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Finite Control Set Model Predictive Current Control for
Reluctance Synchronous Motor - Current Ripple Analysis

Abstract. The paper presents a finite control set model predictive current control FCS-MPC for reluctance synchronous motor (RSM). A detailed
mathematical description of the maximum range of current ripple amplitude is presented, taking into account the most accurate model of a synchronous
reluctance motor containing four inductance components. The experimental studies carried out indicate the correct analytical mathematical model to
determine the amplitude of current ripples, both for low and high switching frequencies of the SiC MOSFET’s.

Streszczenie. W artykule przedstawiono sterowanie predykcyjne prądami synchronicznego silnika reluktancyjnego. Przedstawiono szczegółowy
opis matematyczny pozwalający na wyliczenie maksymalnego zakresu tętnień prądu, z uwzględnieniem najdokładniejszego modelu synchronicznego
silnika reluktancyjnego zawierającego cztery składowe indukcyjności. Przeprowadzone badania eksperymentalne wskazują na poprawny analityczny
model matematyczny w celu wyznaczenia amplitudy tętnień prądu, zarówno dla niskich jak i wysokich częstotliwości kluczowania tranzystorów przek-
ształtnika. (Sterowanie predykcyjne prądu dla synchronicznego silnika reluktancyjnego - analiza tętnień prądu)
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Introduction
Reluctance synchronous motors (RSM) exhibit notable

energy efficiency and torque, even in the absence of perma-
nent magnets [1, 2]. A crucial role in electromobility and the
reduction of carbon dioxide emissions are the main reasons,
why RSMs are used [3]. The design of the rotor contributes
to variable inductance on the motor windings which is depen-
dent upon the current flow [4]. For precise torque and speed
control, an accurate mathematical model is required. The
stator construction of RSM, Permanent Magnet Synchronous
Motor (PMSM), and Induction Motor (IM) is analogous, en-
abling the utilization of a cascade control structure with a
field-oriented control strategy [5]. A limited bandwidth result-
ing modest speed control dynamic is the main disadvantage
of this solution. Instead of the conventional cascade control
structure (CCS), the state feedback controller (SFC) [1, 6, 7],
the sliding mode controller [8, 9], adaptive controllers [10],
and model predictive control (MPC) [11, 12, 13] can be em-
ployed. Model predictive control is characterized by superior
dynamical behavior, lack of tuning procedure, and intuitive
concept. This strategy seems to be a promising approach
for RSM and a good alternative for other control structures
such as CCS or SFC [1, 6, 7]. Differentiating among var-
ious types of MPC, two main categories can be identified:
finite control set MPC (FCS-MPC) and continuous set MPC
(CS-MPC) [12, 13, 14]. Various approaches to implement-
ing the FCS-MPC structure have been taken for the induction
motor [15]. Throughout the optimization process, the desig-
nated cost function is minimized, leading to the acquisition
of an optimal voltage vector. The analyzed control config-
uration functions without a space vector modulation (SVM)
and exhibits a reduced set of parameters in comparison to
the field-oriented control structure. For RSM, a solution is
not suitable, because it may result in electrical time constant
mismatch and poor current control performances [16].

To contribute to increasing the service life of the motor’s
mechanical components, it is important to minimize the im-
pact of current and torque ripples. The inverters used in in-
dustry are built of transistors that have a low switching fre-
quency. Nowadays, inverters with SiC-MOSFET’s modules
[17, 18], which are characterized by a high switching fre-
quency can be applied to reduce the switching period and,
as a result, to mitigate the phase currents ripple. Since the
above-mentioned ripple directly impacts the control perfor-
mance, it is reasonable to rate its level during the synthesis
of the control system. As shown in [19, 20], this task can be

accomplished using the analysis of the peak-to-peak distri-
bution of current ripples in the sampling period.

