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Abstract—Permanent Magnet Synchronous Motors (PMSMs)
may present spatial harmonics depending on the design guidelines
or imprecisions on the manufacturing process. The interaction
of conventional sinusoidal current feeding strategies with these
spatial harmonics can produce a considerable torque ripple.
This paper deals with a modified Finite Control-Set Model
Predictive Torque Control (FCS-MPTC) loop as an active torque
ripple minimization solution for PMSMs with spatial harmonics.
The proposed approach designs a novel cost function, based
on the cross product reactive instantaneous power theory. The
benefits of the proposed generalized approach include providing
smooth torque production and the Maximum Torque per Ampere
(MTPA) operation on PMSMs with a number of spatial harmonic
sources, including those on zero-sequence. The effectiveness of
the presented control strategy is demonstrated comparatively
to conventional sinusoidal current feeding strategy on a PMSM
drive employing a three-phase four-leg two level voltage source
inverter under both steady and transient state.

Keywords - Finite control-set model based predictive
torque control (FCS-MPTC), spatial harmonics, perma-
nent magnet synchronous motor (PMSM), torque ripple
minimization, Maximum Torque per Ampere (MTPA).

I. INTRODUCTION

Permanent Magnet Synchronous Motors (PMSMs) are used
in a wide range of applications, including household appli-
ances [1] and vehicular traction/propulsion [2]. The motivation
of their use is often associated to their higher power density
and higher efficiency compared to DC or induction motors [3],
[4]. Due to design guidelines or mechanical tolerances during
manufacturing process, the PMSMs may suffer from spatial
harmonics on PM flux linkage and stator inductances [5],
[6]. Conventional control schemes which neglect the harmonic
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content may produce reasonable torque ripple level, which is
undesirable in high-performance motion control because it is
associated to the increase of vibration, speed undulation and
mechanical wear and tear on mechanical drive parts, hence
reducing the life of the system [7].

Mitigation of torque ripple is approached in the literature in
two ways: passively and actively [8]. The former is devoted
to improve the motor design. Despite its effectiveness, it may
complicate the manufacturing, increase the final cost and,
even if well designed, mechanical tolerances or limitations on
manufacturing process still lead to torque ripple. On the other
hand, the active method focuses on modifying the machine
feeding strategy, such that proper harmonic stator currents
circulation are intended to produce compensating harmonic
torque components. As an advantage over the passive one, the
active approach can be applied to existing machine drives, by
improving the control algorithm and/or the drive circuitry.

The challenge of active torque ripple mitigation methods
is the design and injection of proper harmonic stator currents
through the stator winding.

Several approaches of active torque ripple mitigation have
been presented in the literature over the last few decades.
In [9] an iterative learning method is presented to update the
current command based on torque transducer measurements.
In [10] the required current harmonic components derives
from the real-time Fourier analysis of the measurements of an
accelerometer installed on machine frame. In [11] the optimal
stator current is obtained from the analysis of measured
speed undulations. In [12] the optimal current harmonics are
designed numerically at a given operation condition based on
genetic algorithm. Despite the effectiveness, these approaches



are computationally complex since they involve iterative com-
putations to converge to a optimized solution. The iterative
process may not timely update the optimal harmonic current
in transients state, not ensuring low torque ripple during
torque/speed dynamics.

