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Abstract. Currently, high-performance electrical drives with advanced control schemes are presented in the literature. Many of them will not
be used in the industry because of implementation issues or difficulties in the optimal selection of control parameters. In this paper, two different
model predictive control (MPC) schemes are developed for PMSM drive and compared in experimental tests both in time and frequency domains.
To provide high-performance operation of the drive, a complex cost function is constructed, and a metaheuristic optimization algorithm is utilized
for the automatic selection of weighting factors. Developed control schemes were implemented in a microprocessor-based prototype drive and
examined in terms of robustness for three different moments of inertia. Trajectory tracking ability for step and ramp reference angular velocity,
as well as load torque compensation, have also been investigated. The study makes an important contribution as a reliable and robust model

predictive control scheme for PMSM drive with potential for industrial applications.
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1. INTRODUCTION

Modern electrical drives must meet several expectations, such
as superior trajectory tracking, disturbance compensation, ro-
bustness against parameter uncertainties, and energy efficiency.
To meet the above-mentioned requirements, high-performance
permanent magnet synchronous motors (PMSMs) and novel,
advanced control schemes are proposed [1]. One of the most
promising and developing approaches is model predictive con-
trol (MPC) [2]. It is caused by several advantages of MPC, such
as intuitive concept, the inclusion of constraints and nonlin-
earities, and relatively simple implementation of the resulting
controller [3]. On the other hand, the control performance de-
pends on the model quality, and computational complexity is
higher compared to a classic control scheme [4]. The robust-
ness against parameter changes is also a challenge [2]. MPC
has recently been applied to electromobility, unmanned aerial
vehicles, ship control, and blade pitch control of wind tur-
bines [5-7]. In [5], MPC is used to adjust torque for wheel
speed relies on steering wheel position, accelerator pedal, and
car dynamics parameter. In this approach, energy losses and tire
longitudinal slip are applied in the cost function. Unfortunately,
the computational complexity of this approach is large. In [6],
an inner control loop responsible for attitude control is based
on the MPC approach. In the outer position control loop, an
optimal backstepping controller was implemented. The latter
control loop requires coefficients to be tuned. Therefore, ge-
netic algorithm has been used as a metaheuristic tool to solve
this problem. As shown in [6], hybrid control structures with
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MPC in the inner loop enhance control performance compared
to classic approaches, but selecting a complex outer controller
requires expert knowledge. In [7], MPC used to adjust the blade
pitch of a wind turbine, while a PI-based torque controller op-
erates in parallel. The MPC structure also includes a preview
filter and a state constructor, which operates in a feedback loop
with MPC. The authors reported satisfactory performance, but
the computational burden is high, and no sensitivity analysis
was conducted

MPC is still being developed, and two main directions can be
identified. In the finite control set (FCS) approach, where the
number of possible solutions is limited, further optimization of
the search procedure is desired. In the classical FCS method
applied for the power converter or electrical drive control, full
voltage vectors are taken [2—4]. This means that power tran-
sistors are opened for the whole sampling time, and a space
vector modulator (SVM) does not need to be used. The number
of vectors depends on the inverter topology. For a most pop-
ular 2-level voltage source inverter (VSI), 8 vectors are avail-
able, but the computational complexity increases with the in-
crease of the prediction horizon. To overcome this disadvan-
tage, an optimization of the search procedure is proposed. For
example, in [8], the selection of the voltage sector is based on
deadbeat control theory. This approach simplifies FCS but in-
troduces some limitations, such as higher dependency on the
model, which increases sensitivity to parameters mismatch, for
example, inductances or inertia. This problem may cause lower
performance. In the continuous control set (CCS) MPC, a bet-
ter solution can be found since the whole space is searched.
Several optimization algorithms are used in this approach, for
example, quadratic programming (QP) [9]. In this method, it is
possible to introduce constraints in a simple way. On the other
hand, the computational burden of the proposed is 24.8 us, and
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there is no information about the outer controller used. In [10],
it was shown that FCS MPC could give a similar performance
and lower complexity than CCS MPC with the QP algorithm. In
this solution, a cascade structure with both angular velocity and
torque MPC controllers is proposed for the induction motor. It
was found that the FCS provides a better torque capability at
high-speed levels compared to CCS. Moreover, the outer loop
performance is related to the inner loop method. Other opti-
mization approaches were presented in [11]. In this approach,
several methods and MPC structures are compared in terms
of computational complexity. Sequential MPC is used, and it
should be treated as a cascade approach that affects the system
dynamics. In this concept, establishing priority control for the
investigated model is essential. A relevant example is a wind
turbine application presented in [12]. In that study, MPC was
applied to both the motor and the inverter, with the cost function
in one case based on voltage and in the other on switching fre-
quency. Despite the structural diversity of MPC, the most com-
mon approach is referred to as simplified model-based MPC
in [11]. In the literature, MPC structures typically involve cur-
rent prediction, while speed prediction is often omitted, with
control handled by a PI regulator [13, 14]. However, these stud-
ies provide no justification for the use of PI control. The focus
is primarily on current performance, likely leading to the ex-
clusion of speed considerations—an issue in real applications,
such as in [14], where the motor operates as a wind turbine. An
alternative is full MPC, which, unlike the simplified version, in-
cludes speed prediction [15]. Here, the authors propose a speed
prediction method based on a third-order Taylor series expan-
sion and present robustness test results where friction was var-
ied. However, they do not explain why direct speed MPC was
chosen over model predictive current control with a PI speed
regulator.