In this paper, the modeling and evaluation of current rip-
ple amplitude in FCS-MPCC for RSM were presented. Nu-
merical tests and experimental studies were carried out to
confirm the correctness of the analytical modeling of the cur-
rent ripple amplitude for two sampling frequencies of 10 kHz
and 25 kHz.

Mathematical model of drive
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 components of flux
linkage and current. The model of RSM can be represented
by the following equations [14, 16]:

(1)
dψd(t)

dt
= usd(t)−Risd(t) + npωm(t)ψq(t)

(2)
dψq(t)

dt
= usq(t)−Risq(t)− npωm(t)ψd(t)

J
dωm(t)

dt
=

3

2
np(ψd(t)isq(t)− ψq(t)isd(t))−

−Bωm(t)− TL(t)
(3)

(4) ψd(t) = Ld

(
isd(t), isq(t)

)
isd(t)

(5) ψq(t) = Lq

(
isd(t), isq(t)

)
isq(t)

where: ud(t) and uq(t) - input voltages given in RRF, isd(t)
and isq(t) - stator current components given in RRF, ψd(t)
and ψq(t) - magnetic flux components, R - stator resistance,
np - number of pole pairs, ωm(t) - rotational velocity of the ro-
tor, J - moment of inertia, B - viscous friction coefficient, and
TL(t) - external load torque. Using identification by indirect
measurement of magnetic fluxes associated with the com-
ponents of the stator current, four components of the motor
inductances can be determined. The polynomial approxima-
tion in the Matlab environment, for determining surfaces of
inductances can be used [4]. Since the magnetic saturation
phenomenon occurs, the D- and Q-axis components of the
inductance are strongly non-linear and current dependent.
The assumed characteristics of Ldd(isd, isq), Ldq(isd, isq),
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Fig. 1. The determined characteristics of Ldd, Ldq , Lqd and Lqq inductances

Lqd(isd, isq) and Lqq(isd, isq) are presented on Fig. 1. Us-
ing four inductance components makes it possible to obtain
a more accurate mathematical RSM model than the model
presented in [21]. The equations for Ldd, Ldq , Lqd and Lqq

are written as [4, 16]:

Ldd(isd, isq) = A0 − isd(Ld0(isd)+Ld1(isd, isq))

+Ld2(isd) + Ld3(isd, isq)
(6)

(7) Ldq(isd, isq) =
−2B1Cqisdisq

(Cqi2sq + 1)2(i4sd + C1i2sd +D1)

(8) Lqd(isd, isq) =
−2B3Cdisdisq

(Cdi2sd + 1)2(i4sq + C3i2sq +D3)

Lqq(isd, isq) = A2 − isq(Lq0(isq) + Lq1(isd, isq))

+Lq2(isq) + Lq3(isd, isq)
(9)

where:

(10) Ld0(isd) =
B0(4i

3
sd + 2C0isd)

(i4sd + C0i2sd +D0)2

(11)

Ld1(isd, isq) =
B1

(
1

Cqi2sq+1

)(
4i3sd + 2C1i

2
sd + i4sd

)
(i4sd + C1i2sd +D1)2

(12) Ld2(isd) =
B0

(i4sd + C0i2sd +D0)2

(13) Ld3(isd, isq) =
B1

(
1

Cqi2sq+1

)
i4sd + C1i2sd +D1

(14) Lq0(isq) =
B2(4i

3
sq + 2C2isq)

(i4sq + C2i2sq +D2)2

(15)

Lq1(isd, isq) =
B3

(
1

Cdi2sd+1

)(
4i3sq + 2C3i

2
sq + i4sq

)
(i4sq + C3i2sq +D3)2

(16) Lq2(isq) =
B2

(i4sq + C2i2sq +D2)2

(17) Lq3(isd, isq) =
B3

(
1

Cdi2sd+1

)
i4sq + C3i2sq +D3

where: A0, B0, C0, D0, A1, B1, C1, D1 and Cq are the
constant coefficients in Ldd(isd, isq) and Ldq(isd, isq), while
A2, B2, C2, D2, A3, B3, C3, D3 and Cd are the constant
coefficients in Lqd(isd, isq) and Lqq(isd, isq).

