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Abstract—The importance of permanent magnet synchronous
machines (PMSMs) is increasing day by day due to trends
in the electrification of transportation and the use of wind
farms. The predictive current control (PCC) strategy has been
widely applied to the control of power converters and electrical
machines over the past decade. However, parameter dependency
and computational complexity are known disadvantages of the
conventional PCC strategy. To deal with the weakness caused
by parameter inconsistencies, model-free PCC strategy has been
proposed. The simplified PCC strategies have also been applied
to reduce computational complexity. In this paper, a model-
free simplified PCC (MF-SPCC) strategy combined with the
ultra-local model-based extended Kalman filter (EKF) has been
proposed for a PMSM drive. The proposed electric drive system
has been verified by simulation studies and finally robust control
performance has been achieved under parameter mismatches.

Index Terms—Model-free predictive current control, perma-
nent magnet synchronous motor, extended Kalman filter, lumped
parameter estimation

I. INTRODUCTION

Compared to other machines, permanent magnet syn-
chronous machines (PMSMs) provide some advantages such
as higher power density, lower inertia, higher efficiency, and
higher torque-to-weight ratio [1]. Their importance has in-
creased due to the trends in the electrification of transportation
[2], [3] and the use of wind farms [4], [5]. However, their
highly nonlinear structures with time-varying parameters com-
plicate their high-performance control; therefore, advanced
control techniques are needed. Field-oriented control (FOC)
and direct torque control (DTC) have been used for their high-
performance control for a long time [6]. Although these tech-
niques are still in use extensively, the latest model predictive
control (MPC) techniques, predictive current control (PCC)
and predictive torque control (PTC), provide many advantages
over mature control techniques, such as easy concept, fast
response, the capability of handling nonlinearities, modulator-
free structure, easy inclusion of additional control objectives
[7]. A comparison of all these high-performance control tech-
niques has been made for induction motor control in [8]. In
a comparison between the PCC and PTC, it is highlighted
that the PCC has lower computational complexity and current
harmonics although they have similar performances [7].

Despite all advantages of the PCC strategy, it has some
drawbacks reported in the literature: current harmonics, vari-

able switching frequency, computational complexity, and pa-
rameter dependency [9]. To deal with these problems, effective
solutions have been proposed. Current harmonics can be
suppressed by using higher-order converter topologies, sacri-
ficing computational complexity and cost [10], [11]. However,
the two-level voltage source inverter (2L-VSI) topology still
remains popular in electric drive systems. Also, unlike the
traditional PCC strategy, applying multiple vectors during
one sampling period can suppress current harmonics [12].
Another solution to greatly overcome both current harmonics
and variable switching frequency is to use modulated PCC
strategies [10], [13]. It is clear that these solutions damage the
basic structure of traditional PCC. To reduce the computational
complexity, simplified PCC strategies have been proposed
that reduce the number of candidate switching states [10],
[11] or the number of predicted quantities [14]. There are
some studies using nonlinear observers such as recursive least
squares (RLS) filter [15] and extended Kalman filter (EKF)
[16] to overcome the problem of parameter changes. However,
it is emphasized that estimating a few or all parameters is not
a cost-effective solution [17]. However, it can be a reasonable
option where parameter changes are required. The problem
of parameter dependency can be significantly eliminated by
using the incremental model [18] or model-free PCC strategies
[11], [13], [19], [20]. The main disadvantage of incremental
model-based PCC is the necessity of measuring current twice
in one sampling period [20]. Model-free PCC strategies require
a disturbance observer as they use the ultra-local model [18]–
[20]. In the literature, there are different studies combining
disturbance observers based on extended state observer [18],
[20] and nonlinear observer [19] with model-free PCC strate-
gies.

In this paper, a model-free simplified PCC strategy com-
bined with EKF-based on the ultra-local model of PMSM has
been proposed for PMSM drives. The EKF observer used is
capable of estimating known and unknown interference terms
in the ultra-local model of PMSM. The proposed PMSM drive
is robust to parameter changes and its computational load
has also been reduced by adopting simplified PCC strategy.
Finally, it is validated through extensive simulation studies.

The rest of this paper is organized as follows: Section II
gives the detail of the ultra-local model for PMSM. Section
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III presents the design steps of the EKF observer based on
the ultra-local model. Section IV introduces the MF-SPCC
combined with EKF observer for PMSM drives. Section
V validates the proposed PMSM drive through simulation
studies, followed by the conclusion in Section VI.

