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Calculation of a Current-Vector Trajectory for
Enhanced Operation of Synchronous

Reluctance Generators Including Saturation

Alvaro E. Hoffer, Roberto H. Moncada, Member, IEEE, Boris J. Pavez-Lazo, Juan A. Tapia, Senior
Member, IEEE, and Lasse Laurila

Abstract—This paper proposes a simple method to cal-
culate a current-vector trajectory for enhanced operation of
electric power generation system based on a synchronous
reluctance machine (SynRM). Due to magnetic saturation
and cross magnetization, the performance and torque capa-
bility of a SynRM vary according to the position and value of
the stator current. State of the art control methods usually
assume parameters with constant values, especially the in-
ductance, neglecting saturation, leading to possible uncer-
tainty in the machine operation. Therefore, a current-vector
trajectory to operate this type of machine, as a generator, in
an extended speed range, with enhanced performance and
considering magnetic saturation is proposed. A straightfor-
ward algorithm based on the inductance characteristic of
the machine is used to calculate the trajectory of the stator
current vector. This trajectory is evaluated via numerical
simulation of an experimentally validated finite element
model of a SynRM. The results show that the proposed
current-vector trajectory can improve the torque capability
to 5 % concerning the estimated trajectory without consid-
ering saturation. Experimental results are also provided to
demonstrate the enhanced operation of the generator.

Index Terms—Electromagnetic analysis, energy effi-
ciency, finite element analysis, generators, inductance,
magnetic saturation, synchronous reluctance generator,
torque, vector control.

I. INTRODUCTION

SYNCHRONOUS reluctance machines (SynRMs) are a
good alternative for use in renewable energy applications

because of their several advantages such as high efficiency,
compact size, robustness, and fault tolerance [1], [2]. Com-
pared to permanent magnet synchronous machine (PMSM),
the SynRM is free of magnets, therefore, this reduces man-
ufacturing and maintenance costs [3], [4]. Researchers con-
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tinuously propose new designs to boost the performance of a
SynRM, as it is shown in [5]–[7].

Synchronous reluctance generators (SynRGs) have been
studied for renewable energy applications, such as wind en-
ergy [1], [8]–[10]. Since they are machines that can operate
in a wide range of speeds, it makes them suitable for vari-
able speed wind power generation. However, to achieve an
efficient energy conversion, it is essential that the machine
operates with an appropriated control that takes advantage of
its main capabilities. In [11], it was reported a control scheme
for extensive speed range operation of a SynRM drive that
complies with current and voltage rating constraints. The study
results showed that the proposed control algorithm is capable
of driving the machine in maximum torque per ampere, flux
weakening, and maximum torque per volt while achieving
minimum losses in every working condition. In [12], a control
strategy for a SynRG that explores the operating limits of
the generator in a wide range of speed was presented. It was
proposed a path for the current reference vector based on the
machine parameters which does not consider saturation.

Researchers have stated that the main performance of the
SynRM is limited by its magnetic characteristic, especially
the saturation phenomena which behaves differently in the
direct axis and in the quadrature axis [13], [14]. In this last
article, the authors said that saturation can be considered more
easily if flux linkages are used as state variables rather than
current. In [15], a method to maximize the operating efficiency
in a SynRM that takes into consideration the magnetic satu-
ration was proposed. In [16], it was reported that including
the saturation by determining the trajectory for the current
reference vector using finite element analysis (FEA) of the
machine is computationally expensive and time-consuming.
In [17] saturation is taken into account to propose a Maximum
Torque per Ampere (MTPA) technique from a magnetic model
of SynRM, which is parameterized from offline tests.

The present study is a continuation of the previous work
reported in [16], where the finite element (FE) model of
a commercial SynRM is presented and validated through
simulation results only. The aim of this paper is to contribute
to the development of a more efficient energy production
by improving the performance of SynRG for electric power
generation with a focus on renewable energy applications. In
this way, this research proposes a simple method to calculate a
current-vector trajectory, that considers the effects of saturation
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to operate the SynRG in a wide range of speed. It is intended
to calculate the trajectory for the current reference vector by
using the experimentally obtained inductance characteristic of
the machine. This procedure presents advantages compared
with FEA since no geometry and material information of the
machine neither complex computing calculation are required.
The machine performance when it operates under the tra-
jectory calculated with the proposed method is demonstrated
via numerical simulation (FEA) and experimental tests. The
simplicity of the proposed algorithm makes it suitable to be
implemented in microcontrollers commonly used for power
converters.