A key element of MPC is the cost function, which defines the
influence of various factors on regulation. Different cost func-
tion designs exist in the literature. A common approach uses
dg-axis current, comparing measured and predicted values [16].
Its advantage is simple measurement and prediction, but it lacks
direct torque and flux control. To address this, some researchers
use torque and flux instead [17], though this increases com-
putational complexity and estimation challenges. One benefit
of cost functions is their flexibility in incorporating additional
components. For example, the mean square error (MSE) cri-
terion [18] improves tracking accuracy and is referred to as
a target-oriented method. Finite control set MPC eliminates
the need for a modulator, reducing computational complexity.
However, maintaining a constant switching frequency requires
alternative methods. Researchers often add a term to the cost
function to account for transistor switching [19]. In [19], three
cost function designs were compared, showing that precise for-
mulations lower switching frequency while maintaining accu-
racy. Cost functions for current control are more complex than
those for speed control, where the cost function simply com-
pares the reference and predicted values. The main difference in
speed control methods lies in speed prediction, while in current-
based cost functions, only the reference value for g-axis current
is adjusted.

Many studies on MPC focus on robustness to inductance
variations, while the impact of inertia changes and reference
speed frequency variations is often overlooked [20]. This omis-
sion is primarily due to technical challenges, such as the diffi-
culty of modifying test benches for such studies. While real-
world applications like robots or CNC machines could pro-
vide better insights, they are costly. Additionally, traditional
controllers are often combined with adaptive methods like re-
cursive least squares (RLS) or the Kalman filter, reducing the
need for direct inertia robustness analysis. Some researchers
address robustness issues using RLS adaptation with classical
input-output-error data, fuzzy logic, or multi-layer neural net-
works [21,22]. In [21], a fuzzy logic—neural network hybrid
optimizes the cost function, improving rise time. In [22], adap-
tive RLS-based systems were compared with classical PI reg-
ulators across various models, showing enhanced robustness.
Robustness is typically evaluated via time response; however,
this study proposes Bode characteristic analysis. Frequency re-
sponse was examined under two conditions: a sinusoidal refer-
ence signal and a sinusoidal load torque at zero speed. While
this method provides high robustness, it significantly increases
computational complexity. In applications with rapid and sub-
stantial variations, selecting a more resilient controller becomes
essential.

In advanced control systems, the cost function is often
significantly extended, for example, in multi-level inverters
and advanced battery management systems [23, 24]. In such
cases, applying weighting factors is necessary. However, tun-
ing them can be challenging, making this an ideal area for
nature-inspired optimization algorithms. MPC commonly em-
ploys particle swarm optimization (PSO) [25], and genetic al-
gorithms (GA) [26] to address this issue. The latter demon-
strates how weighting factors of additional cost function com-
ponents—such as switching frequency and DC grid ripple—can
be optimized using a genetic algorithm. To minimize ripple, the
authors measured the total harmonic distortion (THD) indica-
tor and included it in the GA cost function. In [25], PSO is
used to tune flux and switching frequency weighting factors.
The sequential MPC method discussed earlier, does not require
weighting factors, as priorities are determined by the sequen-
tial structure. Meanwhile, other control methods, such as SFC,
CCS, or multiresonant controllers, utilize different optimiza-
tion techniques, including the artificial bee colony (ABC) al-
gorithm [27], a grey wolf optimizer (GWO), and a PSO [28].