II. ULTRA-LOCAL MODEL OF PMSM

The mathematical model of surface-mounted PMSM
(SPMSM) consists of two sub-models: the electrical model
and the mechanical model. The set of equations for this model
is given in (1).
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where id and iq are the dq−axis components of stator currents,
ud and uq are the dq−axis components of stator voltages, ωm
is the mechanical angular speed, ωr = ppωm is the electrical
angular speed, pp is the number of pole-pairs, ψpm is the rotor
flux linkage of permanent magnets, τl is the load torque, Rs
and Ls are the stator resistance and inductance, respectively,
Bt and Jt are the inertia and viscous friction, respectively.

Rearranging the model in (1), the voltage equations can be
found as

ud = Rsid + Ls
did
dt
− Lsωriq (2a)

uq = Rsiq + Ls
diq
dt

+ Lsωrid + ωrψpm (2b)

To realistically define the PMSM model, the voltage equa-
tions can be expanded by parameter mismatches and unknown
interference terms as

ud = (Rs + ∆Rs)id + (Ls + ∆Ls)
did
dt

− (Ls + ∆Ls)ωriq + λd (3a)
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where ∆Rs, ∆Ls, and ∆ψpm are parameter mismatches, λd
and λq are unknown terms for the electrical side of the PMSM
model. Rearranging (3) gives
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Fig. 1. 2L-VSI (a) Circuit topology (b) Possible voltage vectors

Using the model in (4), the ultra-local PMSM model based
on the system input and output data can be constructed for the
electrical side as follows:

did
dt

= ξud + Λd (5a)

diq
dt

= ξuq + Λq (5b)

where ξ = 1/Ls is the gain of the inputs, Λd and Λq are the
sums of known and unknown terms for the electrical side of
the PMSM model and are given as follows:
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If a 2L-VSI is applied to the PMSM, the output voltage of
the inverter in the stator stationary reference frame (αβ−) can
be calculated as

us,αβ =
2

3
Vdc(Sa + aSb + a2Sc) (7)

where Vdc is the dc-link voltage, Sx ∈ {Sa, Sb, Sc} is the
switching state of the upper switch on each leg, a is the phase
shift of 120 electrical degrees. It is also possible to define the
us,αβ in the rotating reference frame (dq−) as follows:

us,dq = us,αβ · e−jθr (8)

where θr is the electrical rotor position of the PMSM. The
circuit topology of 2L-VSI and possible voltage vectors are
given in Fig. 1.

III. EKF OBSERVER

To estimate the Λd and Λq , the ultra-local PMSM model
in (5) has been extended by these interference terms and
a nonlinear PMSM model in (9) has been derived. Next,
an EKF observer has been designed based on the extended
ultra-local model of PMSM. The reason for using the EKF
observer is that the model in (9) is nonlinear and EKF has
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Fig. 2. Block diagram of the SPMSM drive based on the MF-SPCC combined with EKF observer

lower computational complexity than other nonlinear Kalman
filtering methods [21].
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The nonlinear model in (9) has to be discretized in order to
use in the EKF and first-order Euler approximation

ẋt ≈
xk+1 − xk

T
(10)

has been used in this paper. The resulting observer model in
discrete form is

xk+1 = I4×4 · xk + T · f(xt,ut) (11)

where I is the identity matrix and T is the sampling time. The
remaining steps for the EKF observer are as follows:

1- Initialization step:

x̂−0 = E[x0] (12)

P0 = E[(x0 − E[x0])(x0 − E[x0])T ] (13)

2- Linearization step:

Fk+1|k =
∂f(x,uk)

∂x

∣∣∣∣∣
x=xk

(14)

3- Time update:

x̂−k = f(x̂k−1,uk) (15)

P−k = Fk|k−1Pk−1F
T
k|k−1 + Qk−1 (16)

4- Measurement update:

Kk = P−kH
T
[
HP−kH

T + Rk

]−1
(17)

x̂k = x̂−k + Kkvk (18)

Pk = (I−KkH)P−k (19)

where Fk|k−1 is the transition matrix; P−k and Pk are the
priori and the posteriori covariance matrices, respectively; Kk

is the Kalman gain; Qk and Rk are the covariance matrices
of the system noise and the output noise, respectively.

