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Abstract—This paper presents a new and simple finite-
control set model predictive control strategy to reduce the
torque ripple in permanent-magnet synchronous machines
(PMSMs). The method is based on minimizing a cost
function that considers the flux linkage torque harmonics
obtained from a discrete-time model of the machine. The
power converter switching state that minimizes this cost
function is selected and applied during a whole sampling
period. Additionally, it is proposed to mitigate the other
source of torque ripple, known as cogging-torque, using
a feed-forward signal applied to the torque control loop.
A hybrid method that uses the output information from
an observer and look-up table is presented to obtain a
good cogging-torque estimation and thus an accurate mit-
igation of this disturbance torque at low rotational speed.
Experimental results demonstrate the good performance of
the torque ripple compensation methods presented in this
paper.

Index Terms—Finite-control set model predictive control,
permanent-magnet motors, torque control, torque ripple.

|. INTRODUCTION

ERMANENT-MAGNET synchronous machines

(PMSMs) are preferentially used for applications in
high-performance positioning systems [1], wind energy con-
version systems [2], and high-speed servo motors. They offer
significant advantages compared with induction machines
[2]-[5] such as high dynamic performance, high efficiency
due to the absence of excitation windings, reduced copper
losses, high torque and power density because of their compact
and robust design, and high-power factor through the whole
operating range [5]. However, in PMSMs, relative large torque
ripple could be produced by spatial harmonics of the air-gap
reluctance and magnetic flux linkage, as well as by harmonics
in the stator current. Torque ripple leads to acoustic noise and
mechanical vibrations [6], the later could reduce the life span
of the machine and other mechanical components affixed to the
PMSM shaft.
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Torque ripple of PMSMs is reduced, but not eliminated, by
an appropriate magnetic and layout winding design [7], [8].
The control of the machine stator currents could be used to
compensate the torque harmonics that cannot be easily elim-
inated during the design stage. For instance, a conventional
field-oriented control (FOC) scheme is proposed in [9] for
torque ripple mitigation. However, because of the relatively
high-frequency components present in the torque ripple, high-
bandwidth currents could be required. In [9] and [10], this is
achieved using dead beat controllers. Nevertheless in these pub-
lications, the torque ripple is compensated by adding harmonic
components in the g-axis stator current reference, and by reg-
ulating the d-axis current to zero. Consequently, with i4 = 0,
maximum torque per ampere (MTPA) cannot be achieved [3],
[11] and the machine is no longer operating at the optimal
torque.

In recent papers, the use of resonant controllers have also
been proposed for the control of PMSMs [4], [12]. Resonant
controllers are based on the internal model principle and they
can be used to regulate with zero steady-state error signals
of sinusoidal nature. For this purpose, one resonant notch is
required to regulate a single-frequency component of the har-
monic torque. Therefore, to eliminate most of the harmonic
distortion, multiresonant controllers are required and the design
and digital implementation of such a controller is complex [13].
Moreover, if the control system is implemented in the stationary
frame, a tuning mechanism is required to modify the resonant
frequencies in real time when variations in the PMSM rotational
speed are produced [12].

Recently, the use of finite-control set model predictive con-
trol (FCS-MPC) has been proposed for applications involving
electrical drives and power converters [14]. With this method-
ology, a discrete model of the plant and power converter is
required to predict the behavior of the system for a particular
switching state of the converter. To track references, a cost func-
tion which considers the tracking error at each sampling instant
is used. The optimal switching action, which minimizes the cost
function, is applied to the converter.

As discussed in the literature, FCS-MPC has several advan-
tages. For instance, it is relatively simple to include nonlin-
earities, constrains, and variables of different nature (electrical
or mechanical) in the cost function. The application of FCS-
MPC to the control of PMSMs has been discussed in the
literature before by using predictive current control [15], [16].
Additionally, in [17] and [18], FCS-MPC is suggested as an
alternative to directly regulate the machine torque. The method
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is called model predictive direct torque control (MP-DTC),
which uses an external speed loop based on a PI controller.
However in these papers, control methods to reduce the torque
ripple produced by flux linkage harmonic distortion are not
addressed. Mitigation of the cogging torque is neither dis-
cussed. In [19], a torque predictive control to mitigate the
high-frequency torque due to switching effects is presented.
However, this paper does not address mitigation of the low-
frequency torque pulsations produced by the machine.