Alternatively to the usage of iterative solutions and addi-
tional sensors, numerous authors have reported control so-
lutions based on the mathematical model of electromagnetic
torque with the inclusion of harmonic sources. The common
objective is to select the proper control variables and derive
their command values to reach torque ripple minimization
with minimum stator current magnitude requirement. In [13]
a torque and stator flux control loop is proposed incorporating
the harmonic content of non sinusoidal back electromotive
force (back-EMF) on the torque and stator flux calculations.
However torque ripple reduction is limited since harmonic
stator flux command is not considered [14], [15]. In [15], to
avoid this issue a direct torque and indirect stator flux control
loop is proposed. In [16] the stator currents are selected to be
controlled, and the optimized harmonic reference components
are derived based on a Lagrange multiplier approach. However,
the method only considers a selected range of harmonics to
calculate current references and these mentioned works do not
deal with inductance harmonics or zero sequence PM flux
linkage harmonics. In [17] the optimal stator current command
values are obtained based on Gauss-Newton procedure consid-
ering harmonics on PM flux and inductances. However only a
selected set of harmonics is considered and the development
does not deal with zero sequence PM flux. In [18] a geometric
interpretation of optimum current design is presented including
zero sequence PM flux linkage harmonics, but it is restricted
to surface mounted PM machines.

Based on the exposed, the definition of novel control
variables for torque ripple minimization is the primary focus
of this paper to cope with the presence of harmonics on
stator inductances and PM flux linkage, also benefiting the
drive with those on the zero sequence. To that end, the cross
product instantaneous power theory appears as a powerful
tool to analyze the power flow in multi-phase circuits with
nonsinusoidal voltages and currents in the time domain, and
have been widely employed, for example, in the field of power
conditioning with active filtering for harmonic compensation,
unbalance compensation and reactive power injection [19].
Here, it is used to propose the defined active and reactive
torque quantities as suitable control variables for torque ripple
minimization and maximum torque per Ampere (MTPA) oper-
ation of nonsinusoidal PMSM drives, avoiding the difficulties
of current or stator flux optimal harmonic reference definition.

Regardless the selected control variables, the control
schemes responsible for harmonic injection require con-
trollers with high bandwidth, and the one of conventional
Proportional-Integral (PI) may not cover the critical frequen-
cies of torque pulsations [20]. In this sense, a number of
controllers have been investigated in the literature, such as
sliding mode, repetitive, resonant, deadbeat and hysteresis
ones [16], [20]-[23]. Recently, the Finite Control-Set Model

based Predictive Control (FCS-MPC) has been extensively
studied in high-performance motor drives and other systems as
an interesting alternative [24]. Based on the internal model of
the system, FCS-MPC predicts the future behavior of control
variables and chooses as the optimal control action the feasible
switching state of the power converter that minimizes a cost
function designed to express the control objective, usually
aiming the minimization of errors between the desirable and
future predicted behavior of the controlled variables. Among
the advantages, this approach provides fast dynamics of con-
trolled variables, lesser tuning parameters and avoids modu-
lation stage, since the control signals for power switches are
directly generated by the cost function minimization process
decision [24].

In this context, the goal of this paper is to combine the
potentialities of the cross product instantaneous power theory
and FCS-MPC to propose a modified Finite Control-Set Model
Predictive Torque Control (FCS-MPTC). The proposed FCS-
MPTC produces a reduced torque ripple and MTPA operation
of interior mounted PMSM (IPMSM) with PM flux linkage
and inductance harmonics, including those in zero sequence
of dq0 reference space. Essentially, while conventional FCS-
MPTC for PMSM extensively implements torque/flux or cur-
rent control loops, in this paper it is proposed a novel cost
function for torque control of IPMSM drives, built from the
cross product reactive instantaneous power theory. The pro-
posed cost function is divided in two main components. The
first one is the active torque tracking component, responsible
for active torque reference tracking and it is dominant during
transient, favoring fast error mitigation. The second component
is composed of three reactive torque tracking elements and
they are responsible to lead the machine to a MTPA operation.
Conceptually, this approach avoids the necessity of define
harmonic current/flux references, is not limited to a finite set of
selected harmonics, is not an interactive method and is suitable
to various scenarios of spatial harmonics in PMSMs.

