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A computationally efficient finite control set model predictive
current control for reluctance synchronous motor

Abstract. The paper presents a computationally efficient finite control set model predictive current control (FCS-MPC) for reluctance synchronous
motor (RSM). Non-linear characteristics of d-q inductances have been applied to obtain an accurate model of the machine. These were used to
calculate the maximum torque per ampere (MTPA) strategy. The reduction of the computational effort is obtained by decreasing the number of
considered voltage vectors during selection. Extensive and accurate simulation studies indicate high-performance operation and torque ripple reduction
of the drive.

Streszczenie. W artykule przedstawiono sterowanie predykcyjne pradami synchronicznego silnika reluktancyjnego charakteryzujace sie zre-
dukowang ztoZonoscig obliczeniowg. W ukfadzie regulacji zaimplementowano strategie sterowania maksymalizujaca rozwijany przez silnik mo-
ment elektromagnetyczny oraz szczegdtowy model matematyczny uwzgledniajacy zmienne indukcyjnosci w funkcji pradéw. Zmniejszenie ztoZzonosci
obliczeniowej uzyskano przez ograniczenie liczby wektorow stosowanych w procesie wyznaczania optymalnego sterowania. Wyniki badan symula-
cyjnych wykazaty wysoka jakosSc pracy napedu oraz redukcje tetnieri momentu elektromagnetycznego. (Wydajne obliczeniowo sterowanie predyk-

cyjne pradami synchronicznego silnika reluktancyjnego)
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Introduction

The service life of AC motors is important for indus-
trial devices. Their advantage is high energy efficiency. We
distinguish between permanent magnet synchronous motors
(PMSM), induction motors (IM), and reluctance motors. The
main advantages of reluctance synchronous motor (RSM)
are low vibration, higher energy efficiency [1, 2], and lower
price due to the lack of the need for permanent magnets com-
pared to PMSM and induction motors [3, 4]. RSMs can be
used in electric vehicles [5], in HVAC applications [1], and in
elevators [6].

The construction of the RSM is responsible for a vari-
able inductance on the motor windings. Since the motor in-
ductances depend on the current values, precise speed and
torque control requires an accurate mathematical model [7].
Because of the similarity in the principle operation of RSM,
PMSM, and IM, a cascade control structure with field oriented
control strategy can be used [7]. The main disadvantage of
this solution is related to low dynamics of speed control loop.
As an alternative to the standard cascade control structure,
a state feedback controller [8, 9], the sliding mode controller
[10], Hs control [11], and model predictive control [12, 13]
can be used. Due to high-performance, quick response and
simple computation, the finite control set model predictive
control (FCS-MPC) seems to be a promising approach for
RSM. Here, values of the control signals are obtained during
optimization procedure where specific cost function is mini-
mized. In the result, the optimal voltage vector is determined
for a specific time horizon and used in switching the invert-
ers’ transistors. Considered control structure operates with-
out space vector modulator and with limited number of pa-
rameters when compared to field oriented control structure.
Since FCS-MPC has been firstly adopted to control PMSM
and IM, it is often assumed that the value of the inductances
is constant. Such a solution is not suitable for RSM since it
may result in a poor current control performance due to elec-
trical time constant mismatch [12]. Moreover, considered in-
consistency will increase the torque ripples and decrease the
control performance due to possible vibrations and acoustic
noise [14]. Besides this, the efficient torque generation re-
quires application of suitable control strategy, i.e., the maxi-
mum torque per ampere (MTPA) and/or the maximum torque
per voltage (MTPV) [15]. In the case of FCS-MPC, the time
horizon is an important parameter that impacts the control

performance and the computational complexity. For that rea-
son, its value should be selected carefully, taking into account
aforementioned requirements and hardware capabilities.

Conventional FCS-MPC is characterized by high compu-
tational complexity. As the time horizon increases, the num-
ber of possible voltage vectors and cost functions that are
optimized increases exponentially [16]. For industrial sys-
tems with low computing power, it is necessary to simplify the
control algorithm. To simplify the complexity of the algorithm
strategy to use an adding judgment [17] or the combination
of constraints such as torque error, flux linkage position and
flux linkage error [16] or adding a penalty overcurrent term in
the cost function can be used [18].

