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Abstract
This paper proposes an innovative control algorithm for Permanent Magnet Synchronous Machines
(PMSMs), based on a Vector Current Control (VCC) strategy in order to operate in the Flux-Weakening
(FW) zone and a Finite Element Analysis (FEA) to consider the cross-saturation effects. The proposed
algorithm can be easily adapted either with or without the cross-magnetization outcome. The control
algorithm includes the variation of the dq-axis inductances in the optimized problem of calculating the
dq-axis currents from the torque setpoint. The simulation results verify the worthiness of the proposal for a
2.5 kW Surface Permanent Magnet Synchronous Machine (SPMSM) direct-drive e-motorbike.

1 Introduction

The growth integration of Permanent Magnet Syn-
chronous Machines (PMSMs) in electric vehicle ap-
plications pushes the implementation of newer and
more advanced control algorithms [1]. These con-
trol strategies go hand in hand with ingenious power
converters to obtain the maximum available torque
from the electric machine and increase its reliability
in all speed ranges, regardless of the temperature
and current conditions.

Authors in [2] classify different algorithms to obtain
the maximum torque-speed capabilities of these ma-
chines by letting them work in the Flux-Weakening
(FW) zone. Furthermore, some authors have pro-
posed innovative FW algorithms capable of work-
ing in all the torque-speed extent, mainly in the
deep FW region called Maximum Torque per Volt-
age (MTPV) [3]–[6]. The optimized working-point
by taking into account the saturation cross-effects
are only presented by default in two strategies: a
direct open-loop algorithm with experimental look-
up tables (LUTs) [3], [4], [7] and a torque and flux
control method with LUTs [5]. The main drawback
of these strategies is the mandatory dependency

of experimental or Finite Element Analysis (FEA)
results to calculate the dq-axis current references
from the torque or speed setpoint.

Authors in [8] present a new control algorithm ca-
pable of working in all torque-speed characteristic
points and commits to change from the torque to
speed setpoint smoothly. However, the dq-axis in-
ductances (Ld, Lq) are considered constant what-
ever the current is in the optimized calculation of
the working-point from the torque or speed setpoint.
This algorithm is based on a Vector Current Control
(VCC) strategy, in which the reference voltage mag-
nitude addresses the FW control by changing the
current angle. Intrinsically, the main advantage of
it is to take into account the resistor voltage drop
and the saturation effects for the transition between
the Low-Back Electromotive Force (LBEMF) and
FW zones. Other authors have presented a similar
approach, but they do not address the saturation
consequences in the Constant Torque (CT), Current
and Voltage Limit (CVL), and MTPV regions [6].

The main contribution of the proposed control al-
gorithm is its simplicity if only the characteristic pa-
rameters are available, but at the same time its
arrangement so as to get better results if the cross-



saturation effects of the machine are known. This
paper proposes an integrated non-linear polynomial
multi-variable approximation of the inductance vari-
ations regarding the currents of the machines in a
VCC strategy. Moreover, a sensitivity analysis of
the internal current control is carried out to study
the instability of the controllers when the electric
plant changes.

This paper is organised as follows. Section 2 analy-
ses an FEA model, and presents the dq-axis induc-
tance matrix and polynomial multi-variable equa-
tions. Furthermore, LBEMF and FW trajectories
and the stability and dynamic response of the inner
current controllers are analysed. In Section 3, the
simulation model is shown, and the performance
results are obtained to demonstrate the validity and
accuracy of the proposed approach. Section 4 sum-
marises the main conclusions.

2 Saturation Effects

2.1 Inductance evaluation by FEA

According to [9], the dynamic electrical equations
that explain the performance of a PMSM related to
the synchronous rotor frame at steady-state condi-
tions are

Vd = RsId − ωeLqIq (1)

Vq = RsIq + ωeLdId + ωeλm, (2)

where Vd, Vq, Id and Iq are the non time-dependent
voltage and current dq components, Ld and Lq are
the motor inductances at the dq frame, λm is the
flux linkage which results due to the spinning of the
magnets, Rs is the winding phase resistance, and
ωe is the non time-dependent electrical speed.

The electromagnetic torque (Tem) is expressed as

Tem =
3

2
pp(λmIq + (Ld − Lq)IdIq), (3)

where pp is the pair of poles of the machine.

In general, the dq-axis inductances of the stator
winding can be defined as

Ld =
∂λd (Id, Iq)

∂Id

∣∣∣∣
Iq=0

+
∂λd (Id, Iq)

∂Iq

∣∣∣∣
Id=0

(4)

Lq =
∂λq (Id, Iq)

∂Id

∣∣∣∣
Iq=0

+
∂λq (Id, Iq)

∂Iq

∣∣∣∣
Id=0

, (5)

Fig. 1: Cross-section of a rotor-exterior SPMSM used in
an electrical motorbike.

