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Vector Control of Matrix Converter-Fed
Synchronous Reluctance Motor
Based on Flux Observer

Arzhang Yousefi-talouki, and Gianmario Pellegrino, Senior Member, IEEE

Abstract-- In this paper, a synchronous reluctance motor
fed by a matrix converter (MC) is current and flux controlled.
Despite the advantages of matrix converters compared to
conventional back-to-back converters, the application of these
converters for synchronous reluctance motors (SyRMs) is not
reported in the literature. The flux linkage on d axis and the
current on ¢ axis are closed loop controlled for the sake of a
good combination of dynamic response and efficiency. Real-
time maximum torque per Ampere usefully minimizes losses
at all speeds, in particular at partial load. The input and
output vectors of the converter are modulated using indirect
space vector modulation technique. A flux observer provides
the feedback to the d regulator. The nonlinearities of the
converter are identified and compensated, to the benefit of
voltage estimation and then flux estimation accuracy.
Simulation results show that the presented MC-SyRM drive is

promising for compactness and efficiency in critical
applications.
Index Terms-- Flux observer, Matrix converter,

synchronous reluctance motor, Vector control

I. INTRODUCTION

Synchronous reluctance (SyR) motors offer several
advantages, if compared to inverter driven ac motor
counterparts [1-2]. Compared to induction motors, SyR
motors provide higher efficiency at rated conditions due to
absence of rotor cage losses [3]. Moreover, excitation flux
of SyR motors can be real-time adjusted with load so to
follow maximum torque per Ampere or maximum
efficiency strategies. The same is not as simple for
induction motors, because their rotor time constant would
relent flux linkage regulation during torque transients [1].
Respect to permanent magnet (PM) machines, SyR motors
are a low-cost solution due to the absence of permanent
magnets, at the expense of a slightly lower torque density.
Moreover, PM motors are penalized for their uncontrolled
generator voltage in the case of unwilled inverter turn-off
[4]. Therefore, SyR motors can provide higher safety in this
respect, due to their natural de-excitation feature. Last, SyR
motors do not propagate internal faults or winding short
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circuit faults after their supply is cut off, thanks again to
their natural de-excitation attitude.

Dealing with matrix converters (MCs), these show
attractive advantages such as controlled bidirectional power
flow, sinusoidal input and output waveforms, elimination of
bulky and life limited dc-link capacitors and therefore
compact structure. [5-6]. The use of matrix converters is
recently being consolidated in commercial applications
such as aerospace actuators, marine propulsion, wind
energy conversion, and electrical motor drives [7-12].

Despite the aforementioned advantages of MCs and SyR
motors compared to the respective counterparts, the
combination of MCs and SyR motors is not reported in the
literature. In the authors’ opinion, MC-SyRM drives can be
competitive in those applications where compactness and
efficiency are of importance, such as in aerospace actuators.
Hence, this paper proposes the vector control of a matrix
converter-fed synchronous reluctance motor. The control is
based on the indirect space vector modulation technique.
The d axis flux linkage and the current on ¢ axis are closed-
loop controlled through two proportional integral (PI)
regulators. A flux observer is used in order to get a
feedback for d regulator. As the nonlinearities of the
converter lead to an inaccurate flux estimation, they are
identified and compensated. The Maximum Torque per
Ampere (MTPA) trajectory is used, as a simple way to
obtain high efficiency at all load conditions and speed
levels.

II. MATRIX CONVERTER

The power circuit topology of a three-phase matrix
converter is illustrated in Fig.1. The space vector of output
voltages and input currents can be expressed as:
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As illustrated in Fig.1, each of the three output phases
can be connected to any of the input phases. In other words,
for each output phase, there are three switching states.