In this paper, the computationally efficient finite set con-
trol and model predictive currents control are proposed. The
simplification consists in reducing the number of voltage vec-
tors during selection. The selection of the voltage vectors
from vectors with only even or only odd indices was pro-
posed. The impact of the time horizon for torque ripples for
reluctance synchronous motor with conventional and compu-
tationally efficient finite set control and model predictive cur-
rents control is researched. The speed control is made using
PI controller and the maximum torque per ampere (MTPA)
strategy. Extensive and accurate simulation studies were
conducted in the Matlab/Simulink and the PLECS environ-
ment.

Mathematical model of drive

In most cases, the RSM control is realized in a rotating
reference frame (RRF) coordinate system, which requires the
mathematical model to be defined as D- and (Q-axis compo-
nents of flux linkage and current. In respect to the above, the
mentioned model can be represented by the following equa-
tions:

) d?/);t(t) = ug(t) — Ria(t) + npwm (t)y(t)
@ dwjt(t) = ug(t) — Rig(t) — npwnm (t)1ba(t)
o T = S wattyia0) — v 0ia) -

Bw,, (t) — TrL(t)
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Fig. 1. The determined characteristics of D- and Q-axis inductance

@) Galt) = La(ia(t), ig(®) )ia(t)

) Ualt) = L (ia(t),70(0) ) ig 1)

where: uq(t) and u,(t) - input voltages given in RRF, i,4(t)
and i,(t) - stator current components given in RRF, 14(t)
and v, (t) - magnetic flux components, R - stator resistance,
n, - number of pole pairs, w,,(t) - angular velocity of the
rotor, J - moment of inertia, B - viscous friction coefficient,
and T, (t) - external load torque.

Since the magnetic saturation phenomenon occurs, the
D- and Q-axis components of the inductance are strongly
non-linear and current dependent. The assumed character-
istics of Lg(iq,1q) and L4(i4,i,) are presented on Fig. 1.
The source of the inductance characteristics is experimental
identification by indirectly measuring the magnetic flux. The
equations for L4 and L, are written as [19]:

(6) La(iq,iq) = Lao(ia) — Lai(iq)Lg2(iq)
(7) Lg(iayiq) = Leo(iq) — Lg1(iq) La2(ia)
with:
. By
8 L =A -
(8) ao(iq) o+ T Coi2 + Dy
. By
9 L T e
9) a1(ta) A1 21D
(10) Lopliy) =1— —+
eV Gzt
By
11 L.o(i,) = A - =
(11) 00(iq) 2+ TGz 1 Dy
B3
12 Loi(i)=— =23
(12 olla) = 5 iz by
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where: Ao, B(), Co, Do, Al, Bl, Cl, D1 and Cq are the
constant coefficients in Lg(iq,iq), while Az, By, Ca, Do,
As, Bs, C3, D3 and Cj are the constant coefficients in
Ly(i4,14). Values of the inductance coefficients were de-
termined by indirect measurement of the magnetic flux for
different values of the current components and the polyno-
mial approximation in the Matlab environment. These are
presented in Table 1. As it was stated in [16] proper predic-

Table 1. Values of constants for the approximation of inductance

Ao By Co Dy
0.147 | 5039 1317 9538
B 4 D; Cq
1379 |684.2 | 10237 0.024
Ay By Cy Dy
0.093 45731 | 386480 | 221393
B3 Cs D3 Ca
595615 | 64498 | 7068634 | 0.035

tion of current components requires complex model including
the non-linear characteristics of motor inductance.

