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Abstract—The trend in the industrial power electronics
electrical drives is to reach high power density and high
efficiency in variable load conditions at cost-effective
unwasteful designs. Currently, motors with permanent
magnets (such as IPMSM and PMaSynRM) are of great
interest because of compactness, low losses, and high
torque capability. The performance of a drive system can
be predicted with a motor electromagnetic authentic
nonlinear model. In this paper, a novel, fast, and precise
motor model of PMaSynRM based on virtual reluctance
(VR) is proposed. It takes into account the cross saturation,
winding distribution, space harmonics, slotting effect, and
stepped skewing. The virtual reluctances are identified by
finite element analysis (FEA) and implemented in the time-
stepping simulation. The flux inversion is not required. The
proposed concept is useful for the rotating field or phase
quantities (for open phase simulation). The model is also
discretized for SiL and HiL applications. Finally, the
validation in FEA and experimental setup was performed.

Index Terms—Permanent Assisted Synchronous
Reluctance Motor (PMaSynRM), Interior Permanent Magnet
Synchronous Motor (IPMSM), cross saturation, space
harmonics, stepped skewing.

. INTRODUCTION

THE trend in the industrial drive applications is to reach
major power and torque densities with high efficiency, and
reliability [1]. These advantages are offered by the Interior
Permanent Magnet Synchronous Motor (PMSM) which is
widely realized in drive applications ranging from low to high
power such as in electric vehicles, wind turbines, household
appliances, and other industrial usages [2]—[4]. In low-power
battery-powered equipment, e.g. power tools [5], the torque
generation may be limited due to low ambient temperature, too
high battery internal impedance, and available current limit that
inhibits startup of the increasing load profile (for instance
during compression). High performance is also desired in drives
with the reduced number of sensors or when feedback
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measurement is incomplete [6], like in continuous position
reconstruction from rotor sectors captured by the hall sensors.
These kinds of applications require prediction of the motor
behavior for drive optimization.

In medium power, Permanent Assisted Synchronous
Reluctance Motor (PMaSynRM) has gained attention as a cost-
effective alternative for IPMSM construction [7]. This is
achieved by the replacement of the scarce rare earth magnets by
widely available magnets based on the ferrite composites. The
PMaSynRM reaches a wide speed range and high performance
close to IPMSM and due to its resource footprint, it becomes
competitive in many applications [8], [9].

High power propulsion systems enforced the employment of
multi-phase motors. First trials were proposed in the 60s with a
five-phase induction motor [10]. On the power converter side,
the main benefit is the reduction of the maximum rating of the
electronic switches as a result of power division between more
than three phases. On the motor side, lower torque ripple
amplitude and higher frequency were observed. The advantages
of multi-phase motor suit well aerospace and ship propulsion
applications [11]. Moreover, the fault-tolerant capability
leverages the potential of multi-phase motors since they can
provide reliable quality torque when one or more phases is out
of order [12].

Every electric motor including PMaSynRM and IPMSM
motor is a highly nonlinear system. Inherently, nonlinearities
originate from the mutual magnetic coupling between phase
windings that leads to back-EMF generation. This is
contemplated in the conventional model with inductances
corresponding to d and g axes. However, the soft magnetic core
saturates with increased current flow from each axis. These
phenomena degrade the accuracy of model-based control
trajectories for maximum torque per ampere (MTPA) and flux
weakening (FW) [13]. A similar cross saturation effect exists in
multi-phase machines in which the multiple dq reference
frames are bound to first and consecutive harmonics. Besides,
the discrete coil distribution and non-uniform field projected by
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permanent magnets contribute to space harmonics and increase
distortions in the induced voltages. Additionally, saliency and
magnetic co-energy variation result in extra reluctant torque
components.