II. THE SYNCHRONOUS RELUCTANCE GENERATOR

A three-phase SynRG can be described by a set of equations
in the rotating d-q reference frame attached to the rotor [1]

ud = −Rsid +
dψd
dt − ωrψq ψd = −Ldid, (1)

uq = −Rsiq +
dψq

dt + ωrψd ψq = −Lqiq (2)

where ud, uq are d- and q-axes stator voltages, id, iq are d- and
q-axes stator currents, ψd, ψq are d- and q-axes components of
the stator flux linkage, Ld, Lq are d- and q-axes inductances,
ωr is the electrical angular velocity, and Rs is the stator
winding resistance per phase. From this model, the average
electromagnetic torque can be obtained as

Tem =
3

2
p (ψdiq − ψqid) = −3

2
p (Ld − Lq) idiq, (3)

where p is number of pole pairs of the machine and the factor
3/2 results from the transformation of the electrical stator
quantities into the synchronous rotor frame. From (3), it is
important to note that the torque production capability depends
on the difference between the d- and q-axes inductances
(Ld − Lq), which is known as saliency. A phasor diagram of
a SynRM in the d-q frame with generator convention is shown
in Fig. 1, where κ is the angle of the stator current vector Is
with respect to the rotor d-axis, ϕ is the phase angle between
stator current and terminal voltage Us, and δ is the angle of
the stator flux-linkage vector Ψs in the rotor reference frame.

In general, it is common to assume constant values for
Ld and Lq. However, due to magnetic saturation and cross-
saturation effects, the magnetic circuit of the machine becomes
nonlinear, and the inductances change. Fig. 2 shows the varia-
tion of the inductances as a function of the currents id and iq in
a commercial 11 kW synchronous reluctance motor calculated
from FE model. Note that both inductances diminish their
values as the current increases, yet, it becomes appreciable
in the d-axis at a value of current higher than in the q-axis.
This is because of the abundant amount of iron along the d-
axis magnetic path compared with the q-axis, where, besides
the flux barriers, only the iron bridges are present, which
saturate quickly with low current. The effect of saturation
in flux linkage and torque of the commercial machine as
a generator for different constant current values is shown
in Fig. 3. The dashed lines correspond to parameter curves
for inductance with constant value at rated operation (i.e.
without saturation), while the solid lines are obtained from
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iq
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Fig. 1. Phasor diagram of a SynRM in generator mode.
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Fig. 2. Variation of inductances Ld and Lq in a SynRM as a function of
current considering magnetic saturation.

FEA considering the saturation effects. The circles are the
measured values. From these results, it is clear that there is
a good agreement between FEA and experimental values, but
not with constant-inductance (CI) model. Fig. 3(a) indicates
that at different constant current values, the stator flux linkage
becomes saturated (nonlinear relationship). Another conse-
quence of saturation is the modification of the angle of the
stator current vector when the machine develops the maximum
torque. Note that, as the current increases, the current angle for
maximum torque decreases, deflecting from the 135º predicted
by (3). In addition, the torque values predicted by FEA and
experimental tests are lower than the CI model.

III. HIGH EFFICIENCY CONTROL STRATEGY

The conversion of energy from renewable sources such as
wind energy should be efficient and capable of operating in a
wide range of speeds to increase energy harvesting and avail-
ability. It is found in the literature that the SynRM operates ef-
ficiently with different operating modes according to the speed
and load, such as: Maximum Torque per Ampere (MTPA) at
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Fig. 3. Effect of saturation in (a) constant current stator flux-linkage
curves and (b) constant torque curves.

low torque and low speed, Constant Flux (CF) from medium to
rated torque and low speed, Flux Weakening (FW) at medium
and high speed and Maximum Torque per Volt (MTPV) at
high speed. With these operating modes, it is possible to
take full advantage of the energy conversion capacity in each
speed range, reducing losses, and hence achieving an efficient
operation.

A control strategy to operate the SynRM in generator mode
is presented in [12]. This strategy minimizes mainly the Joule
losses. It complies with the constraints imposed by the safe
operation of the machine (maximum values of flux linkage,
voltage, and current) while maximizes the output power. The
trajectory of the vector of current for this strategy is depicted in
Fig. 4 (dashed line). However, it does not consider saturation,
leading to low utilization of the machine capabilities.