Control of the PMSM rotational speed based on FCS-MPC
is presented in [20] and [21]. With this approach, the nested
control loops typically used in drives are replaced by predic-
tive control system. The results discussed in [20] and [21] show
that a high dynamic response can be achieved with this method-
ology. However, to compensate the load torque an observer
has to be implemented, and this may limit the performance
of the control system to compensate relatively high-frequency
torque components, particularly when the machine is operating
at high rotational speed. Moreover, high-bandwidth observers
are sensitive to measurement noise, parameter uncertainty,
quantization error of the feedback signal, etc.

In this paper, a new control method based on an FCS-MPC
controller is presented. The control system is composed of
nested loops. The external control loop is used to regulate
the PMSM rotational speed using a conventional controller.
An internal control loop, based on an FCS-MPC algorithm,
directly regulates the torque and minimizes the torque ripple
using a cost function based on the full model of the electromag-
netic torque, which not only includes the fundamental torque
but also the oscillating torque produced by the nonsinusoidal
rotor flux distribution. Thereby, a high-bandwidth torque con-
trol is implemented and thus, the torque ripple produced by the
stator slot harmonics, known as cogging torque [22], can be
reduced using a feed-forward compensation term obtained from
a cogging torque estimator. Therefore, the proposed torque con-
trol reduces the torque-ripple in the PMSM, improving the
steady-state performance of the torque control system. Since
the proposed control system has similar structure that of the
MP-DTC [17], [18], it could be used to achieve MTPA opera-
tion which improves the efficiency of anisotropic PMSMs. The
methodology required to achieve MTPA by regulating the d-
axis current is extensively discussed in [17] and [18]. Therefore,
MTPA is considered outside the scope of this work and the
interested author is referred elsewhere.

This paper is organized as follows. In Section II, the basis of
FCS-MPC are briefly discussed. In Section III, the modeling of
the electrical drive, e.g., power converter and PMSM model is
analyzed. In Section IV, the proposed methodology to reduce
the ripple in the torque is presented. Section V discusses the
experimental results that are obtained using a prototype imple-
mented with a 5.4-kW PMSM fed by a two-level voltage source
inverter (2L-VSI). Finally, an appraisal of the proposed control
method is presented in Section VI.

II. FINITE-CONTROL SET MODEL PREDICTIVE CONTROL

In this section, a brief review of FCS-MPC is presented.
Further information regarding the applications of this control

methodology to power converters and drives is elsewhere
[14], [15].

FCS-MPC operates in discrete-time with fixed sampling
frequency f, = T, !, and uses a discrete-time model of the
plant as

xi[k + 1] = F(x[k], S;[k]), fori=1,....,n. (1)

The vector x[k] groups the m system states to be controlled
at time ¢, whereas S;[k] € Z are the n converter switching
states, i.e., S ={S1,...,S,} To select a particular switch-
ing state S;, a decision or cost function, namely G, has to be
defined. Usually, the cost function is dependant on the reference
values *[k] and the predictions x;[k + 1], i.e.,

Ji(Si[k]) = G(z"[k], ik +1]), fori=1,...,n. (2)

Then, n predictions will lead to n different cost values. Thus,
the optimal switching state Syp[k] is defined as that producing
the minimum cost. A typical example for GG is the quadratic
error between the references and predictions

Ti(Silk]) = eilk]” [W] eilk] = Z:; Ned )

where e;[k] = x*[k] — x;[k + 1], W =diag{\1,..., \n},
and \; > 0 are weighting factors, which are used to tune the
importance of each variable in relation to the other ones.

The ideal theoretical case in which the variables can be
measured, the cost function evaluated, the optimal switching
pattern calculated, and the power converter controlled instantly
at time ¢, is not realizable in real-time applications. However,
this problem can be overcome when a two-step ahead predic-
tion is considered in which the switching state to be applied in
the following sampling time S[k + 1] is determined. Thus, the
effect of this control action will be observed only at the instant
tr+2. For this delay, it is necessary to predict not only the value
of the variables to be controlled at ¢;o but also to estimate
their values at ¢ 1. Once determined the first prediction of the
states x[k + 1], the FCS-MPC algorithm is performed for the
n possible switching states, leading to one optimal selection
Soplk + 1], which is applied from instant ¢ to 2.