Tab. 1: Characteristic parameters of the analysed
SPMSM

Symbol Value Unit Description

Rs 17 mΩ Phase resistor

Ld 81.75 µH d-axis inductance

Lq 84.25 µH q-axis inductance

λm 0.016 (V·s)/rad Magnet flux-linkage

Vbat 48 V Battery voltage

Is 330 A Rated current

ωm,N 650 rpm Rated mechanical speed

pp 20 Pair of poles

where λd and λq are the direct and quadrature axis
flux linkages. For the calculation of dq-axis induc-
tances defined by Eq. (4) and Eq. (5), respectively,
the flux linkage variation regarding the variation of
the direct and quadrature axis current excitations
should be known. The current-dependent flux link-
ages can be determined either from the experimen-
tal test performed at locked-rotor position when the
PMSM is supplied from a controller Voltage Source
Inverter (VSI) or an FEA of the machine.

The PMSM under consideration is depicted in Fig. 1.
The outer rotor is equipped with 40 alternately mag-
netized surface-mounted Neodymium-Iron-Boron
(NdFeB) magnets. Besides, 36 slots shape the sta-
tor that has a two-layer distributed winding with 66
turns. The characteristic parameters of the machine
are shown in Table 1.
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Fig. 2: Characteristic BH-curve for the electrical sheet
selected for the studied machine.

The electrical sheets used for both the stator and
rotor have an inherent saturation effect depicted in
Fig. 2. It shows the entire characteristic BH-curve
of the selected electromagnetic material. While in
the range from 0 T to 1.2 T, the permeability is
more or less constant, from that point on, the higher
the current is, the more saturated performance is
obtained.

In this paper, the determination of current-
dependent flux linkage in direct and quadrature
axis is obtained from a parametric setup, by us-
ing a 2D-sliced model created by Ansys-Maxwell
software. The current magnitude is varied from 0 A
to 330 A and the current vector angle from 0 rad
to π rad. Figure 3 shows two pictures of the elec-
tric machine spinning at the rated speed where the
current magnitude is zero or the maximum value
at π/2 rad regarding the spatial position of the flux
linkage from the magnets. While the maximum flux
density achieves values between 1.6-1.8 T in the
first case, when the applied current is 330 A, some
parts of the machine may reach 2.1-2.3 T values.
Compared with the characteristic BH-curve of the
selected electrical sheet, some parts of the machine
are working in the saturation area.

Authors in [4] demonstrate the correlation between
the dq-axis current vector and the values of Ld and
Lq, and authors in [10] present a third-order poly-
nomial multi-variable equation system to determine

Fig. 3: Flux density distribution at rated speed at 0 A (top
figure) and 330 A (bottom figure), respectively.

(a) (b)

(c) (d)

Fig. 4: Inductance fitting regarding the dq-axis currents.
(a) FEA and fitted Ld. (b) Error fitting Ld. (c) FEA
and fitted Lq. (d) Error fitting Lq.

this relationship as

[Ld, Lq] =
(
1 Id I2d I3d

)
·

a00 a01 a02 a03
a10 a11 a12 a13 = 0
a20 a21 a22 = 0 a23 = 0
a30 a31 = 0 a32 = 0 a33 = 0

 ·


1
Iq
I2q
I3q

,
(6)



where the ax,y coefficients, ∀ (x, y) ∈ [0, 3], repre-
sent the dq-axis current order, and are calculated
from the dq-axis inductances through a curve fit
tool.

Figure 4 shows the inductances calculated from
FEA at room temperature and the fitted ones of the
2.5 kW SPMSM studied in this paper, together with
the fitting error. This figure shows that appropriate
accuracy can be achieved by using Eq. (6) because
this is lower than 2.5% in all current ranges.

2.2 Consideration of LBEMF and FW
characteristic trajectories

The feasible trajectories are different if the sum
of the back electromotive force and the winding
voltage drop is lower or higher than the maximum
achievable voltage from the battery power supply.
Generally, for electric traction machines, the per-
formance at the LBEMF zone is reached by follow-
ing the MTPA strategy. However, in the FW zone,
three regions can be differentiated depending on
the torque setpoint and the mechanical speed of
the machine: CT, CVL, and MTPV.