The high-efficiency trajectory (HET) of the stator current
vector considering the saturation is calculated in [16]. In this
case, the authors use FEA to find the points for MTPA, CF,
FW, and MTPV. This trajectory is also shown in Fig. 4 (solid

line). Note that the machine is capable of developing more
torque with the FEA-based HET compared with the CI-based
HET. Even though this procedure produces good results, it
is computationally expensive and time-consuming since it
is necessary to build a FE model of the SynRM, which
could be challenging, especially for commercial off-the-shelf
units where usually all geometrical and construction data and
material information are not available.

IV. METHOD FOR CALCULATION OF THE HET
CONSIDERING SATURATION

Neglecting cross-coupling, the performance of the SynRM,
including saturation effects, can be estimated from its induc-
tance characteristics. Then, the points that describe the HET
can be found by computing the linear model of the SynRM
with variable values of Ld and Lq. As can be seen in Fig. 2,
both Ld and Lq curves present a soft variation, which means
that the inductance characteristic can be easily reconstructed
through linear interpolation with a low amount of L (i) points.

In normal operation of SynRM (i.e., not exceeding maxi-
mum stator flux, voltage and current) the q-axis current could
vary from zero to the rated value and the Lq (iq) characteristic
would need to be known for the whole range of current.
However, if the stator flux is kept within the rated value,
the d-axis current will be, at most, one-third of the rated
stator current (i.e., 0.3 pu) as seen in Fig. 2, then the Ld (id)
characteristic could be known only in the first third of the
current range. Moreover, since the saturation along the d-axis
is appreciable only at high current, very few points (i.e., at
most three points) could be enough to describe the d-axis
inductance curve.
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Fig. 4. Trajectories of stator current vector to produce the machine
capability curves.
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From the previous analysis, it can be stated that the HET
points can be obtained by a simple algorithm based on a small
look-up-table that contain information about the inductance
characteristic of the machine.

A. Inductance Measurement
There are several methods to estimate or to measure the d-

axis and q-axis inductances that can be applied to SynRM [18],
[19]. It is not the aim of this paper to discuss or to propose
a method for inductance estimation but rather to use this
information to calculate the references for high-efficiency
operation. The inductances Ld and Lq are estimated with the
AC locked rotor test [20]. In this test, the rotor d-axis is aligned
with the stator magneto motive force (MMF). Once aligned
the rotor, it is locked mechanically to maintain this position.
Then, single phase AC voltage UAC at constant frequency f
is applied to the stator winding according to Fig. 5(a) and the
resulting AC current IAC is measured.

The d-axis inductance is calculated as

Ld =

√
(UAC/IAC)

2 −R2
s

2πf
. (4)

To calculate the q-axis inductance, the stator windings are
reconnected according to Fig. 5(b) without unlocking the rotor.
With this connection, the stator MMF is applied to the rotor q-
axis. AC voltage is applied and the drawn current is measured.
The q-axis inductance is calculated as

Lq =

√
(2UAC/IAC)

2 −R2
s

2πf
. (5)

To obtain the inductance profile, different measurements are
performed with several values of AC currents IAC which are
obtained by variation of the AC voltage UAC but limited to the
allowable values.

(a) Connection for d-axis

(b) Connection for q-axis

V

V

U1

U2

U1

U2

V2

W2

W2

W1V1

V2

W1

V1

UAC

UAC

IAC

IAC

A

A

Fig. 5. Stator winding connection for AC locked rotor test.

B. HET Calculation
To find the id-iq current combinations that compose the

HET, the following relationship are used

ψd = −Ld (id) id ψq = −Lq (iq) iq (6)

id =
√
2Is cos (κ) iq =

√
2Is sin (κ), (7)

where Ld (id) and Lq (iq) are the look-up-tables that contain
the points that describe the inductance characteristic of the
machine, Is is the RMS value of the stator current and κ is
the angle of the stator current vector from the d-axis. Then,
the torque considering the saturation effects can be expressed
as

T = −3

2
p (Ld (id)− Lq (iq)) I

2
s sin (2κ) , (8)

and the total stator flux and current

Ψs
2 = ψd

2 + ψq
2 ≤

(√
2

3

1

p

Us, max

Ωr

)2

= (Ψs, max)
2 (9)

i2d + i2q = 2I2s ≤ 2I2sN, (10)

where Ψs and Ψs,max are the total and maximum stator
flux-linkage respectively, Us,max is the RMS value of the
maximum fundamental line-to-line stator voltage, and Ωr is
the mechanical rotational speed.