Recent advancements in model predictive control (MPC)
for electric drives have emphasized the integration of high-
performance hardware platforms to meet real-time computa-
tional demands. Studies have demonstrated the efficacy of field-
programmable gate arrays (FPGAs) and high-speed digital sig-
nal processors (DSPs) in executing complex MPC algorithms
with reduced latency, catering to applications requiring high
control frequencies [29]. For instance, the utilization of OPAL-
RT systems has been validated for implementing robust MPC
strategies in permanent magnet synchronous motors (PMSMs),
ensuring accurate real-time emulation and effective handling
of load variations [30]. Additionally, simulation environments
like MATLAB/Simulink and PLECS have been employed for
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the development and testing of MPC schemes, facilitating the
transition from theoretical models to practical applications [31].
These platforms collectively contribute to the advancement of
MPC in electric drive systems by providing reliable and effi-
cient means for real-time control implementation.

Summary literature overview, the majority of papers about
MPC structure focused on the current control loop. If authors
decide to make a robustness analysis, they usually investigate
inductance or resistance variations. Research usually are based
on time responses, fast Fourier transformation, and the THD in-
dicator. The frequency response is skipped, while the compar-
ison includes different MPC approaches. Therefore, in this pa-
per, the authors decided to investigate PI-MPCC and DS-MPC
in terms of the moment of inertia and reference speed frequency
variations. To the best of the author’s knowledge, ABC was not
used for MPC weighting factors tuning, so in this paper, it is
presented. That decision was made because ABC has shown
promising results in other optimization contexts. ABC mimics
the foraging behavior of honeybees to search for optimal solu-
tions in high-dimensional spaces, making it well-suited for the
complex optimization required in MPC tuning. MPC structure
with optimally selected weighting factors was chosen.

This paper is divided into six sections. In Section 2, a mathe-
matical model of PMSM is described. Section 3 presents the
proposed DS-MPC control method, while Section 4 focuses
on the ABC tuning algorithm. Experimental results for the in-
vestigated method and reference PI-MPCC-based solution are
shown in Section 5. Here, robustness analysis in the time and
frequency domain is included. The conclusion is presented in
Section 6.

2. MODEL OF PMSM

Since MPC requires a model of the plant to calculate future
states for optimization tasks, electrical and mechanical differ-
ential formulas describing considered machines need to be in-
troduced. These are as follows

d‘l;dt(l) = uy(t) — Rig(r) + po(1)y, (1), 0
dWTqr(t) = ug(t) = Rig(1) = po (1) ya 1), )
d%(t) =T,(t) — Bo(t) — T.(t) — Fsign(o(t)),  (3)

where uy(t), uq(t), iq(t), iy(t) — voltage, current components in
the direct and quadrature axis, R — stator resistance, Yy — mag-
net flux, p — number of pole pairs, @(t) — rotational velocity of
the rotor, J — moment of inertia, B — viscous friction coefficient,
T; () — estimated load torque, F, - static friction coefficient. In
order to develop current control, it is necessary to substitute flux
with respective currents

“4)
®)

Va(t) = Laia(t) + vy,
v, (t) = Lyig(t).
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Finally, the formula describing the electromagnetic torque
should be introduced
3 . N
T, = Sp|wria(®) + (Lo La)ia0iy 1)) ©)
Since the proposed control scheme will be developed for
PMSM with surface-mounted permanent magnets, the follow-
ing simplification can be made: Ly = L, = L. Finally, the model

of the PMSM described in the continuous time domain is as fol-
lows:

diZE” _ Iz—fud(t) - L%id(t) + po(1)ig 1), (7
di;ft) - %uq(t) - giq(t) - pL—"jfw(r) — po()ig(t), (8)
Jdac;t(t ) _ > pYri(1) ~ Ba) ~ 1u(e) — Fasign(0(). - ©)

From (7)-(8), it can be seen that non-linearity and cross-
coupling exist. Such phenomena are problematic for FOC with
linear PID-based controllers, and these require a decoupling
method, as shown in [1]. In the case of MPC structure, the
above-mentioned drawback is not a key since this control
scheme can be directly developed for a non-linear model.

