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Abstrac:

This paper presents a cost-effective vector control strategy for four switch three phase (FSTP) inverter fed a
synchronous reluctance motor with conventional rotor (SynRM) drive. The reduction of the number of power
switches from six to four improves the cost-effectiveness, volume-compactness and reliability of the three phase
inverters. In this paper, a simulation model of the drive system is developed and analyzed in order to verify the
effectiveness of the proposed approach. The application of vector control to a SynRM at maximum torque control
(MTC) operation is presented with emphasis on the effects of saturation and iron losses are briefly considered. A
PI controller is used to process the speed error. Two independent hysteresis current controllers with a suitable
hysteresis band are utilized for inverter switches signals. A simplified steady-state d-q model including saturation
and iron losses is presented. Simulation and experimental results show that the drive system provides a fast speed
response and good disturbance rejection capability.
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L INTRODUCTION

Inverter driven synchronous reluctance motors are
a good choice for many variable-speed drive systems.
Today's variable-speed industrial drives are mostly
based on standard two or four-pole induction motors.
These applications are also suitable for synchronous
reluctance motors. The first rotating magnetic-field
synchronous motor was, however, introduced by
Kostko in 1923 [1]. Traditionally, synchronous
reluctance motors are used directly online with a
rotor cage, because pure synchronous reluctance
motors do not have a starting torque characteristic
2], [3]. Nowadays, by using modern inverter
technology, suitable field-oriented control and a
pulse width modulation (PWM) technique, the
machine without the rotor cage can still be started.

The advantages of the synchronous reluctance
motors with variable-speed drive are mentioned in

[4]. They are of simple rotor construction with no
vital need for the rotor cage in speed controlled
drives, have no rotor resistive losses, with low-
inertia, synchronous running and easy speed control
without encoders. They also have easy field
weakening compared to synchronous permanent-
magnet motors. Although, synchronous permanent-
magnet motors are also a good choice for many
variable-speed drive applications, the advantages of
using synchronous reluctance motors, as opposed to
permanent-magnet motors, is that expensive magnets
are not needed. It is also introduced permanent
magnets-assisted synchronous reluctance machines
where properties of synchronous reluctance and
permanent magnet machines are combined [5]. An
additional benefit of synchronous reluctance motors
is material saving. They could be produced with
similar kinds of methods as synchronous permanent-
magnet motors and induction motors. However, there
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are many difficulties in producing them, such as
complex structures and costly machining.

The invention of high speed power semiconductor
device makes it possible to control the AC drives
with six switch three phase (SSTP) inverters. This
inverter was popular since the last few decades. But
these inverters have some disadvantages such as
losses in the six switches, complexity of the control
algorithms and generating six pulse width modulated
(PWM) logic signals [6-9]. In recent years, many
researches and development projects focusing on the
cost reduction of SynRM drive had been developed.
In [6] an AC to AC converter with least amount of
hardware was proposed for three phase induction
motor (IM) drive. A cost effective four switch three
phase (FSTP) inverter was proposed for IM drive in
[7]. The authors showed a performance comparison
of the FSTP inverter fed drive with SSTP inverter fed
drive in terms of speed response and total harmonic
distortion of the stator current. The authors also
proposed fuzzy logic based control scheme for FSTP
fed interior permanent magnet (IPM) synchronous
motor drive [8]. A vector control technique for IM
using FSTP inverter was presented for high
performance industrial drive systems in [9]. Issues
such as efficiency and torque/ampere are important in
evaluating the performance of an electric machine.
Such characteristics depend on the losses and
saturation behavior of the machine. However, a
model is very useful in understanding the way in
which various losses and nonlinearities impact
performance. To assist in this regard, a synchronous
reference frame steady state model of a SynRM
including saturation and iron losses is presented [10].
The behavior of a vector-controlled SynRM is
analyzed based on this model.

In this paper, the close loop vector contro! scheme
at maximum control operation of the SynRM drive
fed by FSTP inverter with a simple PI controller has
been simulated in  MATLAB/SIMULINK
environment. The hysteresis controller is used to
control the motor current so that it can follow the
command current as close as possible to the
sinuseidal reference.

A comparison of FSTP inverter fed SynRM drive
performance with and without including the effects
of saturation and iron loss is also made in terms of
speed response, torque response, and stator current
response under identical operating conditions.