Values of the inductance coefficients were determined
by indirect measurement of the magnetic flux for different val-
ues of the current components and the polynomial approxi-
mation. These are presented in Table 1. From obtained re-

Table 1. Values of constants for the approximation of inductance
A0 B0 C0 D0

0.184 134.32 34.7 290.22

B1 C1 D1 Cq

1379 684.2 10237 0.024

A2 B2 C2 D2

0.078 17353 57359 19001

B3 C3 D3 Cd

265.17 119.41 2411.8 0.029

sults, one can see that there is a relatively high difference be-
tween the lower and the higher value of the inductance what
resulting a direct impact on the current ripple from power con-
verter switching. On the other hand, the switching period
should also be taken into account, especially if modern power
converter stage is utilized allowing relatively short switching
period and acceptable switching losses. Respective analysis
for RSM with FCS-MPC will be conducted in the remainder
part of this paper.
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Fig. 2. Details of generic output voltage, current and flux in the one
switching period

Mathematical analysis of current ripple
Conducting the analysis of current ripple requires the

voltage equation describing RSM fed from VSI. This is as
follows [

usd(t)
usq(t)

]
= R

[
isd(t)
isq(t)

]
+

d

dt

[
ψd(t)
ψq(t)

]
+

[
vgd(t)
vgq(t)

]
(18)

where vgd(t) and vgq(t) are the electromotive force (EMF)
in RRF. Equation (18) can be averaged over the switching
period Ts leading to

[
ūsd(Ts)
ūsq(Ts)

]
= R

[
īsd(Ts)
īsq(Ts)

]
+

1

Ts

[
Δψd

Δψq

]
+

[
v̄gd(Ts)
v̄gq(Ts)

](19)

with

(20) Δψd = ψd(Ts)− ψd(0)

(21) Δψq = ψq(Ts)− ψq(0)

The alternating components of voltages can be written by in-
troducing the average over switching period as

(22)

[
ũsd(t)
ũsq(t)

]
=

[
usd(t)
usq(t)

]
−
[
ūsd(Ts)
ūsq(Ts)

]

By introducing (18) and (19) in (22) leads to:[
ũsd(t)
ũsq(t)

]
= R

[
isd(t)− īsd(Ts)
isq(t)− īsd(Ts)

]
+[

d
dtψd(t)− Δψd

Ts
d
dtψq(t)− Δψq

Ts

]
+

[
vgd(t)− v̄gd(Ts)
vgq(t)− v̄gq(Ts)

](23)

The first and the third term in (23) can be neglected [19] lead-
ing to

(24)

[
ũsd(t)
ũsq(t)

]
=

[
d
dtψd(t)− Δψd

Ts
d
dtψq(t)− Δψq

Ts

]

The flux and current variation in sub-period [0, t ] are depicted
in Fig. 2 and can be calculated from (24) as

(25)

[
Δψd(t)
Δψq(t)

]
=

∫ t

0

[
ũsd(t)
ũsq(t)

]
dt+

t

Ts

[
Δψd

Δψq

]

[
Δisd(t)
Δisq(t)

]
= L−1

(∫ t

0

[
ũsd(t)
ũsq(t)

]
dt+

t

Ts

[
Δψd

Δψq

])
(26)

where:

(27) L =

[
Ldd Ldq

Lqd Lqq

]

Equation (26) allows to define the instantaneous current rip-
ple as

(28)

[
ĩsd(t)

ĩsq(t)

]
= L−1

∫ t

0

[
ũsd(t)
ũsq(t)

]
dt

The peak-to-peak current ripple can be defined as

(29)

[
ĩppd
ĩppq

]
= max

[
ĩsd(Ts)

ĩsq(Ts)

]
−min

[
ĩsd(Ts)

ĩsq(Ts)

