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Abstract: To improve the design of electric drives and to better predict the system performance,
numerical simulation has been widely employed. Whereas in the majority of the approaches, the
machines and the power electronics are designed and simulated separately, to improve the fidelity, a
co-simulation should be performed. This paper presents a complete coupled co-simulation model
of synchronous reluctance machine (SynRel) drive, which includes the finite element model of
the SynRel, the power electronics inverter, the control system, and application examples. The
model of SynRel is based on a finite element model (FEM) using Simcenter MagNet. The power
electronics inverter is built using PLECS Blockset, and the drive control model is built in Simulink
environment, which allows for coupling between MagNet and PLECS. The proposed simulation
model provides high accuracy thanks to the complete FEA-based model fed by actual inverter
voltage. The comparison of the simulation results with experimental measurements shows good
correspondence.

Keywords: synchronous reluctance machine; finite element analysis; co-simulation; iron loss;
electric drive

1. Introduction

The use of dynamic simulation in order to predict the performance of electrical
drives is highly important for the design of electromechanical systems. In the simplest
approach, the reduced-order models are used for the simulation of electric drives, where
the machine is modeled by a set of differential equations and the electromagnetic nature
is taken into account by constant coefficients (lumped parameters); for example, the flux-
current relation is assumed linear or replaced by a look-up table, and the power electronics
inverter is replaced by an ideal sinusoidal voltage source [1–4]. This approach allows
us to obtain sufficient information about the performance of the drive, but it cannot
identify and investigate certain transient and harmonic effects caused by the non-sinusoidal
flux density distribution, the slotting effects, and the pulse-width modulated (PWM)
voltage source inverter, which are necessary for optimization of the drive and result in
higher electromagnetic losses and torque ripple [5]. Moreover, it is well known that the
behavior of an electrical machine becomes more nonlinear depending on the operation
conditions, the effects of magnetic saturation, and cross-saturation, which should be taken
into account [6].

A synchronous reluctance machine (SynRel) is a valid alternative to other AC machines
and is well suited for different applications [7–9]. Since in the SynRel the losses in the
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rotor are almost null, this machine has a higher efficiency compared with the induction
machine, and the manufacturing process is relatively easy, which leads to lower cost.
Moreover, thanks to the inherently salient behavior, SynRel is suitable for sensorless
application [10,11]. On the other hand, the magnetic saturation and cross-saturation effects
as well as high torque ripple have a large impact on the performance of the machine. As a
consequence, an accurate model for simulation of SynRel drive is required for an evaluation
of the machine’s behavior and a control strategy optimization.

In order to enhance the simulation fidelity, it is essential to use a model of SynRel drive
that is as detailed as possible. In this case, a co-simulation can be used, which allows us
to integrate the most suitable simulation tool for each part of the model in a multi-domain
analysis [12]. The multi-domain simulation model consists of the finite element model
(FEM) model of the electric motor, the power electronics inverter, and the control unit [13,14].
The modular structure of the model allows us to replace one sub-model while leaving the rest
unchanged; for example, a slow but detailed model can be replaced by a faster but simplified
version depending on performance requirement. Carrying out the co-simulation makes it
possible to evaluate the overall performances of the system and to analyze some performance
problems due to the interaction between the motor and power electronics inverter, and
the influence of different control strategies on the system performance. Thus, the design
performance can be validated without physical prototyping, decreasing the cost and validation
time [15]. Despite of high degree of accuracy, finite element analysis (FEA) is computationally
expensive, especially when Pulse Width Modulated (PWM) inverter is involved. The FEA
is carried out at each sample time, and this must be sufficiently small to comply with the
dynamics of the overall drive system, resulting in a high computation time. In general, there
are mainly two approaches to reducing the simulation time [16]. The first approach is to
take full advantage of the computational resources of the computer, such as parallel and
distributed computation. The time decomposition method (TDM) is another effective option
for parallel computation realized by simulating several time steps simultaneously instead of
solving a transient problem sequentially [17,18]. However, the implementation of simulation
time reduction techniques is outside the scope of this paper.

2. Co-Simulation Structure

A typical electric motor drive system normally consists of five main parts: a power
supply (rectified AC voltage source or DC source), the power electronics inverter, the
electric motor, a digital controller for executing algorithms to control the motor, and
a driven mechanical system, as shown in Figure 1.
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Figure 1. Typical electric drive structure.