IIl. DESCRIPTION OF THE DRIVE
A. Model of the Converter

The representation of a 2L-VSI is shown in Fig. 1(a). This
converter is composed by a dc-voltage source and three half-
bridge units in the inverter stage. Each phase can be connected
to the positive or negative terminal using the power switches of
the corresponding half-bridge. The inverter switching states are
determined by the gating signals S,,. For the 2L-VSI shown in
Fig. 1(a), there are 2% = 8 different switching states. Using a
vector notation, a given switching state can be written as

“¥

2 .
Szg(Sa+aSb+azSc), a=¢ 4)

which are represented in Fig. 1(b). Finally, the output voltage
vector can be calculated as ugs) = ugq. S, where gy is the dc-
link voltage, and the superscript (%) denotes a—f coordinates

referred to the stationary frame.
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Fig. 1. 2L-VSI: (a) Topology. (b) voltage vectors in a—/3 plane.

B. Dynamic Model of the PMSM

The control scheme is based on the dynamic model of the

PMSM referred to a rotor-fixed reference frame orientated

. . 4T

along the rotor flux [9]. Using the stator currents 5 = [iq iq] |

the following state equations can be used to describe the
dynamic of the PMSM:

dis .
C; = —A(w)is + B [us — ui (5)
R Le 1
_ |z Ta _ | Ta
Ac(w) [wflg g; ) BC 0 [%1 (6)

where I, is the stator winding resistance, Ly and L, are d—q
axis stator self-inductances, w = df/dt is the rotor speed, and
0 is the rotor position.

In (5), u, is the stator voltage vector (in rotor coordinates)
applied by the converter and w; is the machine back-EMF,
which is produced by the stator flux linkage due to the rotor
magnets and can be obtained as

u; = Jud(9), J= [(1) _01] (7
where
s -oo) = [Tam”) o

is a function of the flux linkage, whose harmonics compo-
nents in the d- and g-axis are ¢g;, and ¢y, respectively [9].
Notice that ®(6) is equal to the magnitude of the fundamen-
tal rotor flux ® » only when the permanent-magnet flux linkage
describes a perfectly circular trajectory in the a—f plane.

C. Oscillations in the Electromagnetic Torque

1) Flux Linkage Harmonics: The electromagnetic torque
can be separated into excitation torque, reluctance torque, and
cogging torque. The former is obtained using [9]

3p . .
Te = 5; (uid 14+ Uiq Zq) (9)

where p is the number of pole pairs. By replacing (7) and (8)
into the above equation, the excitation torque is calculated as

T, = g;)(qbpiq)—% ;Z)(¢dh(9)iq‘7 Gqn(0) ia) -

The first term at the right-hand side is the fundamental
torque, which is constant if ¢, is constant. The second term at
the right-hand side of (10) may produce harmonic components
in the torque. These oscillations are produced by the flux har-
monics components ¢4, and ¢gp, interacting with the spatial
current distribution z.

(10)

2) Slotting Torque: In the PMSM, reluctance torque and
cogging torque can be produced. The former is calculated as

3
TR(is) = =p (Ld - Lq) id iq. (11)

2

Therefore, the reluctance torque is zero when the rotor
surface is magnetically isotropic and L4 = L4. On the other
hand, the cogging torque is generated by the interaction of the
permanent-magnet flux density and angular variations in the air-
gap reluctance. Then, the cogging torque is a periodic function
of the angular position in mechanical coordinates (6,,, = 6/p),
and can be represented by a Fourier series [22]

Teogs(On) = > Ty sin (m K6y (12)

where m is the least common multiple of stator slots Ny and
the number of poles 2p. In (12), T;,; represents the Fourier
coefficients.