Therefore, there are 3% = 27 potential switching states.
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Fig.1: Schematic diagram of a three-phase matrix converter

A. Indirect Space Vector Modulation (ISVM) [13]

The ISVM is used in this paper to synthesize the input
current vector to the output voltage vector produced by PI-
regulators. The basic idea under this modulation technique
is to separate MC into a fictitious voltage source rectifier
(VSR) plus a fictitious voltage source inverter (VSI), as
illustrated in Fig.2. VSR is responsible for control of input
current phase angle (6;,) and VSI is dedicated to output
voltage modulation (Vj,0;). Input and output sectors are
determined according to the phase angles of measured input
current and output voltage phase, respectively. Fig.3 shows
an example for sector 1 for both input and output. The state
of VSR defines the virtual prn rail. As an example, in Fig.3
(a) for sector 1, pn rail can be either V,p, V,c, or zero. On
the other hand, as shown in Fig.3 (b), the output voltage of
VSI can be either pnn, ppn, or zero. Combining VSI and
VSR, there are five states: (pnn-V,p, pnn-V,c, ppn-Vs,
ppn-V,c, and zero). For example, the state pnn-V,3 means
that output phase-a is connected to the input phase-4, and
output phases b and c¢ are connected to the input phase-B.
Dealing with actual switches (Fig. 1), this situation is
obtained with S,,, Spg and Sz on. Thus in order to
modulate the MC with ISVM, conventional SVM technique
for VSRs and VSIs can be done and combined.

In both the VSR and VSI virtual stages, two adjacent
vectors and one zero vector are used in order to produce a
reference vector. The input and output active vector
directions can be suitably defined as y, § for the VSR and
u, v for the VSI. The respective duty cycles are shown in
Fig.3. Overall, modulation is obtained by the equivalent
duty cycles:
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The amplitude of the reference output and input vectors
are:
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Fig.3: ISVM, (a) rectification space vector modulation, (b): inversion
space vector modulation
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The phase angles 6;,, and 6; depend on the sectors that
their corresponding reference vectors lie.

III. VECTOR CONTROL OF THE SYR MACHINE

A. Synchronous Reluctance Machine

The SyRM under investigation is a self-ventilated
prototype rated 2.2 kW at 1500 rpm [3]. With reference to
dq rotor frame, the model of the SyRM is:

dlaq

vdq = Ridq +j(1)){dq - (10)
Ly 07,

hag =& Lq] g (11)
3 . ,

T =5p(,1dlq — Aqia) (12)

In the literature, most of known vector control
techniques apply to SyRMs, including current vector
control and direct torque control [14-15]. Very often, the
simple magnetic model (11) is substituted with current to
flux linkage relationships, in the form of look-up tables, to
account for self- and cross-axis saturation effects. The
magnetic curves of the machine under test are reported in
Fig. 4.
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Fig.4: Current to flux linkage curves of the machine under test
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Flux linkage on d axis and current on ¢ axis are closed
loop controlled. The proposed schematic diagram is  B. Voltage Edge Uncertainty (EU) effect [17]
depicted in Fig.5. The reference values of these variables A current-direction-based, four-step commutation

(Ag iq) are determined by the torque reference through two
maximum torque per ampere (MTPA) look-up tables
(LUTs). The d flux linkage is estimated using the flux
observer described in Fig.6 [1]. Using the magnetic model
of the motor, the flux linkage estimation is built (/Taﬁ). This
is used to build the observer feedback, make of flux linkage
estimate error (thﬁ - iaﬁ) multiplied by the observer gain
G [rad/s].This gain sets the crossover speed between high
speed model (back-EMF integral) and low speed model
(LUTs). As the flux observer uses the voltage reference
signals (V7, V) as inputs, the nonlinearities of the converter
lead to flux estimate errors. Hence, these nonlinearities
should be compensated in an appropriate way. This issue is
investigated in the next section.

IV. NONLINEARITIES OF MATRIX CONVERTER

The two sources of voltage error in a MC are voltage
drops (VD) of semiconductors and voltage edge uncertainty
(EU) effect.

