference components of stator currents (i%;,i5,,
i1, 152) Which are provided by this block ensure the con-
trol of the torque and the passage to the real variables is
done by use the inverse generalized Park transform, then

ot —1 Zdl
iy | =P (0) =

q1

cosf
2 T
V2 eosto—%)

cos (0 + %’T)

—sinf .
—sin(f — 2F) (Zi“) (12)

—sin(9+ %ﬂ) a
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Z'a2 Zd2
Z1)2 o= i ] =

q2

02
cos(f — ) —sin(0 — v) »
\/7 cos(f —y — 2F) —sin(0 — vy — 2F) <zfz>.(13)
q2

cos( 9 v+ 2Z) —sin(0 — v+ &)

Where 6 = [wdt and v = 7/6.

5 EXCITATION ROTOR
CURRENT REGULATION

For a given load, the electromagnetic torque depends
on the rotor excitation current. In order to ensure the
decoupling of the machine with optimal torque in all
regimes, in particular at starting, it is necessary to con-
trol this current. To this end, we introduce a transistor
chopper operating at 5 KHz chopping frequency, feeding
the excitation DC circuit. The control of the rotor cur-
rent is ensured by a PI regulator and the reference exci-
tation current is given by a defluxing-block which allows
the working of the machine beyond the nominal speed
(Fig. 5).

Using the control strategy given by equation (11), the
rotor equation is rewritten as

Vy ZRfif-l—Lf%. (14)
dt
The PI controller parameters K, and K; are determined
by pole placement method developed for the linear sys-
tems [12]. The closed-loop is given in fig. 6. The closed-
loop transfer function is given by

if(s) 1 sK, + K;
z}(s) - Lyg24 Rf+K

To get a well damped behaviour, we use the poles place-
ment approach proposed by [12], schematized in fig. 7.

(15)
S + Lf

i*f P K; Ve 1 if
.® > 4 =2 >
T ~ P s Re+sL¢
Fig. 6. Closed loop excitation rotor current
Im
2 Pl
n/4
| Re
P n/4
P2

Fig. 7. Poles placement method
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Fig. 9. Instantaneous waveforms in study-state behaviour of torque, voltages and stator currents in the case of a hysteresis PWM strategy
with § = 0.5 A and load torque of 16 Nm
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Fig. 10. Performances of the vector control of the DSSM in open loop with the excitation rotor DC current regulation with reference
value z} =1A and p = 1.1. Waveforms of torque, amplitudes of d—¢q stator current components and DC rotor current

Let py = —p—jp and p2 = —p+jp, by identification, The parameters values of PI corrector based on p are
we obtain K, =2pL¢— Ry,
2, Ry + K, K;

—. 16 = 20%L;
T s+Lf (16) K;=2p’Ly.

(s—=p1)(s—p2)=s (17)
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Fig. 11. Performances of the closed loop vector control corresponding to speed step response of 100 rd/sec with application load torque
T, = 10 Nm at time ¢t = 1 sec. Waveforms of speed, torque, stator current in phase aj, DC rotor current and amplitudes of d—q stator
current components (p = 10)
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Fig. 12. Performances of the closed-loop vector control corresponding to a speed square step response 100 rd/s, —100 rd/s. Waveforms
of speed, torque, stator current in phase a1, amplitudes of d—g stator current components (p = 10)

6 SIMULATION AND RESULTS

To evaluate the performances of the vector control
of the DSSM in closed loop regulation with PI speed
corrector and rotor current regulation, we simulate the
global working of the system given in Fig. 8.

The nominal power of the DSSM machine is 5 kW and
the nominal torque is 16 Nm. This machine is supplied by
two independent three-level inverters which are controlled
by PWM hysteresis strategy whose hysteresis band is
0.5 A ie 10% of the rated stator current approximately.

Figure 9 illustrates the instantaneous waveforms of

stator current waves, the supply voltages and the elec-
tromagnetic torque developed by the machine in steady-

state regime. One can see the clear sinusoidal shape of
the currents and the weak undulations of the torque.

Figure 10 shows the performances of the vector con-
trol in open loop (without regulation speed) with rotor
current regulation which we introduced in order to ensure
a behaviour model similar to that of a DC machine. In-
deed, we imposed a reference torque of 12 Nm in the time
interval of [0,0.8] sec and of 6 Nm in the time interval of
[0.8,1.6] sec and we note that the developed torque fol-
lows perfectly the posted reference and that it is the image
of the stator current components i, and ¢42. Moreover
the components 41 and i42 are appreciably equal to the
decoupling reference components which is of (=3 A) even
to starting, which shows the decoupling effect.



Journal of ELECTRICAL ENGINEERING 61, NO. 5, 2010

In Figs.11 and 12 we have shown the obtained perfor-
mances for the closed loop vector control of the DSSM
drive. One can see the waveforms of the speed, the
torque, the amplitudes of stator current components
(41, %42, 9q1,q2) and the excitation rotor current iy. A
torque limiter was also introduced in order to limit the
produced torque to its acceptable value of 40 Nm. The
tests were carried out as follows
— Fig. 11: speed step response of 100rd/s with load

torque 7, = 10 Nm application at time t = 1 sec.

— Fig. 12: speed square step response 100rd/s,—100rd/s
while the machine is not loaded.

For the two tests, we notice that speed follows perfectly
its imposed reference without going beyond and the dis-
turbance rejection is immediate. The amplitude value of
d-axis current components ¢41 and igo are always main-
tained with the optimal reference value of (—3 A) and
keep this value in spite of the severe disturbances imposed
on the system. One also confirms that the electromagnetic
torque and the amplitude value of g-axis current compo-
nents ¢41 and ¢4, have rigorously the same form.

7 CONCLUSION

The application of the vector control to the salient-pole
DSSM permitted to simplify the model of the machine
and to decouple it. By this process, the performances of
the machine supplied by two three-level inverters con-
trolled via the hysteresis PWM strategy, are interesting
to know an appreciable dynamic behavior and a rejec-
tion of effective disturbance. The obtained results are very
satisfactory and reveal the effectiveness of the proposed
approach.

For the salient-pole DSSM type, the developed torque
is optimal for a decoupling model with i4; # 0 and igo #
0 values and thus the torque takes a value proportional
to (iq1 +142) for a given excitation. After this choice, one
obtains a model where the i4; and ig components only
command the electromagnetic torque.

Also, in order to ensure the decoupled behavior from
the machine with constant torque, as in the case of a DC
machine, we introduced an excitation current regulating
on its reference gotten by a defluxing-block which allows
the working of the machine beyond the nominal speed.
This operation is obtained through a chopper feeding the
excitation rotor circuit with chopping frequency of 5 KHz

As perspectives, we can replace the speed PI regulator
by a robust regulator gotten by the advanced automatic
techniques as the control by sliding mode or the fuzzy
logic.
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