II. EQUIVALENT CIRCUIT OF SYNCHRONOUS
RELUCTANCE MOTOR AND MATHEMATICAL MODEL

The mathematical model of the SynRM is required
for accurate representation of the system. Fig. 1 (a),
shows the equivalent circuit of a synchronous
reluctance machine equipped with three phase,
symmetrical, sinusoidally distributed windings.
Conceptually, a resistor R,, coupled to the total stator

flux is added to incorporate iron losses. This resistor
can be used to account for the main flux core losses
in the stator iron. The resulting steady-state d-g
equivalent circuits are shown in Fig. 1(b). The
dynamic model which describes the behavior of the
conventional rotor SynRM in the synchronously
rotating d-q reference frame without iron loss effect
can be expressed as follows [11]:

v =Ry, + 1 1;’ -o,Li,
(1)

di )
v, =R, + qu‘—;"’—+w,Ldz‘.,
#))

where the v, and v, are d- and g- axis terminal
stator voltages, respectively. The iz and i, are,
respectively, d- axis and g- axis torque producing
currents. The L, and L, are the d- and ¢- axis self
inductances, respectively. The R, is the stator
resistance and @, is the rotor speed. The developed
electromagnetic torque is given as:

3R, I

T,=— (Ly = Ly)igiy
(3)
The mechanical motion of the SynRM can be
expressed as:

d
A Y L. Y
dt

“)

where P,, T;, Jn, and B, are the number of pole
pairs, the load torque, the moment of inertia of rotor
and the viscous friction coefficient, respectively.

The treatment of saturation has been considered in
detail by a number of authors [12]-[13], and
numerous methods with varying levels of complexity
are available. In this paper, the first-order
approximation of simply representing the relation
between 1y and i, by a saturation curve is
employed. It is assumed, and confirmed by the
results, that the g axis does not saturate significantly
and that there is negligible cross coupling between
the d and g axis caused by saturation.
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Fig. 1: Structure and cquivalent circuit of a SynRM: (a)
Structure of a SynRM; (b) equivalent circuit in rotor
reference frame.

Note the difference between the current pair (g
lam) compared with (i, iy). If the iron loss is
neglected, i.e,, R, approaches infinity, these two
current pairs become equal. In this case, the stator
MMF is aligned with the stator current. When R,, is
finite, however, a phase difference between the stator
current and MMF occurs due to the current in R,
The relation between vectors Ligs + Ligm and Agy, is
shown in Fig. 2. The electromagnetic torque
produced can be obtained based on the energy
balance and the induced speed voltage as.

3 , .
:re = E(‘a‘dslqm - iqszdm )
(3)

The torque is interpreted as the interaction between
the flux linkage 1,4, and the current iggm and it is
assumed that the effect of the flux non-linearity can
be taken into account by means of the saturation
curve relating A, and the current iz,. The torque
equation and the circuits of Fig. | (b) form a useful
conceptual and first-order analytical model to assist
in understanding saturation and core loss impacts on
SynRM performance.

II1. VECTOR CONTROL OF A SYNRM WITHOUT
SATURATION AND IRON LOSSES

When saturation and iron losses are neglected, R,
approaches infinity. The d-q quantities are decoupled
in this case. It is often desirable to achieve optimal
efficiency operation of a SynRM. This can be
achieved by selecting an appropriate current angle 8
with respect to the rotor d axis as shown in Fig. 2.

It can be easily shown that the optimal angle is 45
for maximum torque control “MTC” [13], without
saturation and iron losses.

d-axis

Fig. 2 Vector diagram of a SynRM for finite R

IV. EFFECTS ON VECTOR CONTROL CAUSED BY
SATURATION AND IRON LOSS

An approach to include the saturation effect of the
iron is to assume that the torque equation remains
true except that inductances in the 4 and ¢ axis are
excitation-current dependant. Note in particular that
the saturation effect in the & axis is expected to be
very different from that of the g axis because the
nature of the magnetic paths is different. In the &
axis, the magnetic path is iron dominant and
excitation sensitive, whereas in the g axis, the
magnetic path is air dominant and not excitation
sensitive. Hence, an unequal saturation effect occurs
on the d and the g axis, respectively, as the current
increases.

Under such a circumstance, to properly control the
angle 0 to optimally allocate the components iy, Lo
becomes complicated. While saturation alone
increases the complexity of vector control, the iron
loss will further complicate the situation. As
illustrated by the d-g transformation, to represent the
effect of the iron loss, an additional resistor R,, needs
to be added to the equivalent circuit. It is of
importance to realize that in the vector-controlled
synchronous reluctance motor, the shunting resistor
will share the input stator current. Hence, the
physical stator currents are no longer the currents that
directly govern the electromagnetic torque.