Authors in [8] have studied the characteristic curves
of a PMSM in all speed ranges, but they do not
consider the variation of the dq-axis inductances
with the winding currents. In this paper, the opti-
mization problem of calculating the dq-axis current
references from the torque setpoint is addressed in
a per-unit system to simplify the FW analysis and its
implementation in a 32-bit fixed-point Digital Signal
Controller (DSC).

The MTPA condition for PMSMs is defined as
∂τem
∂γ = 0, which expresses the torque equation

in terms of is and γ, where τem and is are the elec-
tromagnetic torque and current vector modulus in

the per-unit system, and γ is the current vector an-
gle. The MTPA angle value (γMTPA) is expressed
as Eq. (7), where ξ is the saliency ratio calculated
as Lq

Ld
.

Equation (8) shows the necessary current vector
modulus according to the required torque (iτ∗em),
calculated from the previous value of the current
vector angle and the torque reference (τ∗em).

Finally, the MTPV trajectory is defined when the
maximum torque at minimum current is achieved,
considering the voltage limit. The MTPV condition
for PMSMs is defined as ∂τem

∂δ = 0, which expresses
the torque equation in terms of vs and δ, being the
voltage vector modulus and angle, respectively, in
the per-unit system. Equation (9) expresses the
MTPV modulus current value (iMTPV).

2.3 Consideration of inner current loop
controllers

In this section, the analysis of the sensitivity of the
current PI controllers is achieved based on the resis-
tor and dq-axis inductance variation. Their stability
and dynamic response are examined if the elec-
tric plant parameters are modified in terms of their
nominal values. The closed-loop current transfer-
function (GCL,Ix(s)), also known as the complemen-
tary transfer-function (T(s)), can be modelled from
the electric machine parameters (Rs, Lx) and the
parameters of the PI controllers (Kp,x, Ki,x) as

GCL,Ix(s) =
Kp,xs +Ki,x

Lxs2 + (Rs +Kp,x) s +Ki,x
, (10)

where the subscript x denotes direct or quadrature
axis.

Generally, the sensitivity of a closed-loop system
regarding a parameter α, is defined as the ratio

γMTPA = arccos

−1 +
√

1 + 8i2s · (1− ξ(id, iq))
2

4is · (1− ξ(id, iq))

 (7)

iτem =
−sin(γ) +

√
sin(γ)2 + 2τ∗em · sin(2γ) · (1− ξ(id, iq))

sin(2γ) · (1− ξ(id, iq))
(8)

iMTPV =
−(2−ξ(id,iq))·cos(γ)−

√
(2−ξ(id,iq))2·cos2(γ)−4·(1−ξ(id,iq))·(cos2(γ)·(ξ(id,iq)2+1)−ξ(id,iq)2)
2·(1−ξ(id,iq))·(cos2(γ)·(ξ(id,iq)2+1)−ξ(id,iq)2)

(9)



Fig. 5: Bode plot analysis of the sensitivity system vary-
ing the resistor parameter (Rs ∈ [Rs,0, 2Rs,0]).

Fig. 6: Bode plot analysis of the sensitivity sys-
tem varying the inductance parameter
(Lx ∈ [0.5 · Lx,0, Lx,0]).

Fig. 7: Transient analysis of the sensitivity plant varying
the resistor (top figure, Rs ∈ [Rs,0, 2Rs,0]) and
inductance (bottom figure, Lx ∈ [0.5 · Lx,0, Lx,0])
parameters.

of the percentage change of the complementary
transfer function to the percentage change of the
parameter α evaluated at its nominal value (α0) as

ST
α(s) =

α

T(s)
· ∂T(s)

∂α

∣∣∣∣
α=α0

≈

T(s)
∣∣
α=αvar

−T(s)
∣∣
α=α0

T(s)
∣∣
α=α0

αvar−α0
α0

,

(11)
where the second part of the expression is the small-
signal transfer-function approximation.

In case of a PMSM, the system sensitivity regarding
the electrical plant parameters can be expressed
from the electrical plant (evaluated in its nominal
values: Rs,0 and Ls,0) and the parameters of the PI
controllers as

ST
Rs

(s) ≈ Rs

T(s)
· ∆T(s)

∆Rs

∣∣∣∣Rs=Rs,0

Lx=Lx,0

=
−Rs,0 · s

Lx,0 · s2 + (Rs,0 +Kp,x) · s +Ki,x

(12)
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Fig. 8: Control algorithm model. The magnetic saturation, represented in green, affects both the LBEMF and FW
trajectories and cross-terms of the current PI controllers. The reference, feedback and intermediate values
are depicted in purple, red, and blue, respectively.