]

In order to estimate current ripple amplitude in the whole fun-
damental period, the maximum and the minimum values of
the current must be evaluated. The simplified expression for
maximum of peak-to-peak current ripple amplitude, for mod-
ulation index larger than 0.282 [19] can be written as

(30) max

[
ĩppdd ĩppdq
ĩppqd ĩppqq

]
=

[
L−1

]VdcTsm

2
√
3

(31) ĩppd = ĩppdd + ĩppdq

(32) ĩppq = ĩppqd + ĩppqq

where m is a is a modulation index and equal to
√
3
3 for nu-

merical and experiment tests.

Control structure
The proposed control structure is based on a cascade

connection of the angular velocity controller and model pre-
dictive current control (MPCC) structures. As shown in Fig. 3,
the MTPA strategy has been applied to improve the efficiency
of the RSM [14, 22]. The output signal of the velocity con-
troller sets the demand torque for the MTPA block. For the
angular velocity regulation, a PI controller was employed with
coefficients selected using the Ziegler-Nichols second crite-
rion [15, 20]. The overall block diagram of the control struc-
ture is presented in Fig. 3. To formulate the FCS-MPCC
sheme, it is necessary to establish a suitable cost function
and a corresponding discrete forecast model for the RSM
electrical component. In this approach, the following cost
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Fig. 3. Block diagram of the PI-MTPA-MPCC control structure for Reluctance synchronous motor

function was adopted:

g =

N∑
n=1

((
isdref (k + n)− isdp(k + n)

)2

+

+
(
isqref (k + n)− isqp(k + n)

)2)(33)

where: g - the cost function, isdref (k+n) and isqref (k+n)
- reference rotor and stator current components in next mo-
ment of time, isdp(k + n) and isqp(k + n) - predictive rotor
and stator current components in next moment of time, N -
the prediction horizon. Values of the cost function are subject
to the minimization process. For the minimized cost func-
tion, appropriate voltage vectors were determined. An Euler
discretization was applied to formulas (1)–(5) to obtain the
discrete current-prediction model. As in input, eight different
voltage vectors are used in each prediction step [11, 16, 21].
Then, Park transformation is provided to convert the voltages
into RRF. The dependence between the prediction horizon
and the number of possible cost functions is an exponential
one. For a conventional FCS-MPCC we get the following re-
lationship:

m = 7N(34)

where m is the number of possible cost function values and
N is the prediction horizon.

In the most accurate MPCC approach, all components of
the motor inductances (i.e., Ldd, Ldq , Lqd, Lqq) dependent
on the currents isd, isq are considered.

The discrete formulas that describe predictive currents
of RSM take the following form:

isdp(k + 1) =
α0(k)isd(k) + α1(k) + α2(k) + α3(k)

α0(k)

(35)

isqp(k + 1) =
−α0(k)isq(k) + α4(k) + α5(k) + α6(k)

α0(k)

(36)

where:

α0(k) = Ldd

(
isd(k), isq(k)

)
Lqq

(
isd(k), isq(k)

)
+

−Ldq

(
isd(k), isq(k)

)
Lqd

(
isd(k), isq(k)

)
(37)

α1(k) = Lqq

(
isd(k), isq(k)

)
Ts

(
usd(k)−Risd(k)

)
(38)

α2(k) = Ldq

(
isd(k), isq(k)

)
Ts

(
Risq(k)− usq(k)

)
(39)

α3(k) = Ldd

(
isd(k), isq(k)

)
Tsnpω(k)

(
Lqq

(
isd(k), isq(k)

)
+isq(k) + Ldq

(
isd(k), isq(k)

)
isd(k)

)
(40)

α4(k) = Ldd

(
isd(k), isq(k)

)
Ts

(
Risq(k)− usq(k)

)
(41)

α5(k) = −Lqd

(
isd(k), isq(k)

)
Ts

(
usd(k) +Risd(k)

)(42)

α6(k) = Tsnpω(k)
(
L2
dd

(
isd(k), isq(k)

)
isd(k)+

Lqq

(
isd(k), isq(k)

)
Lqd

(
isd(k), isq(k)

)
isq(k)

)(43)

where: Ts is a sampling period, isd(k) and isq(k) are mea-
sured RRF current components. From (35)-(43), one can
see that an accurate RSM model is relatively complex and
therefore it is expected that its demand on computational re-
sources will be high.