A. Voltage drop effect

The voltage drop effects in a MC can be modeled with a
simplified linearized model [16]. In MCs, two devices are
always conducting. The forward voltage of a power device
can be approximated by a fixed threshold value (V) which
is the average effect of one diode and one IGBT. Thus, the
VD is modeled as (13). R; accounts for two devices in
series.

Magnetic
Model LUT

[dq % o

Fig.6. Block diagram of the flux observer

scheme is considered in this paper. Also, a double-sided
switching pattern [18] is used. Due to commutation, a
voltage is introduced depending on commutation sequence
and commutation pattern.

It is assumed that the input phase voltage lies in sector one
(see Fig.7). The produced EU wvoltage error due to
commutation is as (14), where V, is input voltage phase-A4,
Tum 1s switching time, t, is commutation time, and t, and
ty are IGBT rising and falling time, respectively. It can be
seen from (14) that the extent of Vg, depends on the input
voltage phase-A. As depicted in Fig.7, V, varies in sector 1

between a minimum value ?Vp
Thus, the EU voltage error expressed in (14), varies
between a maximum and minimum value, as illustrated in
Fig.8. In the other sectors V, is replaced by one of the other

two input voltages.

x to a maximum value V.

Ve, = 3VA% sign(1); i = {a,b, c} (14)
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Fig.8: voltage edge uncertainty effect.



C. Overall matrix converter error

It must be noticed that the two error sources described
in previous subsections are opposite in sign. For positive
current, the EU error adds to the output voltage, whereas
the device voltage drop subtracts to, and vice versa for
negative currents. Their combined effects give the total

voltage error in MCs (15).
tettp—ty

Verror =
pwm

j={AB,C}, i={ab,c}

The voltage error is defined V..o = V;* — V;. It consists
of linear and nonlinear parts. By substituting (13) in (15):

= Verror = Vt’hSign(li) + Rd li (16)

te+tr—ty

Tpwm

Ven(69;) = 2V, — 3V;(60;)

The equivalent threshold voltage V;}, in (17) aggregates
the EU and Vth effects, where 69; refers to the sector of
input voltage. The device resistance R is in series with the
stator resistance R;.

D. Feedforward Compensation based on Signum Function

The MC voltage error (16) must be compensated in
order to have an accurate flux estimation. The applied
feedforward compensation scheme is depicted in Fig.9.
Signum function based voltage errors are evaluated for the
three output phases and then transformed into two-phase
components of3.

V. SIMULATION RESULTS

The motor and converter data is reported in Table I.
Tests for two speed levels are presented: 10 rpm and 1500
rpm. Different load levels are compared, in terms of
dynamic response and efficiency.

A. SyRM control at 10 rpm

In this section motor is closed loop controlled at 10 rpm.
At such low speed the converter errors are dominant. The
effect of error compensation is investigated in this
condition. The results show that without compensation the
observed flux linkage is inaccurate and the torque control
performance deteriorates.

—
Voltage Estimate

*
Vs (alpha-beta)

I

Fig.9: Feedforward compensation of MC voltage error

TABLE 1
Matrix converter and SyR specification
SyR motor
Rated power/Number of poles 22kW/6
Nominal Speed/Rated Torque 1500 rpm / 14 Nm
Stator resistance 434 Q

Matrix Converter

EUPEC FM35R12KE3ENG module

Switching device 1200 V, 35 A, IGBT

Vpi =3V, ——— sign(l;) (15)

te 0.2 us
tr/t, 65-90 ns / 30-45 ns
power 7.5 kW

3x415V

AC input voltage

(17)