Finally, a discrete form of the PMSM model should be deter-
mined. After the application of the Tustin method, the following
model is obtained:

id(k+ 1) = xlud(k) +X2id(k) +x3a)(k)iq(k),
ig(k+1) = x1ug(k) +x2i4 (k) — x30(k)iq(k) — xs00(k)

(10)
Y

with

T, | _gh . T,
X1 = X2 = - X3 = 3 X4 = P —
1 Lsa 2 LS 9 3 p S 4 plIIfLSa

where T; — the discrete sample time.

ok+1) = (1 - T}B> o(k) + g (Ktiq(k) —Hi(k)
- chign(w(k))). (12)

3. MODEL PREDICTIVE CONTROL OF PMSM

As described before, MPC is a flexible control structure that al-
lows for the use of different approaches to voltage vector selec-
tion. In the literature, the most popular methods are FCS, CCS,
or deadbeat control (DBC) [8]. Due to the low complexity, it
was decided to use FCS in this paper. In its basic form, FCS
utilizes all possible states of the VSI power transistors. In this
approach, a space vector modulator (SVM) is not necessary,
and selected transistors are opened for the entire time period
(i.e., the sampling time). The lack of SVM was somewhat im-
portant in the past due to the low computational abilities of the
microprocessors. Currently, SVM is applied to mitigate current
ripples, noise, and vibrations of the motor.
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3.1. Current prediction

In the MPC scheme, the prediction of future plant states plays
an essential role. The simplest way to obtain predicted state
variables is to discretize the model containing differential ordi-
nary equations. For the considered PMSM drive, discrete equa-
tions were presented in (10) and (11). However, it is worth not-
ing that the MPC scheme computational complexity is high, so
measurement delays may appear. In order to overcome this flaw,
the current is usually predicted for two-time samples ahead.
During this prediction, it is assumed that the speed and voltage
set remain constant, resulting in following formulas

ig(k+2) =xjug(k+ 1) +x2iq(k+1)

+ x30(k)ig(k+1), (13)
ig(k+2) = x1ug(k+1) +x2ig(k+1)
—x30(k)ig(k+1) —xs0(k). (14)

3.2. Speed prediction

As stated before, the direct speed FCS-MPC is proposed in
this approach. Due to this, it is necessary to obtain the future
value of the angular speed. Similar to the current prediction de-
scribed before, the simplest way to predict the speed is to dis-
cretize (12). Here, it was decided to adapt the 3rd Taylor series
discretization proposed in [15]:

0(k+2) = yrig(k+ 1)@ (k) + y2ig(k+ 1) + ys (k)

+ yaTp (k) +ysug(k+1) (15)
with
3B R
_ 3wy’ _ 3T o 22 2L
Y1 = 4.] ? Y2 = 2J - 3Tv 2 ’
B> 3p’y;
3B . ,J2  2JL
=1- T, >
y3 J s 2 )
T2B T, 3y T p
Y4 = > T 7 V5=
2J2 4JL;

3.3. Direct speed control structure

In direct speed MPC, it is necessary to calculate the reference
values of currents. Since a surface-mounted permanent mag-
net machine is considered here, it is reasonable to implement a
control strategy with zero d-axis current. In the case of g-axis
current, the formula based on (12) was used [15]

, Bays(k)  Tp(k) F. |
igret = % Llé ) + émgn(w(k)) +Kyy (16)
with L o
Kff:ngref< )_Coref( - )

T,

One can see that the above-mentioned formula refers to iyref
in steady-state because it has to compensate for all kinds of

disturbances (e.g., friction) in the system. Since steady-state is
considered, the left side of (9) is omitted, and the moment of in-
ertia does not affect i y.r. Finally, to improve dynamics proper-
ties for a higher order reference signal (e.g., ramp) and to com-
pensate back-emf, a feedforward path with gain coefficient K,
and @er was introduced.

In the next step, a cost function must be constructed. Since
it will be optimized to provide a high-performance drive opera-
tion, it should contain components related to the most important
requirements, such as [32] (i) steady-state error-free angular ve-
locity and g-axis current control, (ii) zero d-axis current control
strategy, (iii) low level of the current and the velocity ripples
and, (iv) current limitation in transient. Therefore, the follow-
ing formula was proposed

Jeost = Wico +WdCid +chiq + Wiimit » (17)
where
co = (e —0k+2)), as)
2
¢, = (id(k—i—Z)) , (19)
. . 2

¢, = (;mt—zq(ku)) : (20)

o for |l (k+l)| ZiN,
Wiimit = N ) 1)

0 for |is(k+1)| <in,

where W,,, W;, W, — weighting coefficients, i, — stator current,
iy — rated stator current. One can see that several weighting
coefficients are introduced in (17). Their values will be au-
tomatically selected using a metaheuristic optimization algo-
rithm. The procedure will be described in the following section.
The scheme of the described control algorithm is presented in
Fig. 2a.