According to the typical structure of electric drive, the coupled co-simulation model
of the SynRel drive discussed in this work consists of the following components:

• FE-based SynRel model in Simcenter MagNet;
• Power electronics inverter model in PLECS Blockset (as the DC link voltage source,

the ideal DC source is used due to the experimental rig configuration);
• Control system with space vector PWM modulator in MATLAB/Simulink.



Electronics 2021, 10, 2154 3 of 16

MATLAB/Simulink is used as the main simulation tool; thus, PLECS Blockset and
MagNet are called through S-functions. The control system is implemented in Simulink,
provides the PWM switching signals for the inverter, and then feeds the inverter output
voltages at the terminals of FE-based SynRel model. The outputs of the machine model
give the phase currents, position, speed, and torque, which are used as feedback for the
control unit.

Figure 2 shows the structure of the coupled co-simulation model based on field-
oriented control (FOC).
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Figure 2. SynRel co-simulation model.

In Figure 3, the data flow in the co-simulation structure is shown.
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Figure 3. Data flow of the co-simulation between all software tools.

The following subsections give brief descriptions of the components.

2.1. Complete FE-Based SynRel Model

Finite element simulations were run for SynRel using the commercial package Sim-
center MagNet with 2D FEA solver.

The rated data for the FE model are shown in Table 1.

Table 1. SynRel rated data.

Parameter Value Parameter Value

DC link voltage [V] 540 Stator outer diameter [mm] 260
Rated current [Apk] 44.2 Airgap thickness [mm] 0.5
Rated power [kW] 15 Rotor outer diameter [mm] 169
Rated torque [Nm] 95 Stack length [mm] 205

The SynRel is a 48 slot, 4 pole motor, and its cross section is shown in Figure 4.
Instead of simulating the entire machine, just a quarter (one pole) can be simulated, exploit-
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ing the periodic symmetry of the motor to reduce the size of the problem and to decrease
the simulation time.

(a) (b)
Figure 4. Cross-sectional view of the SynRel: (a) Entire machine; (b) One pole.

In the case using one pole of the SynRel, the torque and flux values should be scaled
as follows

Tem = Tsim
Q

Qsim
, (1)

ψs = ψsim
Q

Qsim
, (2)

where Qsim and Q are the simulated and total number of slots, Tsim and ψsim are computed
by the FE-model torque and flux values, and Tem and ψs are total torque and flux of
the SynRel.

Both the rotor and stator laminations’ magnetic material is M270-50A iron, and its
B–H curve property is presented in Figure 5.

Figure 5. B–H curve of M270-50A.

After setting up the FE model of the SynRel, the simulation is performed using the
current source operation to evaluate the machine performance. The rotor magnetic pole
axis (d-axis) is aligned with the magnetic axis of phase A. A transient 2D magnet is used
to analyse the SynRel performers when it is rotating at 1500 rpm and rated current [11].
The flux density map and the flux lines distribution are presented in Figure 6.

Figure 6. Flux density distribution under rated load conditions.
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The SynRel with rated load working at the knee of the region of the B–H curve.
This type of machine presents only reluctance torque. Its torque production depends on the
d and q axis inductance difference (Ld − Lq), or more commonly the saliency ratio ξ, which
is affected by saturation and cross-saturation. Therefore, the analysis of the flux behavior
of the SynRel is essential.

The flux-current characteristics, also called flux maps, are obtained using FEA by
running simulations on a regular grid over the (id,iq) plane and reported in Figure 7.

Figure 7. Flux maps d-axis flux linkage (left) and q-axis flux linkage (right)

FEA allows us to obtain additional data, such as the average electromagnetic torque
Tem(id,iq) and the peak-to-peak torque ripple Tp−p(id,iq) maps (Figure 8), etc.

Figure 8. Average electromagnetic torque (left) and peak-to-peak torque ripple (right) maps.

