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Abstract— A finite control set model predictive control (FCS-
MPC) strategy is investigated for the speed regulation of
permanent magnet synchronous motors (PMSMs). A cascaded
control structure is implemented, consisting of an inner FCS-
MPC current loop, enhanced by a variable structure (VS)
approach, and an outer discrete-time VS control (DTVSC)
speed loop. The adoption of FCS-MPC for current regulation
in industrial PMSMs is driven by its inherent fast dynamic
response, ability to enforce constraints, and the potential for
modulator-less operation. Furthermore, DTVSC has proven to
be an effective PMSM control strategy, particularly valued for
its robustness in the face of model inaccuracies and external
disturbances. The proposed control methodology, compared
to the industry-standard PI cascaded control implemented by
Whirlpool in domestic appliances, provides an improvement in
control performance and robustness characteristics.

I. INTRODUCTION

Electrical drives are fundamental for electromechani-
cal energy conversion, powering a wide range of devices
from household appliances to critical industrial systems.
The evolution of electronically switched semiconductor de-
vices within power electronic systems has resulted in the
widespread adoption of three-phase AC motor drives, replac-
ing DC machines due to the enhanced structural reliability
offered by AC motor technology. More specifically, the 2-
Level Voltage Source Inverter (VSI) driving a Permanent
Magnet Synchronous Motor (PMSM) represents the domi-
nant configuration within servo drive systems [1] [2].

Field Oriented Control (FOC), based on the space vector
concept, is a conventional control architecture for PMSMs
[1]. This method involves transforming three-phase quantities
into a rotating d — q reference frame, where proportional-
integral (PI) controllers regulate the signals, and Pulse Width
Modulation (PWM) generates the required three-phase volt-
ages [3].

Directly controlling semiconductor switches provides the
most effective and practical means of managing power con-
verters and machine drives, but the operational constraints
of electronically switched semiconductors are critical aspects
in control system design and implementation [4] [2]. In this
operational environment, Model Predictive Control (MPC)
has demonstrated a robust capacity for optimal constraint
enforcement [5] [6].
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In contrast to conventional MPC strategies that employ
PWM for semiconductor switch gate signal generation, the
methodology investigated in this paper provides a simplified
control system realization. The gate signal is determined by
directly minimizing the error between the desired control
signals and those which can be realized by the semiconductor
switches [3] [7]. The designation FCS-MPC, as seen in litera-
ture such as [8] [5], refers to this minimization technique that
utilizes a cost function. Reference [6] provides an analysis
and comparison of various FCS-MPC schemes and their per-
formance. Key attributes of FCS-MPC are its quick dynamic
response, constraint enforcement, and potential modulator
elimination. Due to these advantages, it has become a central
area of research in MPC for power electronic systems [9]-
[11].

To ensure robust closed-loop performance against elec-
tromechanical parameter variations, this paper adopts a Vari-
able Structure Control (VSC) approach [12]-[15] for FCS-
MPC. Additionally, since FCS predictive control is primarily
used for current regulation, a VS velocity control is also
designed for PMSMs. VSC methods are recognized for their
significant robustness and invariance to matched uncertain-
ties [13], and offer computational simplicity compared to
other robust control techniques like adaptive, H, integrator
backstepping, and neural network-based control [16]-[20].

In this paper, to adequately address the challenges of
sampled-data systems, such as robustness, which is crucial
for practical discrete-time implementation on a DSP in a
real motor drive, a solution based on DTVSC [21] [22]
is proposed. In particular, the solution adopted implements
FCS-MPC for inner current control, where the optimal values
of the control variables are assigned by a DTVSC law, and a
pure DTVSC for outer velocity control, thereby extending the
typical PI cascade control structure for PMSMs [12] [13] (see
Fig. 1). Moreover, to evaluate the proposed control law, the
highly accurate Whirlpool simulation program, designed for
household appliances, was employed. A comparison of the
proposed architecture with the standard PI control used by
Whirlpool in appliances revealed significant enhancements
in control performance and robustness.