4. TUNING OF WEIGHTING FACTORS

From (21), it can be seen that values of weighting coeffi-
cients need to be chosen to provide high-performance drive
behavior. As mentioned before, the considered task can be ac-
complished using a metaheuristic optimization algorithm. As
shown in [33], such algorithms are used due to better conver-
gence and robustness against local minima compared to the ex-
act optimization methods. Recently, several metaheuristic opti-
mization algorithms (e.g., PSO, GA) have been used in electri-
cal drive applications [25,26]. In this paper, it was decided to
apply ABC optimization algorithm. It was selected because of
the confirmed convergence and repeatability of results obtained
in similar tasks [27]. The general principle of ABC operation
is presented in Fig. 1. It is worth noting that in all phases of
the optimization, the cost function is minimized. Here, it was
decided to develop the cost function based on the ISE perfor-
mance index, and this is as follows:

fapc = aISE, + ﬁ[SEq + vISE; (22)
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[ Initialization phase |

| Global searching phase |

| Local searching phase |

Fig. 1. General flowchart of ABC optimization algorithm

with

N

ISEy =Y ((Uref(g) = w(g))sz,

g=0

N
ISE; =Y iq(8)°T;,
g=0

. (iale) ~ia(e - 1)’

ISE, =
q é;l 7} ’

where @ = 1, B = 0.01, y = 0.05 — manually selected weight-
ing factors. After analysis of (17) and (22), one can see that
the same number of coefficients (three in this particular case)
must b chosen. On the other hand, the manual selection of ABC
weighting factors seems to be simpler since each of them in-
dependently influences the measured currents and speed in the
optimization process. The procedure is more intuitive since the
user only needs to define values that determine the individual
approximate impact of currents and speed on the optimization
outcome. Such an approach is more universal since it can be ap-
plied to tuning more complex cost functions and hybrid regula-

reference
speed

(a)

Walk) Lol (k) "
ol (k+ 1) U (k+1) u(k+1)p
calculate; : calculate ?
> w(k) . lo®) 1 f®) st function SVM Z;ﬁjg:
Tk WD) ) g I ek ) 3
h, 1 1 | B
w(k+2) ik+2)  i(k+2) i iu(k) o)
- L NP ) >
speed prediction currents prediction (k) Y et =.
w9 0 i) i | |0 ) uk) ik i) ool 3
[ Y f A 4 A =
: <
u(k) c
.0 calculate o) 2
load torque ”\#())Itage vector —
observer il
w(k)  ii(k)
T w(k)

tors, which will be presented in the later part of this paper. The
tuning process was carried out using a MATLAB environment,
but data was collected from the experimental setup described in
this paper. The control parameters of ABC are listed in Table 1.
As a stop criterion indicated in Fig. 1, the maximum number of
iterations equal to 10 was set.

Table 1
The control parameters of ABC
Parameter Value
Colony size 30
Food number 15
Modification rate 0.8
Scout production period 45
Control parameter 45
Lower bound of all parameters 1.0-1073
Upper bounds of W; and W, 15.0-10°
Upper bounds of W, 40.0-10°

5. EXPERIMENTAL RESULTS
5.1. Laboratory setup

The developed control scheme was investigated in the labora-
tory stand with two PMSM drives. The main drive is fed by a
two-level VSI with SiC power devices. The control algorithm
is implemented in an ARM microcontroller with a Cortex 4
core from STMicroelectronics. The second drive is controlled
by commercial VSI, and it is used to generate load torque. Both
motors are connected using a clutch and a mechatronic system
that allows for changes in the moment of inertia. The laboratory
setup is presented in Fig. 3, and the parameters of the main
PMSM drive are defined in Table 2. Current and voltage mea-
surements were performed using LEM LTS15NP and LV25P
transducers, respectively. Position measurement was ensured by