Control Structure

The control structure is a cascade connection of Pl ve-
locity controller, MTPA strategy and model predictive cur-
rent control (MPCC) structures. The overall block diagram of
the control structure is presented in Fig. 2. The determined
MTPA trajectory based on the assumed inductance charac-
teristics is shown in Fig. 3. First of all, the current controller
should be developed in respect to the assumed non-linear
model of the plant. Therefore, an appropriate cost function
and a corresponding discrete prediction model of the current
loop should be prepared. The model predictive current con-
troller the following cost function as the control quality indica-
tor was adopted:

N

o1 =D ((5 ) — 2y bm))

n=1

(14)
+ (i:;f(k +n) — i, (k+ n))2>
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Fig. 2. Block diagram of the PI-MTPA-MPCC control structure for Reluctance synchronous motor
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Fig. 3. The determined MTPA trajectory - current components igq
and isq in function of torque

where: go, .. 7 - the cost function, i (k+n) and i/ (k+n)
- reference rotor and stator current components in next mo-
ment of time, 4%, (k 4-n) and %, (k +n) - predicted rotor and
stator current components in next moment of time, ug, ... 7 -
the vector of voltage, N - the prediction horizon.

Values of the presented cost function are subject to the
minimization process. For the minimized cost function, ap-
propriate voltage vectors were determined. Each of them is
directly related to a corresponding state of the switches in
the power stage. The discrete current-prediction model may
be obtained using Euler discretization method applied to the
mathematical model given by formulas (1)—(5). The predicted
current value for the next sampling period can be calculated
on the basis of the relationships given below:

p B T.R |
5 st(k + 1) - (1 - Ld(isd(k;)7isq(k)))st(k)‘f’

+ Ts&(k)w(k)isq (k) + Ld(i;s(”;)d(zi(k))

2 — TR _

it (k+1) = (1 - Lq(isd(k),’isq(k)))ZSQ(k)—i_
(16) 0

T TER) T wk)isak) + T )
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with:

Lg(isa(k), isq(K))
Ld(isd(k)a qu(k))

where: Ty is a sampling period, isq(k) and is,(k) - mea-
sured stator and rotor current values [12]. It should be noted
that the assumed model takes into account the non-linear be-
havior of inductance components on both axes.

Since the rotor excitation is strictly related to the D-axis
current component, the torque produced by the motor should
be optimized in respect to the value of stator current. There-
fore in the second step of controller synthesis, the MTPA
strategy should be developed in order to optimize the effi-
ciency of the drive system. The considered motor does not
have any magnets in its structure, therefore the phase of op-
timal current angle varies with the demanded value of torque.

Finally, after the development of MPCC and MTPA
strategies, the velocity controller may be designed. A clas-
sical PI controller is employed for angular velocity regulation.
The output signal of the velocity controller sets the demand
torque for the MTPA-MPCC block. The Pl speed controller
parameters were selected using the Ziegler-Nichols second
criterion.

(17) §(k) =

Computationally efficient FCS-MPC

In conventional MPCC, seven different voltage vectors
are used in each prediction step. The different eight switch-
ing states of the inverter designated as uy <+ wu7 and the
corresponding voltage vectors in stationary reference frame
« [ are listed in table 2 and Fig. 5. Then, Park transformation
is provided to convert the stator voltages into rotating frame
dq.

The dependence between the prediction horizon and the
number of possible cost functions is an exponential one. For
a conventional MPCC we get the following relationship:

(18) m =TV
where m is the number of possible cost function values and
N is the prediction horizon.  The dependence (18) for a
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Fig. 4. The block structure of control system with MPCC and MTPA in MATLAB/Simulink enviroment
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Fig. 5. Voltage vectors in conventional MPCC

Table 2. Voltage vectors for conventional MPCC

Conducting modes | Switching states | Output Voltages

Sa Sy Se Vo, Vs

ug 000 0, 0

u 100 R

us 110 Vao | Y3Vae

us 010 —Yao, VWi

uy 011 Yie

us 001 — Vo _ /3Vae

Ug 101 Vg‘,—‘/g;/d”

U7 111 0,0

fixed prediction horizon (e.g. N = 3) clearly indicates that
the number of voltage vectors used to determine the optimal
control sequence has a significant impact on the computa-
tional complexity. A following simplification of MPCC, which
can be used in systems with limited computing power was
proposed. In order to reduce the computational complexity,

Fig. 6. Voltage vectors in computationally efficient MPCC with only
vectors with even indices