The paper is organized as follows: Section II covers motor
and inverter modeling, Section III details the control design
including the DTVSC speed controller and FCS-MPC current
controller, Section IV presents simulation results, and Section
V summarizes the findings.



Fig. 1: Block scheme of the proposed cascade controller
(FOC)

II. BACKGROUND
A. PMSM Model

The PMSM electrical model in the (d, g) reference frame
is given by:

dicdl—it): _ Ria(t) +we(t)iq(t)+udT(t)+dd(t)
dzzlit) _ _Rzz(t) ) [id(t) n ALO] N qu(t) @
+dy (1)

where i4(t) and i,(t) are the d — azis and ¢ — axis
stator currents, respectively, and wu,(t) and u,(t) are the
corresponding voltages; R is the winding resistance, L is
the winding inductance on axis d and ¢ and )\ is the flux
linkage of the permanent magnet; w.(t) is the electrical
angular motor speed, while dy(t) and d,(t) represent the
overall uncertainties (parameter variations and disturbances).
The motor electrical torque Tg(t) is:

Tr(t) = Kiig(t) 2)
while P(t), the mechanical power, is P(t) = Tg(t)w.(t).

3
In (2), Ky = =)AoV, is the torque constant, being N, the

number of pole pairs, and w,.(¢) is the mechanical angular
motor speed. The torque Tg(t) is proportional to i,(¢)
because of the assumption that there is no reluctance torque
in the considered PMSM [13].

The motor mechanics are described by:

o, (t)
p = we(t) )
dw,.(t) B Bw,.(t) Tg(t)—TL(t)
&= g + 7 +d,(t)

where 6,.(t) denotes the motor mechanical angular position,
J is the motor plus load inertia moment, B is the viscous
friction coefficient, T7,(t) is the unknown load torque, and
d,-(t) represents the remaining uncertainties (parameter vari-
ations and general disturbances different from 77, (t)).

The electrical and mechanical quantities are related by V,.:

we(t) = Nyw,(t); 0.(t) = N,.0,.(1). “)

Finally, the following assumption is made:
Assumption 2.1: The uncertainty terms dq(t), dq(t),
T1,(t) and d,(t) are bounded:

da(®)] < pas 1dg(®)] < i TIdr(OIHITLD] < pre 5)

being pq4, pq, pr known constants.

Defining At as the sampling time, ¢; = i - At, being ¢ =
0,1..., and considering Eulero approximation, electrical and
mechanical models (1), (3) can be discretized as follows:

] = s eanen [16] - oo
L 1 P R
:ie(r:) _% welti) | BT"F (1)}
o —we () —% ’ 0z
Or(tiv1) =  0.(t;) + At - w,(t;)
wrltin) = wrlt) + At [—Bwrw +Telt) = n(u)}

FAL-d (L)
)

B. Inverter Model

As illustrated in Fig. 2, an inverter primarily consists of
six switches, positioned in the upper and lower legs of the
circuit. In each leg of an inverter, only one switch can be
turned on (represented as 1) while the other remains off
(represented as ”’0”) at any given time to prevent a short
circuit. As a result, the six switches can be turned on and
off in a total of eight different combinations, which can be
represented by the state of their upper switches, as shown in
Tab. L.
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Fig. 2: Inverter structure

TABLE I: Switching states of inverter
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The three-phase voltages relative to the neutral point of the
PMSM, represented as Uan, Upn, and Uc n, correspond to
the voltage differences between the inverter output and the
neutral point, as depicted in Fig. 2. The conversion of three-
phase voltage components into the o — S frame is made
using the Clarke transformation. As stated in [3] [4], the
«— 3 voltages are expressed in terms of the switching states
of the three upper-leg switches (S7, S and S3):