II. MACHINE DYNAMIC MODEL

Considering a three-phase IPMSM with Y connected stator
winding, the continuous time voltage phase model in stationary
abc frame is

Vabe = Riabc + Labc % + dz;lbc iabc + We di\lrézbc
where Vape = [Van Vbn Ucn]T is the phase voltage vector with
respect to the neutral point of the Y connected stator winding,
abe = [ia ip ic)T is the stator phase current vector, Ay gpe =
[Ara Arb Are|T is the rotor permanent magnets flux linkage
vector, R is the stator phase resistance, w, is the electrical
rotor speed, 6. is the electrical rotor position and L. is the
inductance matrix, given by
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where L,,, Ly, and L. are the self inductances and M.y,
My,, Mye, My, M., and M., are the mutual inductances.
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The machine model is represented in the synchronous
dq0 reference space by the pre multiplication of (1) by the
following transformation
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The electromagnetic torque 7, produced by a IPMSM is
expressed by the coenergy model as [25]

1.5 dLape . dArave \ .
Te =TnNp <2szcd0b Labe + ( dé b ) zabc) . (7)

The application of (3) in (7) yields to

T, = i;"[qo Ei50 = taq0 - Eqq (8)

where ’-’ denotes the internal product of two vectors and
Ey0=[FE4E, Ey)T is defined here as the Speed Normalized
Electromechanical Voltage (SNEV), given by
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IIT. BASICS OF CROSS PRODUCT INSTANTANEOUS
REACTIVE POWER THEORY

The cross product instantaneous power theory defines a set
of instantaneous power components in the time domain based
on vector relationship between voltages and currents [26]. It
can be applied to multi-phase systems and no restrictions are
imposed on the voltage or current waveforms, independent
of the presence of harmonics or unbalances in the system.
Furthermore, it is valid not only in the steady state analysis,
but also in transient state [26]. Here, it is used to elucidate
the control goals in proposed FCS-MPTC of nonsinusoidal
IPMSM drives.

The basic definition of instantaneous active power P is
almost the same in most of the power theories. It is defined

as the internal product of instantaneous current and voltage
vector. Thus, in the dq0 reference space P is calculated as

. .T . . .
P= Tdq0 " Vdg0o = lqu,qu() = 1qUq + 1qVq + 190g. (10)

Based on the cross product of instantaneous current and
voltage vectors, this theory defines the instantaneous vector
Qaqo as the reactive power vector such as! [26]

qu Z'q’l}() — i()Uq
Qdq0 = %dg0 X Vdgo = | Qao | = |%0Va — tqVo (11)
Quq 14V — 1q0d

Realizing that the electromagnetic torque in (8) follows the
internal product definition of active power in (10), the SNEV
is, thus, also source of a defined reactive torque vector ggq,0 =
[040 0d0 04q)T production, given by

Qdq0 = iqu X Equ- (12)

In the general concept, the reactive power is a vector
perpendicular to the current and voltage ones and it does not
impact the transferred active power P. Therefore, non null
values of reactive torque @qq0 are associated to an additional
energy flow in the machine system that does not contribute to
electromagnetic torque production. Accordingly, the minimum
current required to produce active power is the one which
produces null reactive power components [26]. Thus, the
imposition of a real-time null reactive torque production is
a consistent control goal for MTPA operation since it meets
the concept of minimum current magnitude requirement for
an active torque demand.

IV. FINITE CONTROL-SET MODEL PREDICTIVE TORQUE
CONTROL IMPLEMENTATION

The simplified structure of the proposed FCS-MPTC
scheme is shown in Fig. 1. In order to allow the zero sequence
current flow, a three phase four-leg two level inverter is em-
ployed and the neutral point of the Y connected stator winding
is considered accessible and connected to the inverter forth leg.
Regarding the control scheme, the PI speed controller provides
the torque reference to the internal FCS-MPTC control loop
responsible for active and reactive torque control, which is
detailed in the following.

A. Converter Topology

The independent control signals S,, Sy, S. and S, of the
four-leg converter compose a total of 16 (24) feasible combina-
tions of switching states, denoted here as Sy = [S, Sp S Sy, ],
with f € {1,...,16}.