Fig. 6 shows a flowchart of the procedure to compute the
proposed trajectory. The algorithm consists as follows:
1) Calculate from (8) the curve of torque as a function of

the angle of current κ for different values of stator current
Is. Then, find the maximum value of torque (TMTPA) and
the angle of current that produce it (κMTPA) for each value
of stator current (Is,MTPA). These points correspond to the
maximum-torque-per-ampere section.

2) Evaluate the feasibility of the MTPA points computing
from (9) the total stator flux linkage. If the flux linkage
exceeds Ψs, max, then solve (6), (7) and (9) to find the angle
of current (κCF) that produces the rated stator flux linkage
ΨsN for the given stator current (Is,CF) and calculate the
new torque (TCF) from (8). These points correspond to the
constant-flux segment.

3) For operating speeds greater than the rated speed, calculate
torque as a function of flux linkage by solving (3), (6)
and (9) to find the (ψd, ψq) combination that produces the
maximum torque for a given mechanical speed. Then, from
these flux linkage values, find the corresponding (id, iq)
combination that produces these flux linkages. If the found
combination of current satisfies (10), then calculate the
angle of current (κMTPV) and save the value of the stator
current (Is,MTPV) and torque (TMTPV). The points calculated
with this procedure correspond to the maximum-torque-
per-volt section.

4) If the (id, iq) combination found previously does not sat-
isfy (10), then solve (9) and (7) to find the angle of current
(κFW) that force the fulfillment of (9) for the given speed
considering rated stator current. These points correspond
to the FW operation.
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Is(Tmax) ≤ IsN 
Eq. (10)

Yes No

Fig. 6. Flowchart to calculate the HET considering the effect of satura-
tion .

V. EVALUATION AND EXPERIMENTAL VALIDATION OF THE
PROPOSED METHOD

The method described in the previous section is employed
to calculate the trajectory of the stator current vector that
produces enhanced operation in an actual commercial off-the-
shelf 11 kW SynRM. Table I shows main nameplate and ge-
ometrical parameters of the commercial machine. The induc-
tance characteristic of the machine obtained from FEA (solid
line) and experimental test (circle marks) is presented in Fig. 7.
A close agreement between simulated and measured results
is observed. However, it can also be observed that there is
a disagreement in the q-axis inductance low current zone.
Despite this, it does not affect the calculation of the proposed
trajectory, since the FE model of the machine is used only to
evaluate the machine performance.

A. Experimental Test Bench Setup and Control Scheme
Outlook

The SynRM FEA model and proposed method were val-
idated via experimental tests carried out in the test bench
shown in Fig. 8. The SynRM under test is coupled to a
22 kW, 980 r/min, induction motor (IM) that operates as a
prime mover (dynamometer motor). The input speed of the
system is set by the dynamometer drive (ABB ACS 800-
11), and the SynRM drive (DANFOSS FC 302) is configured
to perform a field-oriented control (FOC) to the SynRM.
FOC is implemented on a dSPACE 1103 platform which
provides control over the SynRM converter. The scheme of
connection of the experimental setup is shown in Fig. 9. Note
that the SynRM drive is connected to the DC-link of the
dynamometer drive, and this later is connected to the grid.
For this connection scheme, the power flow goes from the
SynRM to the DC-bus and then to the dynamometer. When

TABLE I
PARAMETERS AND RATINGS OF THE COMMERCIAL SYNRM.

Parameter Value

Rated power PN (kW) 11
Rated mechanical speed nN (rpm) 1000
Rated torque TN (Nm) 105
Rated stator voltage UsN (Vrms) 370
Rated stator current IsN (Arms) 25
Rated frequency fN (Hz) 33
Stator winding resistance per phase Rs (Ω) 0.3
d-axis inductance Ld @ rated operation (H) 0.150
q-axis inductance Lq @ rated operation (H) 0.021
Number of poles 2p 4
Number of stator slots Qs 36
Stator outer diameter Dso (mm) 260.0
Stator inner diameter Dsi (mm) 166.0
Rotor outer diameter Dro (mm) 165.0
Rotor inner diameter Dri (mm) 53.5
Axial length l′ (mm) 261.0
Winding connection star
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Fig. 7. Inductance characteristic of the commercial SynRM obtained by
FEA and experimental tests.
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Sensors
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Fig. 8. Experimental test bench setup.

the system is running, the grid only supplies the system losses
to keep it operating.