(b)
reference .
Kiff
Cy
U (k+ 1) Uy(k+1) u,(k+1)|-»
calculate ’
o o) gout functi SVM Uy(k+ 1)}
O ﬂ lCOS Unc'ogq(k”)’ ugker) Uk
i(k+2) i (k+2) 3
k2 i(k+2) k) PR o
currents prediction i.(k) 9 :'F(k) =3
w(k) u (k) udk) i) ik abc| ¢ (k) 8
4 3 [ S =
<
. u,(k) c
Ti(k) calculate o(k) >
load torque voltage vector =
observer u(k)
w(k) (k)
A
w(k)

Fig. 2. Block diagrams of considered control structures with MPC — model predictive control, PI — speed controller, SVM — space vector
modulator: (a) DS-FCS-MPC, (b) PI-FCS-MPCC
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(a)

3~
100 Vdc i T T
B i
~ H -
|2 |
- % ZE;“
. Load
Inertia PMSM

Fig. 3. The experimental setup with: (a) simplified electrical scheme, (b) power supplies and drive, (c) machinery unit

Table 2
Selected parameters of PMSM drive
Parameter ‘ Symbol ‘ Value & Unit
Rated angular velocity N 300 rad/s
Rated current iy 5A
Minimal moment of inertia Jimin 7.2-1073 kgm2
Nominal moment of inertia Jnom 17.7-1073 kgm2
Maximal moment of inertia Jmax 31.3-1073 kgm2
Viscous friction B 1.4-1072 Nms/rad
Static friction F. 30.4- 1072 Nms/rad
Torque constant K: 1.14 Nm/A
Switching frequency fs 10 kHz

a Stick Stegmann SRS50 absolute encoder. The load PMSM
drive was controlled via a Kollmorgen AKD drive.

The implementation of MPC algorithm is presented in Al-
gorithm 1. At the beginning of each iteration, auxiliary vari-
ables—such as the minimum value for the optimization loop
and the initial cost function value—are initialized. Next, refer-
ence speed values are determined based on the selected slope,
using an appropriate structure. In the following step, the can-
didate voltage vectors are generated. This procedure relies on
calculating the dg-axis voltages from constant o f3-axis volt-
ages and the rotor angle, using the Clarke—Park transformation.
The resulting set of voltage candidates is then processed in an
optimization loop, where the values of u; and u, yielding the

Algorithm 1. MPC implementation algorithm

min __
cost —

ugpt =0
ugpt =0
Tent = Teme + T
Omax = 10
if o T, is greater than Wpax then
Wref = Wmax
else
Oref = OTent
end if
Calculation of iy(k+ 1) and iy(k+ 1) for delay compensation, as
well as other variables such as load torque and reference current.
m=0
for m smaller than 7 do
calculation id (k+2), iq(k+2) and ®(k+2)
from (13)—(15), as well as fcost from (17) or (23)
if foosc is smaller than fc“(}isrt‘ then

/e c[glslt1 = feost

> maximal reference speed

ugpt = uy(m)
U = ug(m)
end if
m=m+1
end for

send ugpl and uzp ' to invert Clarke-Park transformation and SVM.

lowest cost function value are stored. Upon completion of the
loop, the optimal voltages are passed to the space vector modu-
lation (SVM) module, which computes the transistor switching

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 5, p. 154722, 2025
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times. Additionally, it is worth noting that measurements are
triggered by an interrupt on the microcontroller at the midpoint
of the PWM cycle. This ensures acquisition of averaged cur-
rent values and mitigates ripple effects caused by the structure
of the VSI and the switching frequency. Immediately after the
measurements are completed, the control algorithm is executed.
As described before, the ABC optimization algorithm has
been used to optimal tune coefficients of the cost function (17),
and obtained values are listed in Table 3. For the sake of com-
parison, the proposed control scheme was confronted with a ref-
erence solution, namely a cascade structure with FCS-MPCC
inner current control loop and PI-based angular velocity con-
troller. This is shown in Fig. 2b. As in the case of the developed
direct speed MPC, a similar cost function has been used
Seost = Wdcid + chiq + Wimit - (23)

Also here, coefficients were selected using the ABC-based opti-
mization method. Its values, along with automatically selected

PI controller coefficients, are listed in the last column in Ta-
ble 3.