D. Discrete-Time Model of PMSM

The discrete model of PMSM is used to predict the future
value of the variables to be controlled. Since the main goal of
the control scheme is to regulate the fundamental torque 7j and
also to compensate the oscillatory torque due to flux linkage
harmonics T3, the full model of the electromagnetic torque has
to be included. This model is based on (10) and (11) as follows:

T = 5 p (@ iglk] + (La — Lo)ialk]iglH)
To

+ ;P (éan[k]iq[k] — dqn[k] ialk]) .

Ty

13)

Thereby, the prediction of the torque T'[k + 1] is calculated
using (13). However, to achieve this is necessary to predict
is[k + 1], as well as ®[k + 1]. Using discrete-time versions of
(5) and (6), i5[k + 1] is calculated as

isk 4+ 1] = Ag(wr)is[k] + Balwr) [us[k] — Jwp@[K]] (14)
where the discrete-time matrices are calculated using
Ag(wi) = e~ Aclwr) Ts

Bd(wk) = Ac(wk)*l .

as)

[—e ATl B, (16)

To obtain a discrete representation of the time-varying matri-
ces [see (15) and (16)], the use of a good methodology is
desirable. The conventional method to obtain a discrete repre-
sentation of the system is to use an Euler approximation, which
represents a first-order series expansion. Since in a typical
PMSM the stator time constant is relatively small, a [1/1]-
Padé approximation [23] is preferred in this work to calculate
(15). Thereby, a smaller prediction error and better performance
in the FCS-MPC is obtained with the following discrete-time
matrices:

Ad (wk)
Bd(wk)

[T= 5 Acwr)] - [T+ 5 Aclwr)]

1+ ZA.(wp)] - T.B..

a7
(18)
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Fig. 2. Proposed MPTC scheme for the PMSM.

On the other hand, in (14), the speed wy, (at instant ty) is
assumed constant during the whole sampling period. However,
the rotor position angle is not constant and the variation in the
the stator voltage vector u, is calculated as

Us = uch eije(t) (19)
where the rotor position is
O0(t) = w(t —tr) + O, tp <t <tp+Ts.  (20)

To overcome this, the mean value of u, is considered as an
input voltage at ¢, i.e.

S

1 tp+Ts )
uslk] = = /t ugeS[kle 0 dr
s k
. —JjwrTs _
= u(S)[k]e=70% (e 1)

_.jwkTs

. wyp, T
~ ugs)[k]e_](9k+‘k2 ) (21)
Then, the stator voltage vector in (21) represents a better
approximation than that conventionally used, namely w[k]

ugs) [k]e=9% (see [15]-[17]), particularly when the rotor speed
is high. From (21) is concluded that the stator voltage vector
has to be evaluated at the rotor position angle obtained at the
middle of the sampling time

Ok +1/2] = O + L+ wy. (22)

Therefore, to determinate 44[k + 1] in (14), the inputs at the
time ¢, are calculated using
ug[k] = ugS[k] e 70k+1/2]
B[k = POk +1/2]).

(23)

IV. TORQUE RIPPLE COMPENSATION WITH FS-MPC
A. Model Predictive Torque Control (MPTC)

For the conventional control of PMSMs, the torque produc-
ing current (i,) is regulated using a current control system
implemented in rotor coordinates. However, the regulation of

the harmonic current 44, is limited due to the inherent band-
width of the controller. Although high-bandwidth controllers
can be implemented (e.g., dead-beat and conventional FCS-
MPC [15], [16]), some complex real-time calculations have to
be realized in order to obtain the required ¢, current (e.g., see
[9], [10]). As an alternative and simpler solution in this paper, it
is proposed to reduce the torque ripple by adding the oscillatory
torque prediction of Ty to the cost function of the FCS-MPC
scheme. Thereby, the proposed cost function is

T = (T* = (To + M To))* + Aa (i — ialk + 2))* + F(S)
(24)

where ), and A\q are the weighting factors, and f(S) is the
function that penalizes the switching states producing overcur-
rent in the stator windings [15]. On the other hand, the torque
predictions are calculated using

To=3p (®riglk + 2] + (La — Lq)ialk + 2] ig[k + 2])

gp (banlk + 2] iglk + 2] — dgnlk + 2] iq[k + 2]) .
(25)

Ts

In the proposed control strategy (MPTC), an additional term
A, T in the cost function is added to mitigate the torque-ripple
produced by the stator flux linkage harmonics. Notice that the
conventional MPTC uses Aj, = 0 (see [17] and [18]). Therefore,
only the fundamental torque is controlled.