To investigate the discrepancy between the FEA and experimental results, the magnetic
model of SynRel was identified using the constant-speed method [19]. The identification
procedure is based on the current injection throughout the entire dq-current plane (up to
rated current) of the SynRel while it is driven at constant speed by an induction machine
electric drive (the experimental setup description is given in Section 4). After obtaining
the flux, maps they can be compared with the FEA results by the calculation flux error,
defined as

ψ̃dq = ψdq.c.s − ψdq.FEA, (3)

where ψdq.FEA and ψdq.c.s are the flux obtained by means of FEA and the constant-speed test,
respectively.
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The comparison between the flux maps is presented in Figure 9.

Figure 9. Discrepancy of the flux maps: d-axis (left) and q-axis (right).

As can be observed, the maximum flux errors are 0.06 Vs and 0.045 Vs for the d- and
q-axes, respectively.

The experimental platform was equipped with a torque meter, allowing for torque
measurement during the constant-speed identification. The measured torque map was
compared with FEA estimated torque, as shown in Figure 10. The maximum torque
estimation error is around 7 Nm (about 7% of rated torque) is acceptable.

Figure 10. Discrepancy of the torque maps.

A typical problem of the SynRel is the high torque ripple due to the interaction
between the space harmonics and the rotor anisotropy [20]. The FE-based co-simulation
model allows us to evaluate the torque ripple and to investigate different control strategies
aimed at reducing the torque ripple.

The torque ripple has been evaluated at low speed 5 rpm in order to capture the
high-frequency nature of the torque oscillations. The test was carried out at T∗m= 20 Nm
(according to MTPA trajectory id = 10 A, iq = 11.5 A). Figure 11 presents the experimental
and FE evaluations of the torque. As can be observed, the torque ripple waveform ampli-
tudes determined via FE match the experimental data very well. In order to validate the
harmonic content of the torque ripple, the Fast Fourier transformation is used. As can be
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seen in Figure 11, the higher torque ripple amplitudes are expected for even harmonics of
order 6, 12, 18, 24, 30, and 36 (giving only lower-order harmonics) [21,22].

Figure 11. Torque ripple: waveforms and harmonics comparison.

Based on these results, it can be said that the FE simulations predict the torque ripple
accurately, with a slight overestimation and correct harmonics content.

2.2. Power Electronics Inverter Model

Figure 12 shows the implemented PLECS simulation structure of a three-phase inverter.
The PWM signals (Sa, Sb, and Sc) are generated from the control scheme in MATLAB using
the SVPWM modulator. The current sources simulate the load of the inverter using the
currents from FE-based SynRel model. IGBTs and diodes are parameterized according to
the datasheet of the power IGBT module.

PWM signals from Simulink
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Figure 12. Power electronics inverter.

The inverter of SynRel drive is made of IGBT power modules Semikron SKiM459
GD12E4. The main parameters are collected in Table 2
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Table 2. SKiM459GD12E4 parameters for the PLECS model.

Parameter Value

Forward diode voltage [V] 2.14
Diode on-resistance [mOhm] 1.87

Forward IGBT voltage [V] 1.85
IGBT on-resistance [mOhm] 2.3

In order to calculate the efficiency of the inverter, semiconductors losses are estimated
using the thermal model of the inverter in PLECS. These semiconductor losses can be
classified as conduction and switching losses. The conduction losses can be computed
using the on-state voltage as a function of the device current and the device temperature u
= uon(i, T). Switching losses occur because the transitions from on-state to off-state and
vice versa do not occur instantaneously. During the transition interval, both the current
through and the voltage across the device are substantially larger than zero, which leads to
large instantaneous power losses. The switching losses are computed by using the fact that,
for a given circuit, the current and voltage waveforms during the transition and therefore
the total loss energy are principally a function of the pre- and post-switching conditions
and the device temperature E = Eon(ublock, iblock, T), E = Eo f f (ublock, iblock, T).

In Figure 13, the model of power electronics inverter is validated by comparing model
and measured efficiency curves as a function of output power.

Figure 13. Efficiency curves: experiment and co-simulation comparison.

As can be seen from Figure 13, the results above 8 kW show an acceptable match
between experiment and simulation with a thermal model.

2.3. Control System Model

Control system includes three types: current, torque, and speed control based on FOC.
The FOC block is implemented in Simulink/MATLAB and consists of two internal current
loops and one outer speed loop. The speed loop uses a Maximum Torque Per Ampere
(MTPA) table to obtain the reference current signals for the internal loops [23]. The MTPA
trajectory was obtained by using FEA results. The inputs to this control scheme are the
three motor currents ia, ib, ic, the motor speed, the position, and the DC link voltage udc,
while it outputs PWM signals Sa, Sb, Sc for the power electronic inverter.