Undoubtedly, finite element analysis (FEA) is a very precise
tool to model motor behavior, being in the same tame
computationally very heavy. Therefore, for control design and
rapid prototyping, a fast mathematical model is essential.
Neglecting saturation and assuming the sinusoidal nature of the
air-gap field the motor can be modeled in the stator phase
quantities or rotating dq rotor reference frame or frames when
concerning multi-phase machinery. It was possible to include
saturation and field harmonics by the projection of the inverted
flux maps into dg and abc models of three-phase IPMSM [14]—
[18]. However, the inversion of the flux linkage look-up table
(LUT) becomes cumbersome with the higher number of phases
[19]. The residual flux implies errors in the current calculation
jeopardizing accuracy in the time-stepping simulation.

This paper presents a new method for reliable and
computation effective modeling of five-phase PMaSynRM
taking into account cross saturation, field harmonics, and
stepped skewing based on virtual reluctances (VRs) identified
by FEA. The model is implemented in the dq rotating fields or
directly in the natural abcde phase quantities to predict motor
behavior in open phase scenarios. Then, the model is discretized
and loaded in a SIL platform. For the healthy and fault-tolerant
drive development and optimization, the performance
prediction is crucial and the proposed model offers a
compromise between reliability and computational time.

Il.  REVIEW OF CONVENTIONAL MODELS

The models that include cross saturation and voltage
distortions depart from the conventional models with constant
parameters, well known in the literature.

A. Model in stator phase quantities

The time-domain matrix form of the stator voltage equation
of the five-phase PMaSynRM is given as follow:

. dy
U=Ri+— 1
i+ &
v =Li+wyp, )

where U stands for the stator voltage vector , ifor stator
current vector and v denotes stator flux linkage vector, which

is calculated from the inductance matrix L and permanent
magnet flux vector w,, . Considering sinusoidal first and third

harmonic and no saturation, L contains 15 elements per
harmonic and is obtained from the self and mutual inductances
that contain DC and variable components. This is already a
quite complex system although it does not comprise saturations
nor space harmonics. To include these effects, the elements of
the flux linkage vector w in (1) can be written as functions:

wx:fx ia’ib’ic’id’ie’er (3)

Fig. 1. Five phase PMaSynRM classic inverted flux map model in field
rotating quantities.

where x indicates one of the five phases. Thus, flux linkages are
functions of all phase current and the rotor position 6, .

Therefore, they contain geometry and saturation-induced
harmonics. These functions are computed by the FEA static
analysis and stored as 6D LUTs. In the time-stepping
simulation, the flux linkage vector is determined from the
integration:

v= [ U-Ri dt+y 6, @)

and the elements of the current vector i are obtained from the
inversion of the flux maps:

o= T Uty e e, 6 (5)

where x denotes one of the phases. The pre-calculation of the
current maps is time-consuming and prone to errors of the
iterative search and residual flux minimization. Therefore, the
stability of the model is affected and it is especially critical with
high dimension problems.

B. Model in rotating field quantities

Conceptually, the flux map extraction and inversion are also
applicable to PMaSynRM models built in dq rotating reference
frames [20], [21]. The set of equations is shown in the
following:

Udn = Rsidn + d:ﬁdn _nwrqu
6)
dy, (
an = Rslqn +%+nwr¢dn
¢dn = fdn idl’ iql’ id3' iq3'9r (7)
¢qn = fqn idl’ iql’ id3' iq3'0r
T, = fr idl'iqliid3'iq3’0r (8)



Fig. 2. Cross section of the five-phase PMaSynRM prototype.

TABLE |

PROTOTYPE MOTOR SPECIFICATION
Quantity Unit Value
Number of phases - 5
Rated torque Nm 6.8
Base speed r/min 5000
Rated power kw 35
Peak current A 10
Rated current A 4.5
Stator resistance Q 2.2
Number of pole pairs - 6
Number of slots - 60
Active stack length mm 26
Stator outer diameter mm 148
Rotor outer diameter mm 114
Airgap length mm 6
Number of skew sections - 2
Skew angle ° 6

where n denotes first (h=1) or third (n=3) harmonic space, d
and q respective axes quantities. Flux linkages <y, , 1, , and

torque T, are functions of all d1, g1, d3, g3 currents and the

rotor position obtained from FEA. Then, the inversions to
obtain current maps are computed such as:

idn = fd;l wdliwaﬂ/}dS'q/}qS’er

. ) 9)
an = fqn 1/)d1’1/)q1!¢d3'wq3’0r
The model is depicted in Fig. 1. The main drawback is the
existence and accuracy of the 5D flux map inversion. It is valid
for the balanced system, does not account for axial asymmetry,
and cannot predict the motor behavior in the open phase fault
occurrence.