>

010 B 1

us

Fig. 7. Voltage vectors in computationally efficient MPCC with only
vectors with odd indices
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Fig. 8. Simulation results for velocity step response under load op-
eration with conventional MPCC strategy for the prediction horizon
equal to 1

it was decided to use only 4 vectors of voltages with even
(uo, w2, ug, ug) or odd (u1, us, us, uy) indicies. The volt-
age vectors for computationally efficient MPCC is shown on
the Fig. 6 and Fig. 7. The division was made in a way that
ensures even coverage of the space visible in Fig. 5. The
proposed solution reduces the computational complexity as
follows:

(19) m =4V

The described control strategy reduces the number of con-
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Fig. 9. Simulation results for velocity step response under load op-
eration with conventional MPCC strategy for the prediction horizon
equal to 3
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Fig. 10. The block structure of inverter and reluctance synchronous
motor in PLECS environment

sidered cost functions. In the result, proposed solution s {— e = T
should be suitable for control systems with reduced comput- £
ing power. Sa
B
Simulation Results ¢
The above-mentioned mathematical description of the = Reference torque — Torque
RSM was applied to build a simulation model in the Mat- = 104-
lab/Simulink environment, as shown in Fig. 4. In order to % s -
obtain more accurate simulation results the model of inverter £ M
and RSM was built in PLECS environment and it was pre- 0 :
sented in Fig. 10. The main parameters of the simulation P ep——— T ———
tests are shown in table 3. _ :
Table 3. Parameters of reluctance synchronous motor drive Eg
Parameter name Symbol | Value | Unit E
DC-link voltage Upc 450 Vv
Sampling frequency fsw 10.0 kHz
Rated current (RMS) In 29 A )
Rated torque TN 7.0 Nm b
Rated velocity Ny | 1500 | rpm
Rated power Py 1.1 kW
Stator resistance R, 6.0 Q ) ) ) )
- N Fig. 11. Simulation results for velocity step response under load
Number of pole pairs Np 2 operation with proposed computationally efficient MPCC strategy for
Moment of inertia (summarized) J 0.111| kgm? the prediction horizon equal to 1 and four voltage vectors with odd
Viscous friction coefficient B~ |0.015 |Nms/rad| Indices

The reference value of currents in the RRF system were
determined using the MTPA strategy based on the trajecto-
ries from Fig. 3. It was assumed that the D- and Q-axis
inductance components are non-linearly dependent on the
current-space vector components i,4 and i,,, as shown in
Fig. 1. The MTPA strategy based on relation between D- and
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Q-current components in function of torque (Fig. 3) has been
implemented using one-dimensional look-up tables. Next, it
was assumed that the proportional gain K, of the Pl speed
controller is 55.5 and the integration time 7} is 0.056 s. The
sampling period is 100 us. A step of load torque equal to
3 Nm was imposed between 1 s and 1.2 s, respectively. The
waveforms of rotational speed, torque, current-space vector
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Table 4. Torque ripple amplitude range values for conventional FCS-MPC

Time horizon | Number of possible voltage vectors | Torque ripple amplitude range | Unit
1 7 3.81495 Nm
2 49 3.83218 Nm
3 343 2.59626 Nm
4 2401 3.72519 Nm
5 16807 2.60103 Nm

Table 5. Torque ripple amplitude range values for computationally efficient FCS-MPC

. Tor rippl mpli Tor rippl mpli
. . Number of possible orque ripple amplitude Torque ripple amplitude .
Time horizon range - voltage vectors | range - voltage vectors |Unit
voltage vectors . - . L
with odd indices with even indices
1 4 5.52693 4.08071 Nm
2 16 5.51317 4.18261 Nm
3 64 3.26911 3.11164 Nm
4 256 5.52630 4.17291 Nm
5 1024 3.27812 3.13155 Nm
400 == Reference velocity — Velocity 00 mm Reference velocity — Velocity
54()(} EA(){)
2200 3 200
g 2
0 0
‘— Reference torque — Torque == Reference torque — Torque
= 10 ? 10
5 D ; 5]
0 = 0 . .
== Reference isd — isd == Reference isq isq == Reference isd — isd == Reference isq isq
T’ | \‘ s 1’ i
0 : : : 0
= jg — jh == jc = jg — jb ==
5 ; S
) ‘ : = v}nno
2 ’ sonoonoonec KUK donoa -
?E: A DREXY) n““‘“‘.e SO0 "‘51 : :
= s : g H .
(I.‘ 0 {}‘Z 0.4 {).‘ 6 (J.‘ 8 1,‘(1 1 fZ 0.0 0.2 04 0.6 0.8 4 .‘() 1 ‘ 2
t[s] tfs]
Fig. 12. Simulation results for velocity step response under load  Fig. 13. Simulation results for velocity step response under load