In order to validate the complete coupled co-simulation model, co-simulation results
were compared with the experimental results. To ensure the comparability of both the
results, the simulation was performed with the same current PI controller settings and
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sampling time of 100 µs. The first test was conducted at standstill (locked rotor) to exclude
the influence of the mechanical part of the experimental setup. The response to the id
= 16 A current step was observed at t = 0.2 s. Then, at t = 0.5 s, the iq = 22 A step was
injected as well to obtain 50 Nm according to MTPA conditions. During this operation,
the d-component of the current was kept unchanged at a constant value. In the second
test, the SynRel was driven by prime mover, starting at t = 0 s from zero initial value and
reaching the value of 500 rpm; at time t = 0.25 s, a constant value of id = 21 A was applied,
and then, at time t = 0.75 s, the iq = 38 A current was injected as well (the rated torque
in MTPA conditions). Figure 14 presents the current and torque profiles indicating the
measurement and simulation result for 0 rpm and 500 rpm, respectively.

Figure 14. Responses of id and iq for the step change for 0 rpm (left) and 500 rpm (right).

As can be seen, the co-simulation and experimental results show good agreement.
The cross-coupling and transient of the two current components can be identified in the
measurement plots as well as in the profiles of the co-simulation results. Based on the
measured torque, it can be said that the co-simulation slightly overestimates the torque
value by 6–7%.
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3. Application Examples
3.1. Iron Loss Estimation by Co-Simulation Model

The accurate estimation of the iron loss is essential for the design of SynRel machines
and is mainly based on the FE analysis by simulating current supply conditions. The iron
loss increases due to higher harmonics of the flux density in the case that the SynRel is
fed by PWM inverter. The co-simulation allows us to estimate the iron loss of the machine
taking into account all harmonic losses due to the high switching frequencies of the inverter
at different temperatures.

The procedure of iron loss estimation using FE-based model of the SynRel is based on
the Steinmetz equation [24]:

PFe = PFe,h + PFe,c (4)

where PFe,h and PFe,c are the hysteresis and eddy-current loss component.
Figure 15 shows the iron losses computed at constant speed nm = 1500 rpm by co-

simulation for ideal sinusoidal and PWM voltages. The figure reports both the total iron
loss and the two loss components: hysteresis and eddy-current losses. It can be seen that
the iron loss with PWM voltages are higher.

Figure 15. Iron loss at constant speed: total (left), hysteresis, and eddy current components (right).

3.2. Self-Commissioning of SynRel

Advanced control strategies for SynRel drives such as sensorless control with the
maximum-torque-per-ampere (MTPA) principle require an accurate magnetic model (also
called flux maps) of the machine considering the saturation and the cross-saturation.
If not properly taken into account, this phenomenon affects the performance of the drive.
For these reasons, the self-commissioning of SynRel must provide the identification of the
complete flux maps automatically at standstill during rive start-up [25].

The development and improvement of self-commissioning methods is essential and
can be performed using co-simulation with high fidelity. The test procedure proposed
in [26] was divided into three steps, called d-axis test, q-axis test, and cross-saturation test.
During the identification of self-saturation, the square-wave voltage with the amplitude of
200 V was injected along the d- or q-axes, and therefore, torque is not produced. The polarity
of the applied voltage is defined by a hysteresis controller and changes whenever the
magnitude of the current overcomes a threshold value (in this case 40 A).
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The flux linkages ψ̂dq are estimated by integrating the induced stator voltage:

ψ̂dq =
∫
(v̂dq − idqRs)dt (5)

where v̂dq is reference voltage, idq is current of d- or q-axis, and Rs is the stator resistance.
Figure 16 shows the waveforms of self-saturation tests.

Figure 16. Self-axis test waveforms: d-axis left side and q-axis right side.

During the identification of cross-saturation, the two axes are excited at the same time
using the same approach as for self-saturation tests, as shown in Figure 17.