The proposed MPTC scheme is shown in Fig. 2. As depicted
in this control diagram, the values of ® are calculated directly in
rotor coordinates, whereas the switching state vectors S € S”
are transformed to rotor coordinates to obtain the input voltage
vector referred to the rotating dq frame. Thus, the n future cur-
rent values %, (.S)[k + 2] are computed by the current predictor
(14), with the following inputs:

g ilk + 1] = uge S; e I0k+3/2]
®[k+1] = ® (0 + 3/2wiTy) .

1=1,....n

(26)

To overcome the intrinsic delay of the power converter and
digital systems (see Section II), the optimal switching state
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Speed
controller

MPTC

observer g

Fig. 3. Speed control scheme with hybrid cogging torque compensation.

calculated in the previous sampling time S[k| is applied to
determinate %[k + 1], which represents the first current pre-
diction. In this case, the space vectors u, and ® are obtained
by (23) as shown in the shaded box at the left of Fig. 2.
Moreover, as also shown in Fig. 2, the current ¢5[k + 1] and
the flux @[k + 1] are used to obtain n predictions (one for each
switching state S € S™) of the stator current i, [k + 2].

Once the n-predictions of the stator current at tj4o are
obtained, the n-costs are calculated by using (24), which also
requires the function ® at instant ;5. Finally, the switching
state that minimizes the cost function is the problem solution
and the optimal control action to apply at ¢ 1, i.e., Sop[k + 1].

B. Cogging Torque Compensation

In this paper, compensation of the cogging torque is pro-
posed using a methodology based on a state observer and a
feed-forward compensating signal (see Fig. 3). As discussed
previously, in this work, two nested control systems are used,
where the inner torque control loop is based on a model pre-
dictive controller and the external control loop is based on a
conventional PI controller. Because of the relatively low band-
width of the speed control system, the external control loop
can hardly compensate the cogging torque and a better dynamic
response can be obtained if a feed-forward compensation term
is applied to the inner control loop.

In Fig. 3, the proposed cogging torque compensation scheme
is shown, where MPTC is modeled as a 27 delay, whereas the
cogging torque compensation is achieved using a feed-forward
signal Tgr. This signal is obtained using an observer and a
look-up table, where information about the cogging torque, as
a function of the rotor position angle [i.e., ngg(ﬁm)] is stored.

The mechanical observer used in this paper is based on the
work discussed in [24]. This closed-loop observer (see Fig. 4)
requires the quantized rotor position 6, and the estimation of
disturbances as inputs. The outputs are the estimation of the
mechanical speed w,,, the smoothed rotor position ém, and the
observed torque Tobs, whose transfer function is

# (Tt Teogy — T1 — T)

_ . 27
b T T3 £ JK 82 + Kos + K @7

Therefore, the dynamic performance and the bandwidth of
this estimator is dependent of the gains /1, K5, and K3. Notice
that the observed torque Tobs is also dependent on the command
input 7; as a feed-forward signal.

[N

D>

e

~>

obs

Fig. 4. Closed-loop MS observer [24].

Using the look-up table and the mechanical observer, three
cogging torque compensation methods can be implemented.
The look-up table method, the observer method, and a hybrid
method which is a combination of the two mentioned above.
When the compensation system is operating with the look-up
table method, the observer is ignored and Tgr = Tcogg.

In the observer compensation method, 7; = 0 (see Fig. 4)
and, within the observer bandwidth, the observed torque is
Tobs = —Ttoge + T, — T whose value is used as the feed-
forward signal 7gr. Instead, in the hybrid method, the command
inputis T; = Tcogg and the observer output is

Tobs =T, -T- Tcogg + Tcogg- (28)

Thereby, in steady state, the observed torque is the resid-
ual component that is not previously measured in the cogging
torque table Tcogg. Moreover, within the bandwidth of the
mechanical observer depicted in Fig. 4, the hybrid method uses
the observer cogging torque Tops and converges to the look-
up table cogging torque Tcogg value when the frequency of the
signal is close or higher than the mechanical observer band-
width. Notice that for both cogging torque estimators based on
the observer depicted in Fig. 4, not only the cogging torque
is compensated but also the error between the load and elec-
tromagnetic torque. This improves the control system dynamic
response to load impacts.