operation with proposed computationally efficient MPCC strategy for
the prediction horizon equal to 1 and four voltage vectors with even
indices

components phase currents were presented in Fig. 8 and
Fig. 9 for the control system with the proposed MPCC strat-
egy taking into account the non-linear characteristics of in-
ductance components for all voltage vectors and time hori-
zons equal to 1 and 3. Fig. 11 and Fig. 13 shows the
simulation results for MPCC structure based on a simplified
model with only four voltage vectors with odd index. Fig. 12
and Fig. 14 shows the simulation results for MPCC structure
based on a simplified model with only four voltage vectors
with even index. The tests were carried out in the same way
as for the nonlinear system. By analyzing the received wave-
forms, it can be concluded that the motor currents do not
exceed their maximum value providing safe and efficient op-
eration of RSM. During speed-up, the torque maintains its
maximum value, which confirms the correct operation of the
MTPA strategy. The use of a computationally efficient MPCC
with four voltage vectors with even indices allows to obtain
a range of torque ripple amplitude close to the conventional
MPCC. The speed is maintained at a reference level, which
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operation with proposed computationally efficient MPCC strategy for
the prediction horizon equal to 3 and four voltage vectors with odd
indices

confirms the correct operation of the conventional and the
computationally efficient FCS-MPC.

Based on the obtained results, it can be stated that the
for a conventional MPCC, the amplitude of torque ripple is
at the level of 1.22 Nm. The use a computationally efficient
MPCC with four voltage vectors with odd indices results in
torque ripple equals to 2.25 Nm, while the model with four
voltage vectors with even indices provides the torque ripple
at the level of 1.07 Nm. In the case of the prediction horizon
value, it was found that the best control performance is ob-
tained for its value equal to 3. In the Fig. 15 the minimum val-
ues of the cost function for the consecutive registered sam-
ples is presented. From obtained results, it can be concluded
that the proposed solution ensures proper operation of the
RSM (i.e., reduced torque ripples) with limited computational
complexity. Due to this further improvement of the control
performance related to increased number of prediction hori-
zon can be utilized in the drives with relative low computing
power [20]. Obtained values of torque ripples in the function
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Fig. 14. Simulation results for velocity step response under load

operation with proposed computationally efficient MPCC strategy for
the prediction horizon equal to 3 and four voltage vectors with even
indices
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Fig. 15. Minimum cost function for conventional MPCC with all volt-
age vectors and proposed computationally efficient MPCC for the
prediction horizon equal to 3
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Fig. 16. The dependence between the torque ripples and the pre-
diction horizon for conventional MPCC and computationally efficient
MPCC

of the prediction horizon are summarized in tables 4, 5 and
shown in the Fig. 16. For the time horizon equal to 3 and
5, the computationally efficient MPCC with four vectors with
odd indices allows to obtain the range of the amplitude ripple
of the torque close to the amplitude range of the torque rip-
ple for the proposed conputationally efficient MPCC with four
vectors with even indices.
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Conclusion

In this paper, the computationally efficient finite control
set model predictive current control for synchronous reluc-
tance motor has been proposed. To maximize the efficiency
of the motor, the MTPA control strategy has been imple-
mented. Based on the conducted numerical experiments,
the optimal prediction horizon length and the computation-
ally efficient model has been proposed as a compromise be-
tween the drive performance and the computational complex-
ity. It was found that proper operation of RSM drive can be
obtained for MPCC with reduced number of voltage vectors.
Experimental verification of the proposed solution is planned
in the near future.
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