Table 3
Value of weighting factors for DS-FCS-MPC and PI-FCS-MPCC
structure
Symbol of coefficient DS-FCS-MPC PI-FCS-MPCC ‘
Kp - 1.4866
Ky - 87.7740
We 1516200 -
Wy 3149.8 121380
Wy 13136.9 65552

5.2. Time responses

This subsection presents drive responses for step and ramp ref-
erence signals. In the first case, experiments were conducted for
Wrer = 10 rad/s, and 7; = 2 Nm. The load torque was imposed
att = 0.35 s and removed at # = 0.6 s. Firstly, it is important to
consider Fig. 4, which shows how DS-FCS-MPC and PI-FCS-
MPCC work for different moments of inertia. From Fig. 4b, it
can be seen that the overshoot exists for all moments of iner-
tia. Such behavior results in a better load torque compensation,
but it is also responsible for oscillations observed in @,, and
ig, resulting in longer transient. In the second row in Fig. 4,
enlarged parts of angular speed for PMSM with imposed load
torque are presented. From the obtained results, it can be seen
that the DS-FCS-MPC control structure gives more predictable
responses for different moments of inertia. The above-described
observation is confirmed by the parameters listed in Table 4.
The rise time ¢, is lower for PI-FCS-MPCC than for DS-FCS-
MPC, independently of the moment of inertia. On the other
hand, ¢, values change less between different moments of in-
ertia for DS-FCS-MPC. The steady-state time #,; is shorter for
PI-FCS-MPCC than for DS-FCS-MPC in the case of Jyom, but
for a changed moment of inertia, the i of PI-FCS-MPCC is
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Fig. 4. Time responses for speed reference value set to 10 rad/s and
different moments of inertia: (a) DS-FCS-MPC, (b) PI-FCS-MPCC

longer than that of the opposite method. DS-FCS-MPC exhibits
lower ¢y variation for different moments of inertia, similar to
t.. The overshoot for load torque Mjo,q is definitely lower for
the scheme with a PI controller than for direct speed control.
Summarizing the above analysis, PI-FCS-MPCC has a higher
potential for faster and more rapid load torque compensation,
while DS-FCS-MPC has greater robustness to moment of iner-
tia variations.

Figure 5 presents a response test system for a ramp input
signal. In order to achieve perfect tracking of the reference sig-

Table 4
Selected parameters of time responses
DS-FCS-MPC PI-FCS-MPCC
parameter

Jinin ‘ Jnom ‘ Jmax Jinin ‘ Jnom ‘ Jmax

tr [s] 422 42.4 59.4 222 34.8 53.8

ty [s] 1427 | 97.5 | 152.6 | 1465 | 81.6 | 1975
Mpaq [rad/s] | 1.012 | 0.845 | 0.832 | 0.845 | 0.619 | 0.624
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Fig. 5. PMSM drive responses for ramp acceleration with different
slope angles and three moments of inertia:

(a) DS-FCS-MPC, (b) PI-FCS-MPCC

nal in transient, it was necessary to add feedforward gain in
igrer signal (16)) and in PI structure. The value of K, was deter-
mined experimentally to obtain the best possible performance
of the drive and finally set to 0.02.

To begin with, one should look at signals for Jyop. It is possi-
ble to notice a great tracking trajectory for both controllers. Dif-
ferences appear for mismatch moment of inertia. It can be ob-
served that DS-FCS-MPC is less sensitive to changes in motor
parameters. This is particularly evident for Jpax. At this point, it
is worth noting that both controllers did not provide ideal trajec-
tory tracking without feedforward. Looking at Fig. 5 it can be
noticed that problems appear for the ramp with a small slope.
Therefore, it was decided to carry out frequency research. To
provide a precise analysis, robustness indicators were calcu-
lated for transient with o equal to 150, and respective results
are presented in the following subsection.

5.3. Robustness analysis

To further investigate the robustness of the developed predictive
control schemes, the performance indicators have been intro-
duced. These are based on the mean square error (MSE). In the
first step, MSE for the angular velocity speed was calculated for
the considered set of the moment of inertia.