For a given S, the phase voltages can be expressed as

S(1)—S5y(4)
S5(2)=5¢(4)
S(3)=S5(4)

(vabc)f = VDC (13)

IThe original definition introduced in [27] is P=wv -4 and Q = v X 4.
However this leads to a negative reactive power in inductive loads. Since
x Xy = —y X the definition is adapted to match the common concept of
reactive power [26].
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Figure 1: Control scheme of proposed FCS-MPTC.

where Vpc is the DC bus voltage. The application of the
transformation (3) in (13) allows to obtain the stator voltage
vector in dq0 reference space, (vqqo)f-

B. Prediction model

The active and reactive torque components are predicted
using their discrete model. From (8) and (12), the predicted
active and reactive torque to the next discrete time step are

k+1 _ ;k+1 k+1

T, = %440 -Edq0 (14)
k+1 _ qk+1 k+1

quO - quO X Equ ' (15)

The future current vector value iZ;Ol is calculated by the dis-

cretization of (4) using the forward Euler approximation[28].
Thus, the predicted current for the (k+1)th instant considering
a given stator voltage (vgq0) s is

ihte = =R (Lg0)* 0 + (Lago)" (vago)f+
. d L .
- Cdf (qul())k (( df : +J quo Z§q0+

d\F
r.dq0 ) (16)
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Likewise, the future SNEV vector Efj;)l is derived from (9)
such that

k+1
Bt =y [ L(PRaa0  prery grke)ike
dq0 — ''p 2 dee dq0 dq0 dq0

d )\k+1

r,dq0 ) (17)

dé.

Assuming that inductance and rotor flux linkage are ob-
tained from Fourier expansion or lookup tables based on
rotor position measurement, i.e., Lgq0(0c) and Ay g40(0.), the

predicted values Lj/' and AF%1) in (17) are obtained as
follows

k+1
F TN

LS = Laqo(0F+") = Lago (0% +wETy) (18)
Af;qlo = Ardgo(05T1) = A ago(0F +wiTy),  (19)

where T, is the sampling period. The derivative terms of
inductances and rotor flux are obtained in the same manner.

C. Cost function

The proposed cost function is composed of four elements.
First, the active torque error minimization is the main goal of
the FCS-MPTC. Thus, this objective is written as

Cr = (T —TF1)? . (20)

This term is dominant specially during speed reference
changes when the torque error is consistent.

A secondary goal is added in the cost function to steer the
machine states toward the MTPA operation. For this purpose
the three reactive torque components errors are included with
null reference, that is

k+1)2 k412 k412
Cop= (Qqa_l) s Cow = (Qda_l) and Oqu = (del) - (2D
Finally the basis of proposed cost function is

CH =1 Cr + 2 Chpy +¢3Chyy +ca Cy, s (22)

with ¢y, co, c3 and c4 being weighting factors. The cost
function (22), considering one time step horizon, is evaluated
for each feasible voltage vector and the one that minimizes the
cost function is chosen and then applied at the next sampling
instant. In practice, digital signal processors produces one
time step delay in the implementation of control actions,
which can be easily compensated by pushing one discrete
time step forward the cost function calculation, i.e., evaluating
CH2 [28].

V. RESULTS AND DISCUSSION

In this section the simulation results are presented, illustrat-
ing the effectiveness of the proposed method in both steady
and transient states, compared to conventional sinusoidal
MTPA current feeding strategy method [29].

The most significant harmonic components on PM flux
linkage and self/mutual inductances for the tested PMSM are
detailed in Table I and II. Both parameters were obtained from
Finite Element analysis considering rated stator current [30],



Table I: PM flux linkage harmonics.