Ug| _ 2
ug o 3
where Uy represents the DC power supply. The d — ¢ axis

voltages are obtained by applying the Park transformation to
the stationary frame o — [ voltages [3], [4]:

ug| | cosf. sinf| |uq
i Bl | o G

cosl.| |ug
By replacing (8) into (9), it follows that for a given electrical
angle 6., only eight specific pairs of u4 and u, values can be
precisely achieved by the VSI inverter. These correspond to
the switching states (S, S2 and Ss) listed in Table 1. These
constraints limit the control actions to a finite control set of
parameters [3], [4].
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III. CONTROL DESIGN
A. FOC Structure

FOC is a widely used methodology for managing stator
currents through vector control in the d-g coordinate system.
At its core, FOC employs a state transformation technique
to decouple the dynamics of torque and flux, enabling
more precise and independent control of these two critical
aspects. This decoupling is achieved within the rotating d — g
reference frame, as illustrated in Fig. 1 [1]. The control
system is organized into two primary loops. The inner loop
is responsible for current regulation, ensuring that 74(t), the
direct-axis current, is maintained at zero. This condition rep-
resents typical motor operation under standard speed ranges
and excludes scenarios such as field weakening [23]. By
maintaining ¢4(¢) = 0 the flux remains constant, simplifying
the torque control. The outer loop, in turn, manages the
angular speed of the motor, by indirectly controlling the
electrical torque Tg(t), which serves as the system main
control variable. Since Tx(t) depends on the quadrature-
axis current i4(t) as per equation (2), the controller cannot
directly assign its value. Instead, it computes the desired
torque Tk (t) and translates it into a target current i, (¢)
using the relation Tx"(t) = Kyi,"(t). The current i,(t) is
then regulated to track 4, (¢), ensuring the motor delivers
the required torque. This two-loop structure, with the inner
loop stabilizing current and the outer loop handling speed,
provides precise and robust control over motor performance
while adhering to FOC principles.

B. Discrete-Time Variable Structure Velocity Control

Let w,*(t) be the reference variable for the mechanical
angular speed, and define the tracking error e, (t) as e, (t) =
wr(t) — w,*(t). Defining s, (¢) as:

t

Swu(t) =eu(t) + )\w/ eu(T)dT (10)
0

with A\, > 0, the sliding surface s, (¢t) = 0 guarantees the

asymptotic zeroing of e, (t). Using Eulero approximation,

the sampled variable s, (¢;11) can be introduced:

Sw(ti+1) = Sw(ti) + ew(ti+1) — (1 - Ao - At) ew(ti) (11

Adding and subtracting the quantity Aos,,(¢;) in (11), with
0 < Ay < 1, and defining o(t;11) 2 s, (tis1) — azsw(ts),
with ap = 1 — Ao, expression (11) can be written as:

U(ti+1) = ew(tiH) — (]. — >\w . At) ew(ti) + )\st(ti)
12)

Remark 3.1: Since 0 < ag < 1, imposing o(t;+1) = 0
ensures the vanishing of s, (¢;) (and, as a consequence, of
ew(ti)). At the same time, the introduction of the tuning
knob” ay allows to improve the transient shaping of the
system response.

Theorem 3.1: Consider system (7) and o(t;11) given by
(12). The following control law:

Tu(t) = T () + T (1) (13)
with:
T](geq) (tz) — BwT(tZ) — J )\wew(ti) + %Sw(ti)
(14)
oL o(ts)| = p ] if lo(t)] > prAt
Tén)(tz) _ rAt (3 pr K2 pT
0 if lo(t:)| < prAt
(15)

and |a,| < 1, guarantees a quasi sliding mode [21] on
o(tit+1) = 0, i.e. the vanishing of the tracking error e, (¢;).