In effect, a new magnetizing current /4, is defined
by the component currents /,,, and /;, as is shown in
Fig. 2. Comparing vectors /4 and I 4, shows that an
additional angle shift A# is generated due to the iron
loss. In effect, R, adds an additional coupling
mechanism to the d and g circuits, which can
aggravate the misplaced stator current vector. It is
evident that controling the current components i, iom
via vector control of the stator MMF for optimal
MTC or optimal efficiency operation becomes more
complicated.

V.FSTP INVERTER MODEL

Fig. 3 shows the power circuit of the four switch
inverter fed SynRM drive. A three phase system is
obtained by connecting the phase ‘c’ terminal of the
stator windings directly to the centre tap of the DC
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link capacitors. The single phase AC supply is
used to level the output DC voltage.If ¥, is the
maximum voltage across the DC link capacitors, and
Sa, Sy are the states of power switches for each phase,
then three phase voltages of the SynRM can be
expressed as follows [8]:

v, = E"—e[ztsa - 28, =1]

I

(6) v, = V*" [4s, - 25, -1]
(M
S,-5,+1]

2V
¥, s
=1
(8)
If S,=1thenT,isonand T, is off; If S,=0 then T,
is off

and T3 is on.
If Sy =1 then T; is on and T, is off; If S, =0 then T;

isoff and T is on.
Wk Uk
» CE:TV“ a
] SynRM
AC c \ /\/
S X T4_J T2
r'y C:-\Tvuc Jq

Fig. 3: Power circuit of the drive system.

VI. CONTROL SCHEME

The vector control scheme is shown in Fig. 4. The
speed error is processed through a PI controller to
generate the torque producing component of the stator
current (rq ) The magnetlzmg component of the stator
currents i; along with #, are then used to gencrate the
reference currents i,, iy, and i,. Two independent
hysteresis current controller with a suitable hysteresis
band are used to command the motor currents i, and 1,
to follow the reference currents. The hysteresis
controllers also generate four switching signals which
will fire the power semiconductor devices of the three
phase inverter to produce the actual voltages to the
motor with and without saturation and iron loss effect
at MTC operation.
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Fig. 4: Block Diagram of Vector Control Scheme
V1. SIMULATION RESULTS

The proposed methodology above is simulated
using SIMULINK/MATLAB software, where a
simulation model of the drive system and the motor
model including saturation and iron losses is
developed and analyzed in order to verify the
proposed approach effectiveness. A PI controller is
employed to track the rotor speed and fix it at constant
specified value. Two independent hysteresis current
controllers with a suitable hysteresis band are utilized
for inverter switching. Two cases have been studied,
saturated and unsaturated inductances conventional
rotor SynRM. A three phase SynRM machine of
rating 0.75 kW with conventional rotor type is used in
this drive system. The parameters of which are
reported in table 1. The incremental time At for
simulating the system is 50us.

t [zec]

(a)
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Figure 5. The conventional rotor SynRM performance with load change from no load to half to full loads at 0.5s and 25, (a) angles considering
saturation and neglecting saturation at maximum torque control and the difference between them, (b) the saturated direct axis stator current
(Idm) and the unsaturated direet axis stator current (Ids) and the error between them , (¢) the abc motor currents, (d) the d-axis saturated and
unsaturated inductances, (e) the CSynRM efficiency, (f) the rotor speed, (g) the saturated g- axis stator current (Igm) and the unsaturated g- axis
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Figure 6. The conventional rotor SynRM unsaturated performance with load change from no load to half to full loads at 1s and
2s, (a) the angle of MTC, (b) the rotor speed, (c) the abc motor currents, (d) the motor torque, (e) the reference d-q axis
currents, (f) the motor d-q axis currents

Engineering Research Journal, Minoufiya University, Vol. 36, No. 4, October 2013

-




Haitham. Z. Azazi and M. K. Metwally " Vector Control of FSTP Inverter Fed Synchronous ......."

TABLE 1: SYNRM wiTH CONVENTIONAL ROTOR

Fig. 7 Experimental-setup

PARAMETERS
Number of pole pair: P» 2
Stator resistance: R, 14Q
Iron loss Resistance: R, 1000
d-axis inductance: L, 0.4552 H
g-axis inductance: L, 0.1432H
Motor inertia: J, 0.001 Kg-m’
Friction coefficient: B,, 0.0001 N-m/rad/sec

Figs. 5, 6 show the performances of the
conventional rotor SynRM with saturated and

unsaturated inductances, respectively. In Fig. 5, the
conventional rotor SynRM performance is simulated
with load change from no load to half load to full
loads at 0.5s and 2s, respectively, while Fig. 6 shows
the conventional rotor SynRM performances with
load change from no load to half load to full load at
Is and 2s, respectively. Fig. 5(a) gives the saturated
and unsaturated angles at MTC which is
approximately equal 45 degree. The unsaturated
angle is greater that the saturated with about 1 degree
as shown in Fig. 5(a) lower figure.