Experimental results
The experimental test-bed is shown in Fig. 4. It consists

of a reluctance synchronous motor (3GAL092513-ASB) man-
ufactured by ABB with a control unit, load drive with induc-
tion motor (3GAA092214-ASE) manufactured by ABB, two
clutches and additional moment of inertia. The RSM control
unit is based on a SiC-MOSFET power module and a NXP
MKV58F1M0VLL24 microcontroller [16, 21]. The main pa-
rameters of the laboratory setup are listed in Table 2.

It was decided to verify the proposed approach for
MPCC in experimental tests using an own-developed proto-
type of a voltage source inverter (VSI). Due to the limited
computational resources of the microcontroller, experimen-
tal studies were carried out for the prediction horizon equal
to 1. Since the current ripples depends on the switching
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Fig. 4. Laboratory stand with RSM drive and IM load drive

Table 2. Parameters of reluctance synchronous motor drive
Parameter name Symbol Value Unit
DC-link voltage UDC 450 V

Rated current (RMS) IN 2.9 A
Rated torque TN 7.0 Nm
Rated velocity NN 1500 rpm
Rated power PN 1.1 kW

Stator resistance R 6.0 Ω

Number of pole pairs np 2 -
Moment of inertia (summarized) J 0.019 kgm2

Viscous friction coefficient B 0.015 Nms/rad

Fig. 5. Experimental results for velocity step response under load
operation with proposed the MPCC strategy for the prediction horizon
equal to 1 and sampling frequency 10 kHz

period (30), it was to decided to perform analysis for two
switching frequencies: 10 kHz and 25 kHz. It is worth not-
ing, that thanks to the modern power converter with efficient
SiC-MOSFET modules, is possible to operate with relatively
high switching frequencies. Finally, it should be noted that
the delay compensation was implemented in analyzed control
algorithm. The external load torque was imposed between
t ∈ [400; 700] ms. The dependence (30) uses a non-linear
values of inductance as a function of currents. For the numer-
ical determination of current ripples, the averaged values of

Fig. 6. Experimental results for velocity step response under load
operation with proposed the MPCC strategy for the prediction horizon
equal to 1 and sampling frequency 25 kHz

the inductance components, which were shown in Fig.1, were
used. The obtained results were compared with experimental
results, which are presented in Figs. 5 and 6. A reduction in
the current and torque ripples with increasing switching fre-
quency were observed. The waveform of the speed output
signal confirms that the external load torque generated by
the induction motor has been well-compensated. The values
of current ripple from numerical and experimental tests are
listed in Table 3.

Table 3. The values of current ripple from numerical and experimen-
tal tests for the averaged values of inductances

Numerical results Experimental tests
fs [kHz] ippd[A] ippq[A] ippd[A] ippq[A]

10 0.0503 0.1312 0.0498 0.1320
25 0.0198 0.0525 0.0200 0.0530

Conclusion
In this article, the output current ripple amplitude in Fi-

nite Control Set Model Predictive Current Control for Re-
luctance Synchronous Motor has been recognized and ex-
amined extensively. Simplified mathematical expressions to
evaluate maximum current ripple are proposed and experi-
mentally verified. The values of the current ripple obtained
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from numerical tests are close to the values obtained on the
experimental setup. The proposed formulas allow to precise
calculation the current ripples to assure desired performance of
the drive with FCS-MPC scheme. Future work will be focused
on optimization model predictive control scheme for RSM in
terms of computational complexity and current ripples.
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