Figure 17. Waveforms of the cross-saturation test, both axes are excited simultaneously.
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Figure 18 compares the flux maps obtained by self-commissioning using co-simulation
(mesh surfaces) with reference maps (red dots) experimentally measured by the constant-
speed method. As can be seen, the self-commissioning surfaces are well in accordance with
the reference. The maximum flux estimation errors do not exceed 0.04 Vs.

Figure 18. Comparison between identified and reference flux maps.

3.3. Flux-Weakening Control of SynRel

The absence of rotor winding excitation allows SynRel machines to achieve the flux-
weakening (FW) capability, making them a good option for traction applications. In order
to evaluate the high-speed operation of the SynRel drive with the co-simulation model,
the direct flux vector control (DFVC) method [23,27] was used. In DFVC, the amplitude
of the observed flux ψ and torque-producing current iqs are controlled by PI regulators.
The correct flux amplitude according to the requested torque is defined by the MTPA
trajectory, as shown in Figure 19.

Figure 19. MTPA trajectory for DFVC.
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One of the main advantages of DFVC is the simplicity and accuracy in implementing
flux weakening algorithm. The stator maximum voltage is kept lower than vmax = vdc/

√
3

by limiting the flux reference ψ∗ , depending on the synchronous speed ωe and the actual
dc-link voltage:

ψ∗ =
vmax − iqsRssign(ωe)

|ωe|
(6)

Figure 20 reports a flux weakening test, where the speed is ramped up to 4000 rpm
under constant torque load of 10 Nm. As can be seen, in order to maintain the voltage limit,
the flux starts decreasing when the speed exceeds 1500 rpm.

Figure 20. Drive performance in the speed control from zero to 4000 rpm (flux-weakening).

The iron losses were computed in order to show that, during FW operations, the
iron losses increase even if the main flux decreases [28]. The variation of iron losses in
dependency on drive speed is shown in Figure 21.
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Figure 21. Iron loss at different speeds.

Another benefit of the co-simulation model is the possibility to check the flux density
distribution map at every simulation step. As an example, the flux density maps at rated
speed and at the FW region with a torque load of 10 Nm are reported in Figure 22.

(a) (b)
Figure 22. Flux distribution in the machine at 1500 rpm (a) and 4000 rpm (b).

4. Experimental Setup

The experimental platform used for validation is shown in Figure 23, and the setup
parameters are summarized in Table 3. On the left-hand side is the SynRel 15 kW prototype.
A resolver is mounted on the non-drive end of the SynRel to provide speed feedback to the
drive. Under the protection guard, a torque meter is installed. The loading machine on
the right-hand side is a 40 kW induction motor with a forced ventilation cooling system.
The tests have been performed using dSpace MicroLabBox control board and IGBT-based 2
level inverter, allowing for custom control of the prototype.

SynRel Loading IM

dSpace 

control board

Inverter
Torque 

transducer 

Interface board

Voltage 

measurement

Figure 23. Test rig for co-simulation validation.
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Table 3. Experimental setup parameters.

Parameter Value

DC link voltage [V] 540
Switching frequency [kHz] 10

Dead time [µs] 4
Maximum load torque [Nm] 200

5. Conclusions

This paper presents the FE-based co-simulation of SynRel drive coupling together
with the FE model of SynRel, a power electronics inverter model, and a control system.
Initially, the current-driven FE-based co-simulation was carried out to obtain flux and
torque maps and then validated against measured maps. In order to validate the model
of power electronics inverter, the voltage-driven FE-based model was fed a PWM voltage.
The comparison of the obtained and measured efficiency curves as a function of output
power shows a good agreement. Finally, the complete coupled co-simulation model was
validated by comparing the current and torque transients.

The main advantages of using the coupled co-simulation model are high fidelity and
modularity. The model can be useful for more accurate design and optimization of the
machine as well as the power electronics inverter. Furthermore, it is possible to use coupled
co-simulation to develop and study the performance of different control strategies such as
self-commissioning, flux weakening, and torque ripple minimization before the realization
on expensive hardware. However, the modular structure of the co-simulation model allows
for fast experimental validation of the control system by means of Simulink code generation
for a dSpace control board.

The coupled co-simulation model has a high computational burden, and as a con-
sequence, it might result in a large computation time. However, exploiting the parallel
computing on a standard multicore computer and correct setup of MagNet FE-model
allows us to speed up the simulation.
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