I1l. PrROPOSED PMASYNRM MODEL

The model described hereafter is developed for a prototype 60-
slot, 6-pole five-phase PMaSynRM with star-connected
winding to demonstrate its effectiveness. However, it can be
applied to any synchronous motor type. The model comprises
all of the aforementioned nonlinearities and some simplifying
assumptions are considered. The eddy currents and hysteresis
losses in the soft magnetic parts are neglected as well as the
eddy currents in magnets. In this section, the motor is
considered to be axially symmetric.

A. Virtual reluctance concept

The conventional flux map inversion can be avoided with the
introduction of the virtual reluctance concept. Magnetic
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Fig. 3. Original and translated d1 flux linkage map at i4s=0 A, igz =0A
and rotor angle =0 rad.

reluctance ¥ is defined as:

R=—

m (10)

where Fis the magnetomotive force (MMF) and </ is the
magnetic flux. In general, virtual reluctance will be defined as:

i+k
R=—-— 11
where k;, k, are coefficients of vector translation. In this

sense, the virtual reluctance can be calculated for any flux-
current pair associated with a rotating axis or phase quantity.

B. Implementation in rotating frame

The flux map LUT was obtained for the five-phase
PMaSynRM motor performing a multi-static FEA sweep. In the
next step, the apparent virtual reluctances are calculated as
follows:

§Rdn = - - Idn +!(1dn
fdn Idl’ Iql' |d3’ |q3’9r + kzdn
. 12
R = an + qun ( )

qan H HE H
fqn Idl’lql’IdS’IqS’er +k2qn

where iy, and i, are always currents of the corresponding

qn
harmonic in one axis only while the flux linkage functions f,,
and f . depend on currents from all axes. In Fig. 6 the section

of the flux linkage map is depicted together with its translation
along the z-axis. The idea is to keep the translated flux points
always positive to avoid singularities. Hence, the coefficient k,

needs to be at least higher than the absolute of the minimum
value of the whole original flux map. Further, to guarantee
numerical stability in the time-stepping model, the apparent
virtual reluctances must always be positive. This is achieved by
the adjustment of the coefficient k, to be at least higher than

the absolute of the lowest current coordinate of the flux linkage
map. A 2D segment of the dl axis virtual
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Fig. 4. Virtual reluctance map of d1 axis at iz3=0 A, i;z =OA and rotor
angle =0 rad.

Fig. 5. Schematic of the proposed five-phase PMaSynRM model.

reluctance map is shown in Fig. 4. The pre-calculation of VRs
from the flux maps takes few seconds.

Next the VR map is introduced in the model to calculate
currents from the flux linkages:

: :U Ui Rl + Ny Gt K |- iy

o=\ U i

The schematic of the electromagnetic model is shown in Fig. 5.
Once currents are evaluated, the torque is interpolated from the
LUT asin (8).

(13)
nqu/Jdn dt + k2qn}

C. Implementation is stationary frame

Implementation of the VRs in the natural phase abcde
quantities is analogical to (12) and (13). The virtual reluctance
of each phase is calculated as follows:

ix+ X
Ry =——"- k1 (14)
fx Ia’lb'lclldlle’er +k2x

where f, defines the function of the flux map of any phase and

it depends on the currents from all phases and the rotor position.
This map and the phase coordinate vector i, are translated

during pre-calculation by units defined in coefficients k,, and
k.., and the VR is calculated. Then, in the model in the first
step, the k,,is coupled and k, decoupled in the current
calculation:

:U U, — R, dt Ky, |- 3, —ky,

(15)
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Fig. 8. Proposed PMaSynRM model in vector quantities and inclusion
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In Fig. 6 the flux map of the B-phase is shown and in Fig. 7 its
corresponding virtual reluctance map. The electromagnetic
torque is interpolated from the LUT extracted by FEA:

To=fr haiyiesia e 6, (16)
The mechanical system is approximated with a first-order

equation:

w, :fmdt (17)

J

r

where T,_is the load torque, J, stands for the lumped moment
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of inertia at the rotor shaft and D is the friction factor. The
resulting model scheme is depicted in Fig. 8.