Finally, the cogging torque as a function of the rotor position
is experimentally estimated by operating the machine in speed
control mode and no-load condition. Therefore, the effect of
®(0) in the electromagnetic torque is neglected and oscillations
in the torque are produced by the cogging torque. Moreover, if
the speed reference is very low, the torque harmonic frequency
is within the speed controller bandwidth. Thus, the oscillating
torque, which is assumed equal to the slot torque Tcogg(ﬂ), can
be compensated by the speed controller output signal 7Tpy as
shown in Fig. 3. Notice that for this test the signal Tgp of Fig. 3
is disabled and the value of Tcogg is estimated from the output
of the speed controller.

V. EXPERIMENTAL VALIDATION

This section presents the experimental results obtained for
the proposed control methodology. The test machine is a 5.4-
kW Servomotor Brushless with 10 poles and 12 slots [see
Fig. 5(a)], whose main parameters are detailed in Table I.

The permanent-magnet motor is loaded by mechanically
coupling to the shaft a 5.5-kW induction motor [see Fig. 5(b)],
controlled by a commercial servo drive [see Fig. 6(d)].
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Fig. 5. Machines setup. (a) PMSM. (b) Induction machine. (c) Encoder.

TABLE |

PMSM PARAMETERS
Pr 5400 W Rs 0750 Q
Ur 230 V Ly 2490 mH
WR 1450 rpm Lg 3.075 mH
TR 35.6 Nm dr  0.215 Wb
Ir 16.3  Arms || K7 2.280 Nm/Apms
Back-EMF 138  Vyms || J 0.041 kgm?
@ 1000 rpm

Fig. 6. Laboratory setup. (a) DSP+FPGA+FO interface. (b) Current
sensor. (c) 2L-VSI. (d) Induction machine converter.

The control algorithms are implemented in a TMS320C6713
DSP [see Fig. 6(a)], which is coupled to a XC3S400 FPGA.
This FPGA board controls the A/D converters, encoder reading,
and IGBT gate switching signals. Optical fiber is used to inter-
face the 2L-VSI with the FPGA board. The sampling frequency
used is 15 kHz.

For the selection of the weighting factors A\, and A, utilized
in the cost function of (24), the Branch and Bound algorithm
(BBA) reported in [15] and [25] has been used in this work.
The first step to apply this methodology is to normalize the cost
function using per-unit analysis, i.e., referring the torque and
current respect to their nominal values [25] (base current: Ip =
V215 = 23.1 A, base torque: Tp = Tr = 35.6 Nm). In order
to give the same relevance to the harmonic torque 7% and the
fundamental torque 7T, the first weighting factor is set to \;, =
1. Thereafter, the value of \; was obtained using the branch
and bound procedure considering as figures of merit the torque
ripple and the effective (rms) error in the d-axis current respect
to the reference 7, = 0 [see (24)]. Finally, the weighting factors
were selected as A, = 1 and \; = 0.5.

Additional information about the BBA and the selection of
figures of merit, to evaluate the performance achieved by the
weighting factors, is available in [15] and [25].

= 1.02
3
£ 101
&l
“ff_ 1
§ 0.99
0.8 Measurement
0.02 —— Filtered signal
S 001
Q
" 0
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0 2 T M2 o
Angular position ¢ (rad)

Fig. 7. Two-axes of the flux linkage harmonics function ®(0).
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Fig. 8. Acceleration test. (a) 7* = 24.2 Nm. (b) 7* = 16.1 Nm.