Harmonic order

1 3 5 7 9 11
Magnitude
(mWb) 54833 4296 4.21 3.88 5.09 4.42
Phase(®) 2.0 6.0 92  -166.7 -17.8 -158.0

Table II: Self and Mutual Inductance Harmonic Components

Harmonic Self Inductance Mutual Inductance
Order Magnitude(mH) Phase(®) Magnitude(mH) Phase(°)
0(oc) 31.66 0 10.75 180.0
2 11.12 -170.1 7.89 -50.2
4 1.19 -156.6 0.19 -132.6
6 0.09 28.8 0.06 88.7
8 0.23 54.2 0.05 -24.5
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Figure 2: Steady state performance comparison. Left: sinu-
soidal MTPA. Right: proposed method.

[31]. The FCS-MPTC algorithm was implemented with a sam-
pling frequency of 20kHz and the cost functions coefficients
were set as ¢; =1, c=0.2, ¢c3=0.2 and ¢, =0.2.

Figure 2 gathers the comparison of results for conventional
sinusoidal MTPA and for proposed method in steady state
operation. From top to bottom, Fig. 2a shows the behavior
of active torque T, reactive torque components 940, 040 and

— Sinusoidal MTPA |
—— Proposed method

6 12

Harmonic Order

Figure 3: Comparison of harmonic distribution of torque.

0dg- Stator current components in dqO and stator phase currents
1y and ¢.. Regarding the torque performance in Fig. 2, the
conventional sinusoidal MTPA develops a peak to peak torque
undulation with approximately 26% of the average value.
These undulations are effectively reduced by the proposed
method. This is reinforced by the torque harmonic distribution
exhibited in Fig. 3.

In Fig. 2 it is observed that the reactive torque components
are not null in conventional MTPA but varying in time with
different frequencies and with non null average value in the
case of pqq. For the proposed method, it can be seen that the
reactive torques are kept closely to zero.

Fig. 4 presents a comparison of the dynamic response of the
sinusoidal MTPA and the proposed method. A speed reference
step is applied in £ = 0,1 s and a 5 Nm load disturbance step
in t = 0.8 s. From top to bottom, Fig. 4 shows the results of
rotor speed w,,, active estimated torque T, reactive estimated
torque 40, reactive estimated torque pqo, reactive estimated
torque 944, dg0 stator currents and abc stator currents.

Despite the fact that FCS-MPTC inherently takes into
account the plant model with its coupling terms, during the
torque variations the cost due to the torque error is dominant
compared to the reactive torque error components. Thus, the
control might not track exactly the MTPA trajectory, with
exact decoupled dynamics, during transients but focuses on
fast torque error mitigation. In both cases a quite similar torque
dynamic is observed and, therefore, it can be concluded that
the proposed FCS-MPTC method is also capable to mitigate
torque undulations during transients without deterioration of
the dynamic performance.

VI. CONCLUSION

This paper proposes a modified FCS-MPTC for nonsinu-
soidal PMSM drives aiming torque ripple reduction and max-
imum torque per Ampere. The novelty relies on the analysis
of torque model using the cross product instantaneous power
theory to build a novel cost function, addressing null elec-
tromagnetic torque ripple with MTPA operation in machines
with spatial harmonics on inductances and PM flux linkage,
including the zero sequence quantities participation. Hence,
the proposed approach do not mitigate zero sequence current
circulation, instead, it considers its contribution in favor of
electromagnetic torque production.

By selecting the active and reactive torque components as
control variables, the complexity of defining harmonic current



or stator flux references is avoided. While the active torque
command comes from and outer control loop, the reactive
torque references are null to meet MTPA.

The proposed cost function of FCS-MPTC possesses a
generalized formulation, not limited to selected harmonics.
This generalized feature allows the simple particularization to
other synchronous machine topologies, for which the reactive
torque components in the cost function meet conventional
control goals discussed in earlier works [15], [18], [29].

The results show that the pulsating torque is indeed sup-
pressed by the proposed FCS-MPTC and the MPTA tracking
is obtained since reactive power components are kept closely
to zero.

In further work it is aimed the investigation of proposed ap-
proach in cases with machine asymmetries such as unbalanced
phase back-EMFs or open phase fault condition that also leads
to torque pulsations.
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