The measurement of torque is performed with a torqueme-
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Fig. 9. Schematic view of the test setup. The DC voltage UDC is common
to both converters.

ter (Himmelstein MC48703V(2-3)CFZ) coupled to the shaft ,
where its output signal provides the magnitude and polarity
of the mechanical torque. The rotor position is measured
with an incremental encoder (SICK DFS60). The acquisition
and processing of the data is executed in the dSPACE 1103
platform.

The current-control of the SynRM is achieved with adaptive
proportional-integral (PI) controllers as presented in Fig. 10.
The controller coefficients are calculated considering the non-
linear relationships Ld (id) and Lq (iq) obtained by experimen-
tal tests as shown in Fig. 7. The current references to follow
the HET-prop. are given via look-up tables, that contain the
values calculated with the proposed method.

B. Calculated HET

The experimental measurement of Ld and Lq are used to
build the look-up-tables required to calculate the HET for
the commercial SynRM. The look-up-tables contain only nine
points for Ld and twenty points for Lq. The testing current
spans from 1 Arms to 5 Arms (0.04 pu to 0.2 pu) for the d-
axis and from 0.25 Arms to 12.5 Arms (0.01 pu to 0.5 pu) for
the q-axis. The different HETs were evaluated by numerical
simulation of a FE model of the actual commercial SynRM
while HET calculated with the proposed method was evaluated
experimentally.

idq

idq,ref

kP,i(i) 

kI,i(i) 

+
_

+

+
∫ 

udq,ref

Fig. 10. Adaptive PI controller implemented in the SynRG under test.

Fig. 11 shows the polar diagram of the commercial SynRM,
where the HET calculated with the proposed method (HET-
prop. w/sat - dotted line) is compared with the trajectory
obtained with the estimated trajectory without considering
saturation (HET wo/sat - dashed line). Note that the trajectory
obtained with the proposed method is very close to the
HET obtained with FEA in the MTPA section, but it was
obtained faster and requiring less computational cost than
FEA. Furthermore, since there is some uncertainty in obtaining
the inductances for the CI model, the HET-prop. is a feasible
and safe option for generator operation.

The experimental test consisted in applying the current
references to the machine running at a constant speed to
measure current, voltage, power, and torque. The test was
repeated for several speeds obtaining similar results. Finally,
the experimental points shown in Figs. 12 are those obtained
at rated speed 600rpm.

Figs. 12(a) and 12(b) show the torque and the flux linkage
developed by the SynRM respectively when it operates under
the HETs calculated by the different methods, while the circles
are the measured values when the generator operates under
the HET-prop. (MTPA and CF zone). Note that the HET-prop.
leads the generator to develop the maximum torque until the
stator current reaches 11 Arms without exceeding the stator
flux-linkage limit, then, the machine operates with 80∼90% of
ΨsN, but still increasing the developed torque until the stator
current reaches IsN. This current value is kept constant in the
FW zone and it is diminished in the MTPV operation. The
figures also show that the HET-prop. allows the machine to
produce peak torque close to rated torque while maintaining
IsN and under Ψs, max. The proposed trajectory can improve
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Fig. 11. HET obtained with the proposed method plotted in the polar
diagram of the commercial SynRM.
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the torque capability to 5% concerning the trajectory without
considering saturation. The experimental results show a close
agreement with the numerical simulation.

The generator efficiency under the different HETs are pre-
sented in Fig. 12(c). It is important to note that the theoretical
efficiency of the machine operating under the HET-prop.
shows differences with the measurements. It can be explained
because no mechanical and additional losses were considered
in the numerical simulations.

VI. CONCLUSION

A straight forward method for easy calculation of a trajec-
tory for the stator current vector for enhanced operation of a
SynRM was proposed in this paper.

Numerical simulation of an experimentally validated finite
element model of an actual commercial off-the-shelf SynRM
was performed to evaluate the trajectory. The results show
that the proposed trajectory allows a better performance of
the machine than the obtained trajectory that does not consider
saturation.

The simplicity and low data and computing requirement of
the proposed HET calculation method makes it possible to
implement it in a regular microcontroller to serve as add-on
in new power converters to be used to control SynRM.
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