A. Compensation of the Flux Linkage Harmonics

To implement the proposed MPTC, it is necessary to estimate
the complex function ®(6) [9]. In this paper, ®(0) is experi-
mentally estimated by operating the machine at rated speed as
an unload generator (¢; = 0). Under this operating condition,
the induced voltage satisfies (7), then

2 1
1Y o 3Uac — 3Ubc
P(0)=1J e u; = T(0) { éum } (29)
where u,. and up. are the measured line-to-line voltages, and
T(0) is the Park transformation. The matrix J is defined in (7).

The two-axes components (in p.u. of the fundamental d-
axis flux @) are shown in Fig. 7. Notice that the sixth-order
harmonic with an amplitude of about 1% of ® .

To demonstrate the performance of the control scheme, the
tested PMSM motor operates in torque control mode and its
electromagnetic torque is estimated from terminal quantities
through (13). So the estimation comprises flux linkage har-
monics, but excludes slot harmonics. Because of simplicity, the
d-axis current is regulated to zero.

In Fig. 8(a), the performance of the proposed MPTC is shown
for step changes in the reference torque. In t = 0 s, a torque ref-
erence of 24.2 Nm (with 45q = 15 A) is used and the machine
accelerates to about 1500 rpm, later the reference is set again
to zero. The same maneuver was carried out with a torque ref-
erence of 16.1 Nm (with igq = 10 A) [see Fig. 8(b)]. As shown
in these torque waveforms, a good tracking (without overshoot)
of the torque reference is achieved by the MPTC.

Compensation of flux linkage harmonics is demonstrated in
Fig. 9 with a torque reference of 24.2 Nm applied to the shaft
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Fig. 9. Compensation of flux linkage harmonics torque at 150 rpm.
(a) Torque. (b) Torque tracking error. (c) Speed. (d) Comparison of
harmonic spectrum.

while the PMSM is operating at 150 rpm. The slot harmonic
torque compensation is enabled during this test to eliminate
the cogging torque. Fig. 9(a) shows the performance compar-
ison between a control scheme where only the fundamental
torque is controlled (FTC) (where \;, = 0) and the predictive
torque control proposed in this paper, which is labelled MPTC
in Fig. 9. In order to eliminate the effects of the switching fre-
quency in the waveform shown in Fig. 9(a), the torque has been
filtered (cutoff frequency 200 Hz). As concluded from Fig. 9(a),
the performance of the MPTC is better than that of the FTC
to compensate the torque oscillations. On the other hand, the
torque tracking error [see Fig. 9(b)] shows a reduced nonzero
steady-state error, which is one of the feature of the conven-
tional FCS-MPC [26]. However, this nonzero tracking error is
presented with both FTC and MPTC schemes.

The speed oscillation is reduced considerably as shown in
Fig. 9(c). Notice that additional low-frequency speed fluctua-
tions arise due to small misalignments in the shaft, which are
produced under both control schemes.

Additionally, the comparison of both Fourier spectra is
shown in Fig. 9(b) and (c). Two low-frequency components, of
25 and 75 Hz, are present in the FTC performance. These com-
ponents are almost eliminated by the proposed MPTC. Notice
that both frequency components are torque harmonic of second-
and sixth-order, respectively. This is in broad agreement with
the spectrum of ®(6) [see Fig. 7].

The machine torque current corresponding to the experimen-
tal test of Fig. 9 is shown in Fig. 10(a). As discussed previously,
because of the space harmonics in the flux linkage, the injec-
tion of harmonics in the g-axis component of ¢, is required
to compensate the torque oscillations. This is automatically
achieved by the proposed MPTC algorithm, but not with the
FTC scheme, which sets an almost constant 4, [see Fig. 10(a)].

7t FTC <—}—> MPTC 1
e 15 e ANANALANAANNAAAA (2)

140 f 1

13 Measurement

3 T T { — Filtered signal #

2L ‘ B

z 'l |

= O OISR NSNS AN N A (D)
1 | 1

2 1

0 01 02 03 Time (s)0-4

Fig. 10. Compensation of flux linkage harmonics torque. (a) iq. (b) i4.

28 T

26 [ g g

T (Nm)

24 ST T s T e ™ e o e o oS o o e S e b o o o oo d

AT (Nm)

w (rpm)

(d) 1 | < aomz

|

|| without
| wmpTC

|

THD = 3.64%
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Fig. 11. Compensation of flux linkage harmonics torque at 80 rpm.
(a) Torque. (b) Torque tracking error. (c) Speed. (d) Comparison of
harmonic spectrum.