D. Discretization

The software-in-the-loop (SIL) and hardware-in-the-loop
(HIL) digital emulation is becoming more attractive due to
rapid prototyping advantages of shortening development time,
safety, and inexpensive testing of scenarios with fault
occurrence in a non-destructive environment [22], [23]. This
approach is very helpful for the evaluation of control strategies,
fault detection, diagnostic algorithms, and post-fault operation
[24].

The previously developed model requires discretization for
implementation in the emulation platform. For simplicity, the
discrete model in stator phase quantities will be shown in the
SIL environment i.e. as a standalone function written in C
language. The integration in Equation (4) to obtain the flux
linkage of each phase after forward Euler discretization leads
to:

¥, k+1 =9, k +T,[U, k —Rii, k| (18)

where T, stands for the time step, which needs to be small

S
enough to guarantee numerical stability. Then currents are
calculated with aid of the virtual reluctances:

i k+1 =1, k+1 +k, |- R, k —k, (19)

The virtual reluctance R, K isan inertial element interpolated

from the n-D map. This interpolation can be solved as n
consecutive 1-D interpolations to adhere to platform
computational and resource restrictions such as reported in [24].

IV. STEPPED SKEWING

The commonly adopted measure to reduce ripple in the
generated electromagnetic torque is skewing [25], [26]. By
axial skewing, the undesired noise and vibration from torque
pulsation can be mitigated. In practice, due to production
optimization, the skew in the rotor is advantageous. To avoid
additional processes of cutting and machining, the stepped skew
is favored.

However, stepped skewing introduces an axial asymmetry in
the motor design. Therefore, 2D FEA flux map extraction and
its corresponding reluctance map cannot represent the real
motor electromagnetic behavior. In [27] the flux map of a three-
phase IPMSM modeled in a dqg synchronous frame was
corrected to account for the skewing effect. Hereafter, a
methodology to integrate skewing for the five-phase
PMasynRM in rotating field and stator phase quantities is
shown for posteriori inclusion in virtual reluctances.

A. Skewing in rotating frames

The flux map is extracted according to (7) from a 2D static
FEA scan. Before processing to calculate the virtual reluctance
map, the skewing correction is performed. The algorithm for
two segment inclusion is depicted in Fig. 9. For each coordinate

vector combination Idl,lal,ld3,lq3,9r] in which currents and

rotor angle are quantities of the skewed motor, the currents are
computed separately for the 1%t and 2™ segment using rotator
operation of the 1% and 3" harmonic:

—

I
Kiney = Kin® (19)

dagn(x

where k stands for the space vector quantity, d and q indicate
orthogonal axes, n depicts harmonic number, (x) number of the
skewing slice and g the skewing shift angle of the
corresponding segment (x). The flux for each segment is
interpolated from the primary axially symmetric flux map with
inputs of just transformed currents and adequate rotor angle
0, + pB, . Then, the fluxes and rotated back using the

transformation of the 1%t and 3" harmonic and summed to give
total flux linkage of the two segments skewed motor:

L L njps3, L njpi3 ,
kdqn - kdqn 1 € + kdqn 2 € (19)
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In the next step, the corrected flux map accounting for the
skewing effect is used to calculate the virtual reluctance map
(12).