From t=0.5 [s] the speed increases to reach 10 rpm.
First, converter nonlinearities are compensated. Also, it is
assumed that motor is driven on no load condition up to t=3
[s]. In the period of t=[3-7 s], the load torque is 0.5 [N.m],
and after that, load increases to 1 [N.m]. Electromagnetic
torque, flux linkage on d axis, and current on ¢ axis are
depicted in Fig.10 (a, b and c), respectively. Fast dynamic
behavior can be concluded from this figures. From Fig.10
(b), it is seen that the observed flux and actual one are very
close to each other. As said, it is assumed that
compensation process is enabled. It is shown in figures 11
(a) and (b) that there is no distortion and reference voltages
in (¢ —p) frame are sinusoidal. Then, compensation
technique is disabled. It can be seen from figures 12 (a) and
(b) that the reference voltages are distorted due to converter
errors. As the flux observer is based on these reference
voltages, it is expected that an inaccurate flux observation
is obtained. This fact is shown in Fig.13. As can be seen,
the observed flux does not follow the actual flux linkage,
with consequences on precision of torque set point (actual
torque is larger than the controlled one in this test) and
oscillation of flux linkage and torque at six time the
frequency of the AC mains.
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Fig.10: Test at 10 rpm: a) motor torque; b) actual and observed d flux
linkage; c) current on g axis.
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Fig. 11. Reference voltages in (0-p) frame when MC error compensation
is ON, at 10 rpm. a) (a-P) voltage waveforms; b) x-y representation of the
same signal
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Fig. 12. Reference voltages in (0-f) frame when MC compensation is
OFF, at 10 rpm. a) ) (a-B) voltage waveforms; b) x-y representation of the
same signal
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Fig.13: actual and observed flux on d axis when MC error
compensation is OFF

B. Variable Load and Speed Test

In this section the motor is controlled to follow a duty
cycle including three torque load levels at 10 rpm and then
at rated speed of 1500 rpm. The speed and load torque
profiles are reported in Fig. 14, along with the stator
voltage and current signals, in @f8 coordinates. As said,
SyRM flux linkage and current are real-time adjusted with
load to follow the MTPA trajectory. In turn, stator copper
loss are inherently minimized at any load conditions.

3 . .
Py :ERs(lé'Fl/?) (18)

Moreover, flux linkage regulation with load also
modulates core loss with load. A rough but significant
estimate of fundamental iron loss in the machine is given
by an equivalent resistance R, supplied by the motor back-
emf. Therefore, at steady-state and disregarding the

resistance voltage, core loss is approximately proportional
to the square of the peak voltage:

_3(0n)? _ 3 (VE+Vp)

~ 2 Rpe

PFe

IR

3
2  Rpe

It is evident in Fig. 14 that at zero torque the voltage is
also close to zero, at rated speed, leading to negligible no
load iron loss. At 5 Nm and 10 Nm the voltage grows
progressively, and the core loss too. In turn, MTPA control
and direct control of the d-axis flux linkage of the SyRM
are a simple way to control the drive efficiency over the
speed and torque operating range. This is possible thanks to
the good dynamic response of the d flux linkage, typical of
the SyRM. The same control strategy does not apply to
induction motors or PMSM counterparts. In IMs the d axis
excitation current is not varied with torque, below base
speed, due to the poor dynamic response of d axis flux
linkage. PMSMs, instead have the no load flux linkage
hardly imposed by the PMs, producing iron loss at no load
when the speed increases.

Speed [rpm]

...................

Load [N.m]
=

,,,,,,,,,,,,,,,,,,,

60 3 6 9 12 15 18 21 24 27 30
Time [s]

Fig.14: Duty-cycle including load torque from 0 to 0.71 p.u. at 10 rpm and
rated speed

(19)



VI. CONCLUSION

The paper proposes a MC supplied SyRM drive for high
compactness and high efficiency applications. The
converter is modulated using indirect space vector
modulation . The hybrid flux and current vector controller
is based on flux observer, requiring the knowledge of the
machine model and the compensation of the converter
voltage error. Fast MTPA control of the operating point
guarantees good efficiency at all loads with a rather simple
control scheme. Therefore, the MC-SyRM shows to be a
promising solution for demanding applications.
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