1 S J Jref 2
MSE; =5 ¥ (r—pl)’. 4

8§=kT;

where N — number of samples, pg; — value of measured param-
eters, j = is, @ in g-th sample time, p{;mf — value of respective
reference signal, k = 1,2,...N. In the next step, percentage er-

rors in relation to nominal value were calculated.
max __ nom
i MS ] MS ;

inc MSEom
J

- 100, (25)
MSE™ — MSE?™

MSE™™

5,

ec —

-100, (26)

where MSER™, MSER™, MSEM® _ the mean square errors cal-
culated for j signal collected during the experiments with de-
creased (Jiin), nominal (Jyom), and increased (Jiax) moment of
inertia. The above-described formulas were applied to inves-
tigate the ripples of the phase current and the angular veloc-
ity. The robustness indicator was calculated for phase current
ripple as an example of energetic robustness. Based on values
listed in Table 5, it can be concluded PI-FCS-MPCC does not
significantly increase or decrease current ripples.

Table 5
Robustness indicator 83, and & for phase current

DS-FCS-MPC
5is

inc

PI-FCS-MPCC
8(;20 ‘ 811;10

138 |

S |

IE

5.7697 0.087

Table 6 presents values for both considered control schemes
in three sectors: A — at transient for a step signal, B — at steady-
state with 77, and C — at transient for a ramp signal. Sectors
A and B are indicated in Fig. 4 while sector C is indicated
in Fig. 5. Indicators 6% and J32. listed in Table 6 refer to in-
creased and decreased moments of inertia. From Fig. 4, it can be
seen that DS-FCS-MPC exhibits higher robustness for a lower
moment of inertia than PI-FCS-MPCC at transient. Such a be-
havior is indicated by 8. value. In the case of 8%, the val-
ues are similar for both schemes. Conversely, for steady-state
conditions with 7}, the conclusions are reversed. The last row
presents percentage differences in MSE for Jyin and Jyax com-
pared to Jhom. It can be concluded that DS-FCS-MPC is worse
than PI-FCS-MPCC when the moment of inertia decreases but
greater when it increases. It has been caused by stability and
predictable steady-state times for DS-FCS-MPCC. Thanks to
that, the difference between &4ec and &, is less than in the case
of PI-FCS-MPCC.

Table 6
Robustness indicators 5§, and 5 for angular velocity
DS-FCS-MPC PI-FCS-MPCC
Sector analyzed

Siec %] | S 1% | e [%] | & 1%]
sector A 39.54 53.05 42.16 52.16
sector B 0.11 0.09 0.01 0.36
sector C 720.37 586.17 242.36 698.96

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 5, p. 154722, 2025
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Fig. 6. PMSM drive frequency responses for DS-FCS-MPC and PI-FCS-MPCC excited by sinusoidal reference signal for:
(@) Jmin> (b) Jnom> (€) Jmax

5.4. Frequency responses

In this subsection, Bode’s characteristics are presented. These
are obtained experimentally for both considered control
schemes. Initially, the PMSM was accelerated to 5 rad/s, and
after 300 ms, a sinusoidal signal with an amplitude equal to
0.5 rad/s was added to the reference velocity.

In the case of a decreased moment of inertia shown in Fig. 6a,
a similar behavior is observed. From Fig. 6b and 6c, differences
in the behavior of considered control structures are visible. The
proposed DS-FCS-MPC control structure shows better attenua-
tion in the range of 3 to 15 Hz and a lower pick of amplification
in resonant frequency equal to 200 Hz. For considered moment
of inertia values, characteristics in the range of 1 to 140 Hz are
more similar for DS-FCS-MPC, which proves better robustness
compared to PI-FCS-MPCC.

6. CONCLUSIONS

In this paper, a direct speed finite control set model predictive
control has been proposed for PMSM drive and experimentally
validated in both time and frequency domains. The developed
control scheme was compared with a cascade control structure
based on a finite control set model predictive current control
and PI velocity controller. The cost function that provides a
high-performance drive operation was successfully developed,
and the ABC metaheuristic algorithm has been adopted for the
automatic selection of weighting factors.

It was found that PI-FCS-MPCC better compensates load
torque, but time response parameters depend on the moment of
inertia value. It was particularly evident in the robustness indi-
cator. From the results obtained in the frequency domain, it can
be concluded that DS-FCS-MPC is more predictable compared
to PI-FCS-MPCC, and therefore, this structure is recommended
in applications where robustness and predictable behavior are
required. On the other hand, better load torque compensation is
observed for PI-FCS-MPCC in the whole frequency domain.

In the future, it is planned to propose predictive control meth-
ods with increased robustness and optimized voltage vector se-
lection procedures. Testing the mentioned methods on a robotic
arm is also planned.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 73, no. 5, p. 154722, 2025
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