ST
Lx

(s) ≈ Lx
T(s)

· ∆T(s)

∆Lx

∣∣∣∣Rs=Rs,0

Lx=Lx,0

=
−Lx,0 · s2

Lx,0 · s2 + (Rs,0 +Kp,x) · s +Ki,x

(13)

Due to thermal considerations, the resistance of
the stator winding is higher than its nominal value.
Due to the saturation effect, the stator winding’s
inductances are considered lower than their current
values equal to zero. The Bode analysis of the com-
plementary sensitivity transfer-function regarding
the variation of the resistor and inductance values
considered in Table 1 is shown in Fig. 5 and Fig. 6,
respectively. The phase margin varies very little
in both cases. Furthermore, transient response in
front of a unitary step is analysed in Fig. 7. In these
figures, it can be demonstrated that the control algo-
rithm is stable whenever the variation of the winding
resistance or inductances occurs, and the system
dynamic is not greatly affected.

3 Simulation Results

The proposed control algorithm, which is shown in
Fig. 8, is validated by means of a MATLAB/Simulink
model. It considers the saturation effects in all
torque-speed regions, by affecting both the trajec-
tories at the LBEMF and FW zones. Ω∗

m and Ωm
are the reference and current mechanical speed,
respectively, and Ωe is the current electrical speed
in the per-unit system. The output of the speed

controller limits the maximum reference setpoint
(τem,max). MTPA, electromagnetic torque, and
MTPV equations refer to Eq. (7)-Eq. (9), respec-
tively. The output voltage modulus is controlled
so as to transition between the LBEMF and FW
zones by changing the current vector angle (∆γ).
The maximum output voltage value is limited to a
constant parameter (KFW) and the current battery
voltage (Vbat).

An optimised calculation of the working-point tra-
jectory is done in the per-unit system to simplify its
implementation in a real 32-bit fixed-point DSC. For
this purpose, the field-oriented control is addressed
by idq, vdq, i∗dq, and v∗dq, which are the current and
voltage real and reference values in the per-unit
system.

Figure 9 depicts the comparison of the MTPA
(green), CT (magenta), and MTPV (yellow) trajec-
tories by taking into account the constant dq-axis
inductances at zero current (solid lines) and the vari-
able values with the dq-axis currents (dashed lines).
The current circle limit is shown in red. Due to the
saliency ratio variation below 1, the hyperbolas of
MTPA and MTPV change their direction.

Figure 10 shows the increase of the applied torque
to the machine when the saturation effects are con-
sidered, by taking as a base value the torque gotten
with constant dq-axis inductances. This comparison
is made when the electric machine is working in the
MTPA region. At 330 Nm, a torque increase of 1%



Fig. 9: MTPA (green), CT (magenta), and MTPV (yellow)
trajectories not considering the cross-saturation
effects (solid line) and considering them (dashed
line).

Fig. 10: Attainable torques without and with the cross-
saturation effects at the MTPA region, from
100 Nm up to 330 Nm, are depicted in blue
and orange, respectively.

is achieved when considering the cross-saturation
effects.

Figure 11 depicts the transient working-point of the
proposed control algorithm when a reference torque
of 300 Nm with a limited speed of 700 rpm is ap-
plied. The current and voltage limits at the max-
imum speed are represented in red and blue, re-
spectively. MTPA and MTPV curves are illustrated
in green and yellow, respectively. Torque reference
curve is depicted in magenta. Solid cyan repre-

Fig. 11: Transient working point applying a torque set-
point of 300 Nm and limiting the maximum
speed to 700 rpm.

sents the working-point going from the LBEMF zone,
working in the MTPA zone, up to the FW zone, work-
ing in the CT, CVL, MTPV regions, and constant
speed. In comparison, the black line represents the
working-point when the saturation effects are not
considered in the control algorithm. In conclusion,
the best efficiency is accomplished as long as the
cross-magnetization effects are considered.

4 Conclusion

This paper proposes an advanced FW control al-
gorithm based on a VCC strategy that considers
the saturation effects on the electromagnetic sheets
to calculate the optimised working-point and analy-
ses the dynamic of the PI current controllers. The
sensitivity analysis which was done taking into con-
sideration a variation of the electric machine resistor
or inductances has not proven any significance in
the dynamic response of the inner control loops.

Nevertheless, the simulation results prove the effec-
tiveness of considering the saturation effects in cal-
culating the dq-axis current from the torque or speed
reference. In case of the 2.5 kW SPMSM analysed,
located in a direct drive e-motorbike, whose saliency
ratio is barely less than 0.96 at the maximum cur-
rent, the torque increase is up to 1%.
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