The 74 current is controlled to zero with a reduced steady-state
tracking error as shown in Fig. 10(b).

Regarding harmful effects of the compensation, injection
of current harmonics would eventually increase the winding
losses. In this case, the copper losses are increased in about
0.015%, which is negligible. On the other hand, during the
experimental validation of the proposed control methodologies,
high-intensity audible noise was not produced by the injection
of the compensating currents.

Additionally, in order to demonstrate the good performance
of the MPTC at low rotational speeds, another test at lower
speed (80 rpm) was carried out and the results are shown in
Fig. 11. The effect of the compensation is depicted in Fig. 11,
where oscillation in the electromagnetic torque and the mechan-
ical speed are clearly reduced. This experiment shows that
similar results were obtained at 150 rpm, where good mitiga-
tion of torque and speed oscillations are achieved with a small
steady-state torque tracking error [see Fig. 11(b)]. Finally, the
comparison of speed harmonic spectrum is demonstrated for
both tests in Fig. 12. When the compensation is not enabled that
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three cogging torque compensation methods are discussed.
These results were obtained operating the PMSM motor in
speed control mode with a speed reference of 30 rpm and
no-load condition to eliminate the influence of flux linkage
harmonics in the electromagnetic torque. Therefore, the torque
ripple is only produced by the cogging torque.

Fig. 13(a) shows the spectral estimation of the machine cog-
ging torque obtained experimentally; there are 24 pulsations per
mechanical revolution, which is a multiple of the number of
slots. In machines with a fractional number of slots per pole,
as in this case (IV5/2p = 1.2), the fundamental frequency of
the overall cogging torque is an integer multiple of the number
of slots [22]. Therefore, the order of the fundamental cog-
ging torque is h N, coinciding with the harmonic spectrum in
Fig. 13(b) where h = 2.

The effect of cogging torque compensation using the look-up
table is demonstrated in Fig. 14. The torque reference, obtained
from the speed controller and the feed-forward term Tcogg,
obtained from the look-up table, are shown in Fig. 14(a). Notice
that a good mitigation of the high-frequency components of w,,,
can be achieved by this offline method as shown in Fig. 14(b).

The performance of the method based on the observer
method is shown in the first two seconds of Fig. 15(a). As
shown in this graphic, the compensation achieved by the
observer method is slightly better than that obtained by the
look-up table method shown in Fig. 14.

The hybrid method (look-up table + observer) performance
is shown in the last two seconds of Fig. 15(b). As discussed
in Section IV-B, the methodology to obtain the compensation
signal Tgg is depicted in Fig. 3 (see the shaded box in that

0 1 2 3 Time (s) 4

Fig. 15. Performance comparison of slot torque compensation.
(a) Electromagnetic torque reference 7*. (b) Mechanical speed w, .

figure) with T; = Tcogg. From the speed waveforms shown in
Figs. 14(b) and 15(b), it is concluded that the hybrid com-
pensation method has the best performance for slot torque
compensation.

Finally, as shown in the torque reference waveforms [see
Figs. 14(a) and 15(a)] for the three compensation methods, each
compensation signal has a predominant harmonic of 12 Hz,
which represents the 24th-order component analyzed in the
harmonic spectrum of Fig. 13(b).

VI. CONCLUSION

In this paper, an MPTC strategy has been discussed which
is based on the discrete-time state-space model of the PMSM.
A torque equation that includes the oscillatory torque produced
by spatial harmonics in the permanent-magnet field has been
developed. The torque oscillations produced by the nonsinu-
soidal flux linkage is minimized by using an additional term
in the cost function of the FS-MPC scheme. The methodology
proposed in this paper produces an automatic injection of har-
monics in the g-axis current, which significantly reduces the
ripple in the electromagnetic torque.

The torque ripple produced by the stator slot harmonics
is reduced through feed-forward compensation signals, which
are calculated using three methods. According with the results
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presented in this paper, the hybrid method proposed in this
paper produces the best compensation of the cogging torque.
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