TABLE I
THE SPECIFICATION OF PMSM

Parameter Value Parameter Value

nm 2300 [r/min] τl 10 [N.m]

pp 4 ψpm 0.171 [V.s]

Rs 0.4578 [Ω] Ls 3.34 [mH]

Jt 0.001469 [kg.m2] Bt 0.0003035 [N.m.s]

TABLE II
SIMULATION PARAMETERS

Parameter Symbol Value

Sampling time T 50µs
Proportional gain Kp 5
Integral gain Ki 50
DC-link voltage Vdc 300 V
System noise covariance matrix Q diag {1, 1, 0.1, 0.1}
Measurement noise covariance matrix R diag {1, 1}
Initial posteriori covariance matrix P0 diag {1, 1, 1, 1}

IV. MF-SPCC OF PMSM WITH EKF OBSERVER

To perform the MF-SPCC strategy, the direct and
quadrature-axis voltages can be obtained after the discretiza-
tion and rearrangement of the ultra-local model in (5) as
follows:

ud,k+1 =
(id,k+1 − id,k)

Tξ
− Λ̂d,k+1

ξ
(20a)

uq,k+1 =
(iq,k+1 − iq,k)

Tξ
− Λ̂q,k+1

ξ
(20b)

where Λ̂d and Λ̂q are the values of known and unknown
interference terms estimated by the EKF.

Substituting reference currents (i∗d and i∗q) in (20), the
reference voltages (u∗d and u∗q) can be obtained as

u∗d =
(i∗d − id,k)

Tξ
− Λ̂d,k+1

ξ
(21a)

u∗q =
(i∗q − iq,k)

Tξ
− Λ̂q,k+1

ξ
(21b)



Fig. 3. Control performance under Rs changes

Fig. 4. Control performance under Ls changes

where i∗d = 0 for SPMSM.
The optimal switching state for next time instant can even-

tually be selected with the following cost function:

gj = min
j∈{0,1,...,7}

{
(v∗d − vd,j)2 + (v∗q − vq,j)2

}
(22)

V. RESULTS

The block diagram of the SPMSM drive based on the MF-
SPCC combined with the EKF is shown in Fig. 2 and a PMSM

Fig. 5. Control performance under ψpm changes

Fig. 6. Control performance under combined changes of Rs, Ls, and ψpm

with the specifications in Table I is used in simulation studies.
This SPMSM drive has been implemented in Matlab/Simulink.
The speed controller is of PI-type. All values and parameters
used in simulation studies are given in Table II.

In simulation studies, different operating conditions have
been considered in order to demonstrate the effectiveness of
the proposed SPMSM drive. To show its robustness against
the parameter changes, the control performance has also been



examined under changes in Rs, Ls, and ψpm.
In all results shown in Figs. 3–6, if χ is a dummy variable,

χ̂ and χ∗ indicate the estimated and reference quantities,
respectively. In all tests, the speed is reversed from +10
rad/s to −10 rad/s at t = 5 s to show the speed-dependent
interference terms. In Figs. 3 and 4, Rs and Ls are increased
from their rated values to 5 times their rated values for time
intervals of 1 ≤ t ≤ 4 s and 7 ≤ t ≤ 9 s. Also, step-type
changes of both Rs and Ls from 5 times their rated values to
their rated values have been performed at t = 4 s and t = 9
s. In Figs. 5, the ψpm is halved from its rated value for time
intervals of 1 ≤ t ≤ 4 s and 7 ≤ t ≤ 9 s. Moreover, it is
stepped up to its rated value at t = 4 s and t = 9 s. In the
last test in Fig. 6, the proposed PMSM drive is tested with
combined changes in parameters. To this end, Rs and Ls are
stepped up to 5 times their nominal values at t = 1 s and
t = 2 s, respectively. Next, ψpm is stepped down to half of its
nominal value at t = 3 s. Finally, values of Rs, Ls, and ψpm

are returned to their nominal values at t = 7 s, t = 8 s, and
t = 9 s, respectively.

Considering the resulting control performances, it is shown
that the proposed PMSM drive based on MF-SPCC with EKF
can compensate for the adverse effects of parameter changes.
The EKF has the ability to estimate the interference terms
in the ultra-local model even under the ramp and step-type
changes in parameters. The interference terms are not only
related to parameter changes but also speed-dependent. As
shown in all results, the Λ̂d and Λ̂q have different values at
different speeds. In a realistic case, all these parameter and
speed changes may occur at the same time as tested in Fig. 6.
Even under these troubled operating conditions, the proposed
electric drive system can still follow the reference variations
with high performance.

VI. CONCLUSION

In this paper, a PMSM drive based on the MF-SPCC com-
bined with the EKF has been proposed and tested in simulation
studies under challenging operating conditions. Due to the use
of ultra-local PMSM model that does not include parameters
apart from Ls and the estimation of known and unknown
interference terms with the EKF observer, it overcomes the
problem of parameter dependency in the conventional PCC
strategy. The simulation results demonstrate that it has the
ability to operate with high performance under parameter
mismatches at different speeds. It still has current harmonics
and variable switching frequency caused by the limited number
of switching states in power converters and the PCC strategy.
Future studies will focus on addressing these issues.
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