B. Skewing in stationary frame

The flux map is calculated according to (3) in a 2D multi-
static axially symmetric FEM analysis. Then, as depicted in Fig.
11, flux linkages for each skewing slice are interpolated from
the primary map. The input currents in the natural reference

frame bound to phase quantities i,,i,,i.,i,,i, are the same for
each slice since the skewing slices are virtually connected in
series, however, their associated rotor angles are displaced by
ps, . After interpolation, the flux linkages of the first segment

Yar Uy Ve Yy, are summed with the flux linkages of the
second segment  ¢,, %, ¢, ¢4, %, , » and the “skewed” flux

map is obtained. Consequently, the virtual reluctance map is
calculated according to (14).

V. MODEL VALIDATION

A. FEA axially uniform model

All 5D rotating field flux and torque maps, and 6D maps in
natural phase quantities were numerically obtained via 2D
(axially symmetric) static simulations in Altair Flux 2019 using
parallel resources. Then, the flux maps were inverted to
constitute the state of the art models, and the virtual reluctance
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\ 9-FEM transient
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Fig. 13. A-phase current waveform in healthy motor.
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Fig. 14. A-phase current waveform in B and D open phase condition.

maps were established as described in Section 111, to construct
and evaluate proposed modeling techniques. The time-stepping
simulation was built in the Matlab Simulink 2020a
environment. In the continuous domain, once current and flux
initial conditions are fed, the algebraic loops are easily handled
by the Simulink solver. Additionally, the discrete model was
written in C language as a standalone block. The motor models
were evaluated in a five-phase current control drive simulation
with current and rotor position feedback, and ideal five-phase
voltage sources controlled by the command voltages from the
control block sampled at 10kHz. The simulation step size is
lus. The same algorithm was implemented in coupled
Simulink-FEM model to compare with reluctance and inverted
flux map. In Fig. 13 and 14, the A-phase current waveform is
shown for healthy and BD open phase conditions. Reluctance
models exhibit very close to FEM trajectory while in the
inverted flux map there is some distortion observed due to
residual flux error in the iterative inversion calculation. This
type of error is negligible for 2D or 3D maps used for 3-phase
motor simulation, nevertheless for a higher number of
dimensions it plays a significant role.

B. Experimental with stepped skew

The skewed VR maps were calculated as described in Section
4. Stepped skewing is not contemplated in the FEM simulation
package, the multi-slice approach is available for continuous
skew only. Therefore, the skewed model will be compared
directly to the experimental results. The test bench with the
five-phase prototype drive is shown in Fig. 15. The rotor of the
PMaSynRM motor contains two 6 degrees shifted blocks
originated from the skewed design. The closed-loop
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current control is implemented in the F28335 digital signal
controller with a PWM switching frequency of 10kHz. Five
phase currents and voltages are measured by LEM IT 65-S and
CV3-1000 sensors and monitored by real-time controller
NIcRIO. The voltages pass through the stage of the low pass
filter and are saved together with the rotor position. These
measured values are then injected into the simulation model
based on VRs with skewed adjustment. In such a way, the
scenarios from the test setup are evaluated in the time-stepping
simulations.

The measured switched current waveform and predicted
shape in healthy and B phase open conditions are depicted in
Fig. 16. The transition from healthy to open-phase faulty
operation is captured. The predicted waveform is in good
correlation to the measured one. The comparison of current in
BC and BD open phase operation is shown in Fig. 17 and Fig.
18 respectively. In all conditions, the response obtained from

5r xperimental
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Fig. 18. Current waveform healthy and BD phases open.

the VR model corresponds well to the measured values,
although some distortions are present. These can be accounted
for the motor mechanical tolerances, physical parameters, and
measurements.

VI. CONCLUSION

A new method for PMaSynRM and IMPSM motor modeling
based on the virtual reluctance concept was proposed and
developed on a five-phase motor. It comprises nonlinearities
carried by inter-phase cross saturation, airgap space harmonics,
and axial stepped skew. After flux map identification, the
virtual reluctances are derived straight forward without the need
for multi-dimensional inversion. FEA and experimental
validation have been performed showing the efficacy of the
proposed techniques. The proposed technique simplifies
accurate electromagnetic modeling and adds to the precision of
healthy and faulty drive simulation and development.
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