Fig. 5(b) shows the saturated direct axis stator current
Lgm ( 2) and the unsaturated direct axis stator current
({2,) and the error between them. The simulation
shows l4. is greater than ., with about 5mA or 9
mA when the load changes from half to full Joads.
Fig. 5(c) gives the three phase sinusoidal motor
currents and they form a balanced three phase
system. The employed controller can recover the
balanced system fast after the load change. Fig. 5(d)
shows the direct axis saturated (L, ) and unsaturated
(Lz) inductances. The unsaturated inductance is
0.75H and the saturated decreased from about 0.72H
to about 0.6H when the load changes from half to full

¢

load. The efficiency increases from aboat 60% to
about 68% when the load increases from half to full
load as shown in Fig. 5(e). The motor speed builds
up to the rated value 1500 rpm in about 0.4s as
shown in Fig. 5(f). The saturated - axis stator
current (I..) and the unsaturated g- axis stator

current (4,,) and the error between them are shown in
Fig. 5(g), where 7. is greater than 7, with about
0.02A.

The motor torque is shown in Fig. 5(h), it changes
from 0.6Nm to 1.2 Nm for half load and full load,
respectively.

Fig. (6) shows the CSynRM performances for
unsaturated inductance. The angle of the MTC is
achieved and it is found to be approximately 45°. The
motor speed builds up to its rated value 1500 rpm
within 0.3s as shown in Fig. 6(b). Fig. 6(c) gives the
three phase sinusoidal motor currents which form a
balanced three phase system. it can be noted that the
employed controller can recover the balanced system
fast after the load step change. The operation of the
motor is tested at no load, half load and full load and
the torque is simulated in Fig. 6(d) and found to be
0.6 Nm and 1.2 Nm for half load and full load
respectively. Fig. 6(e) and (f) illustrate the reference
d-q axis currents and the motor d-q axis currents.

V. EXPERIMENTAL RESULTS

The experimental setup is carried out by a DSpace
1104 system with I/O card for real time control
(sampling time: Ts= 5e-5). An interface board was
build to receive the gate-drive signal, isolated them
and connected to the four switches which were
implemented using integrated IGBT 100A. The
output from FSTPI was connected to a three phase
induction motor. The experimental resvlts shown are
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from the conventional rotor SynRM drive coupled to
a separately excited DC generator working as a load
as shown in Fig .7 The machine under test was
operated under maximum torque control operation.
The torque is applied by the DC generator under
torque controlled mode. An optional position signal
is available from an encoder with 1024 pulses per
revolution.
Figure 8 shows the motor performance with load
change from no load to full load and then back to no
load at 3s and 7s respectively at constant speed equal
to 1500 rpm. Fig.8a shows the speed, torque, and
saturated inductance of the motor. Fig. 8b shows the
d-q axis motor current and Fig. 8c shows the motor
Iabc current when load change from zero to full load
torque. The results show the effectiveness of the
proposed method during transient response.

Also Fig. 9 shows the motor performance when
speed change from 0 rpm to 900 rpm and to 1500
rpm at 1s and 55 respectivcly at full load torque.
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Figure. 8: The conventional rotor SynRM saturated performance

with load change from no load to full load to no loads at 3s and 7s
with speed = 1500 rpm.
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Figure. 9: The conventional rotor SynRM saturated performance
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VI. CONCLUSION

This paper has presented a cost-effective vector
control strategy for four switch three phase (FSTP)
inverter fed a synchronous reluctance motor with
conventional rotor (SynRM) drive. The major
benefits of the proposed system are summarized
below:

- A vector control strategy for FSTP inverter fed
SynRM drive has been employed.

- The proposed system bas various advantages
compared to the conventional three phase six switch
inverter namely, reduced number of power switches
from six to four, improved the cost, reduced volume
and high reliability.

- Mathematical and theoretical have presented along
with selected simulation to support the proposed
system.

- The control strategy is discussed for the proposed
system with keeping the operation at maximum
torque control.

- Both saturation and iron losses effects are
considered to increase system accuracy.

Simulations and experimental results confirm the
effectiveness of the proposed technique.
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