Proof:  Assuming that w(t;y1) ~ w(t;), i.e. the
reference w,.*(t) slowly varies with respect to the sampling
time At, and using (7), expression (12) becomes:

At
o(tiv1) = — {=Bwr(ts) + Te(t:) - Tr(t:) (16)
A2
+J [dr(ti) + Aoew(ti) + Atsw(t,-,)] }
Replacing (13) and (14) in (16), one has:
At N
oftiv1) = = [_TL(ti) + Jd (1) + Ty )(ti)} (17)

Finally, the quasi sliding mode existence condition [21]:
o (tiv1)] < lo(ts)] (18)

is fulfilled by (29). n



C. FCS Predictive Current Control

After the control signal trajectories in the d—q reference
frame are defined based on the electrical angle 6. (as given
in Equation 9), and assuming that PWM is not used in
generating the control signals, the possible choices for ug
and u, are restricted to the eight alternatives described in
Subsection II-B. These eight combinations of ug and wu,
corresponding to a particular sampling instant and electrical
angle 6., form the candidate set for the FCS. To determine
which pair should be applied at the sampling time ¢;, an
objective function is used, defined as follows [3] [4]:

o , - , ig(ti) —da(tiv1)
J = [ld(ti> —idaq(tiy1) lq(ti) - Zq(tiJrlﬂ |:ZZ (t;) — Z‘q(ti+1):|
19)

By replacing (6) in (19), considering all the disturbances
equal to zero, the objective function J will include the cur-
rents measured at the sampling time ¢; and the manipulated

variables ug and ug4, as follows:

T = (1) — halt) — G (ualte) — Riat) + () Lig 1))
B (1) = i0(1) — S (1g (1) = Rig(t) — (1) Lia(t)
— we(ti))\o)].g (20)

In the following step, the objective function J is evaluated for
each of the eight candidate pairs uq(¢;) and wu,(¢;), yielding
a set of values Jy, Ji, Jo, ... , J7. A straightforward search
algorithm is then used to find the minimum among these
values and identify its corresponding index. This index is
then used to determine the appropriate control signal for
the VSI at time t;, based on Table I. The core principle
of the finite control set approach lies in the concept of
receding horizon control, which involves making one-step-
ahead predictions and performing real-time optimization to
solve the constrained optimal control problem. As a result,
the associated algorithm is referred to as the FCS-MPC
algorithm.

D. FCS-MPC System Analysis

As reported in [3], [24], for analyzing the FCS predictive
control algorithm, the following definition is introduced:

Him ~ Wﬂ —(I + AtA (1)) [zjgﬂ @21)
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By combining (21) and (6), it can be shown [3] [24] that
(19) assumes the following form:
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Function J has a minimum value of zero when the optimal
control variables uq(t;) and wu,(¢;) are selected as follows:

o] - o 7]

1 {L 0] [fd( Zv)}
At f q(ti) ’
This is the optimal solution using a one-step-ahead predic-

tion. Replacing (23) into (22), the objective function can be
also expressed as:

(23)

2
= S5 {lwalt) — (1)) + [ug(t) — uiP'(8)] ) 24)
Since optimal control signals (23) do not take into account
the uncertainties present in model (6), in the next section they
will be replaced with a control law derived using DTVSC,
in order to improve system robustness.

E. Variable Structure based FCS Predictive Current Control

As discussed in Subsection III-D and developed in [3],
[24], the main feature of the finite control set scheme is an
optimal output feedback control employing (23).

Following the description given in Section III-A, the
electrical torque Tx(¢;) cannot be assigned directly by the
outer loop controller. Instead, the computed T (¢;) in (13)
represents the desired torque 75 (¢;), which needs to be
translated into a target current ij(t;) using the relation
i) = T2
iy (t;), ensuring the motor delivers the required torque. At the
same time, the current i,4(¢;) needs to be regulated to zero.
The control of both the currents i,(¢;), i4(¢;) is ensured by
the following Theorem.

. The current i,4(t;) is then regulated to track

Theorem 3.2: Consider system (6), define the error
eq(ti) = iq(ti)—i;(t;) and the discrete time sliding surfaces:

— )\did(tifl) =0
- )\qeq(ti,l) =0

(25)
(26)

The following control laws:

walts) = ug™ () + ug” (0 ug(ts) = ue® () + ufl (1)
27
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and |ag| < 1, |ag| < 1, achieve a quasi sliding mode [21]
on (25), (26), i.e. the zeroing of ig(t;) and e,(t;).

Proof: The proof is omitted for the sake of brevity M

IV. SIMULATION RESULTS

In order to verify the validity of the proposed approach, the
highly accurate Whirlpool program for simulating household
appliance has been used. Numerical simulations were con-
ducted on the model of a PMSM drain pump mounted in a
Whirlpool dishwasher. The nominal parameters of the PMSM
are listed in Table II. The simulations are also aimed at
comparing the performances of the proposed approach with
a PI control, currently implemented on several Whirlpool
productions, while tracking the speed profile shown in Fig.3.
In order to assess how the selection of the sampling rate
influences the closed-loop performance, two different sam-
pling intervals were employed in the simulation experiments:
At = 1 x 107°s and At = 1 x 107%s. The external
speed control loop is set to compute at a lower sampling
rate with a sampling interval of At = 1 x 10~%*s. The
chosen parameters for both controllers are listed in Table
III. Figure 4 shows the behavior of the controlled variable
over a specific time interval, from time instant 7.8s to time
instant 8.8s. Indeed, it is in this interval that a sudden
variation of the load torque occur, simulating the scenario
where the pump is drained out, and the motor impeller works
in the air. In this instance, the sensitivity of the PI speed
control to the torque drop is evident, leading to a large
overshoot in the speed signal. On the contrary, the proposed
control returns a smaller deviation from the reference and a
faster recovery after the peak. The corresponding electrical
torques are shown in Fig.5-6. It can easily be seen that by
increasing the sampling frequency, the control of electrical
torque is greatly improved producing a controlled signal with
less pronounced oscillations. Therefore, it is evident how he
selection of At is crucial in the design and implementation
of the FCS method. Overall, the proposed control exhibited
a greater promptness and accuracy if compared to the PI
control. To quantify the quality of the control action, two
indices were evaluated: the Integral Absolute Error (IAE)
and the Mean Squared Error (MSE). As showed in Table
IV, the index values for the proposed control are lower than
those for the PI control, pointing out the higher performance
achieved by the investigated solution.

TABLE II: PMSM parameters

Coil dependent parameters

Phase-phase resistance ohm 45.5
Phase-phase inductance mH 120
Flux linkage Vpk/rad/s 0.0857
Torque constant Nm/A 0.12855
Pole pairs - 1
Dynamic parameters
Max. current A peak 0.6
Max. torque Nm 0.07
Max. speed rpm 4000
Mechanical parameters
Rotor inertia Kgm? - 107¢ 2.13
Friction Coefficient Nm/ rad/s -107° 7.40

TABLE III: Control scheme parameters

DTVSC PI
(Speed Regulator) (Speed Regulator)
w = 600
A2 =0.6 K = 8.40e — 05 Nm/(rad/s)
ar = 0.01 K; = 1.47e — 03 Nm/(rad)
pr = 300
At=1x10"4
DTVSC PI
(Currents Regulators) (Currents Regulators)
Ad =01 A;=0.1
ag =095 a5 =0.99 K, =237.0 V/IA
pa =05 pg=0.5 K; = 221079 V/(A*s)

At=1x10"5/1x107%s

TABLE IV: Experimental Results: Performance Indeces
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Performance Indeces IAE MSE
PI controller 423.9704  9.5881e10?
Proposed controller 0.1416 0.0056
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Fig. 3: Mechanical speed: reference (dashed blue line),
PI controller (black dotted line), DTVSC controller (red

continuous line).
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V. CONCLUSIONS

Utilizing the highly accurate Whirlpool household ap-
pliance numerical simulator, this paper demonstrates that
the proposed DTVSC velocity regulator, paired with FCS-
MPC current control for PMSMs, achieves superior speed

trajectory tracking and robustness compared to traditional
PI-based FOC.
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