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This paper proposes a speed control strategy of Synchronous Reluctance
Motors (SynRM) using an Indirect Matrix Converter (IMC) combined with a
finite model predictive speed control (MPSC) and PI current control. This
control algoritm is chosen than fully PI in both loops due to improve overall
system stability and dynamic response. The IMC architecture offers
advantages such as compactness, bidirectional power flow, and the
elimination of bulky passive components, making it ideal for efficient motor
drive systems. The proposed control method employs predictive algorithm
using augmented state variable and cost function minimization technique. In
addition, PI controllers here using a pole-assignment method. Both proposed
controls aim to guarantee stability and responsiveness for dynamic
performances. The MATLAB/Simulink is used here to simulate the system,
incorporating practical motor parameters and space vector modulation
techniques. Simulation results show that the control algorithm attains
satisfactory speed performance, with minimal steady-state error 0.47%,
overshoot below 2%, and fast settling time under various load 0.035 seconds
and speed profiles. Additionally, the system performs robustly under reversed
and sinusoidal speed commands, demonstrating its effectiveness and
suitability for real-world industrial applications also need to implement in the
experiment for the future works.
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1. INTRODUCTION

As modern industries drive for greater energy efficiency and cleaner power, there is growing interest in
advanced power electronic converters [1]-[7]. One technology drawing attention is the matrix converter that
become promising alternative to conventional back-to-back converters. Matrix converters offer many
advantages including eliminating bulky reactive components, enabling inherent bidirectional power flow,
boosting reliability, and achieving compact designs [8]-[12]. Given these advantages, matrix converters are
commonly used in many fields, such as motor drives [13]-[17] and grid integration [17]-[22]. The matrix
converter, which evolved from forced commutated cycloconverters, has undergo extensive research for over
three decades. The use of matrix converters is increasing in wind turbines and other applications where the
device needs to supply and receive energy from both the generator and the grid [23]-[26]. Matrix converters,
which directly convert AC to AC without intermediate DC-link stages, have gained traction as an alternative
to traditional inverter-based AC drives [6]. These all-silicon solutions connect a voltage source directly to a
load through controlled bidirectional power switches, doing away with the need for DC-link capacitors or
inductors [27]-[30].

One of the common applications of matrix converters is in driving synchronous motors, specifically
permanent magnet synchronous motors which have numerous benefits, including high power density and
efficiency [31]-[35]. To achieve the best performance, matrix converters need advanced control schemes that
can handle their complex switching behaviours and ensure stable operation of the synchronous motor. AC
motors, including both induction and synchronous types, are essential in many industrial applications,
including electric vehicles and robotics [36]. Combining matrix converters with synchronous motors creates a
powerful synergy, resulting in drive systems with exceptional performance and energy efficiency [37]. In
recent years, notable progress has been made in refining both the control strategies and design topologies of
matrix converters used in synchronous motor drive applications. The matrix converter consists of actively
controlled semiconductor devices and operates without the use of significant passive components. The
minimization of passive components allows the matrix converter a topology primarily reliant on power
semiconductor devices. Consequently, it offers exceptionally high power density, making it particularly well-
suited for size and weight-sensitive applications such as aerospace, military systems, electric traction, and
power distribution. The primary function of a matrix converter is to convert one AC voltage system to another,
accommodating arbitrary amplitude, frequency, and number of phases [38]. To ensure bidirectional operation,
matrix converters are built using bidirectional power semiconductor switches. However, the absence of
magnets also makes synchronous reluctance motors a cost-effective alternative than permanent magnet
synchronous machines [39].

Designing matrix converter-based synchronous reluctance motor (SynRM) drives is not without its
challenges. It involves complex control algorithms, commutation issues, and the need for sophisticated
modulation techniques. The control of matrix converters requires advanced modulation strategies to generate
the necessary switching signals. Techniques like space vector and carrier-based pulse width modulations are
used to achieve high-quality output waveforms and minimize switching losses [40]. Furthermore, robust
control algorithms are crucial to address commutation issues and voltage sag compensation, ensuring stable
drive system operation. Nowadays, the leading strategies like proportional integral derivative (PID) are used
to enhance control of SynRM drive systems. In [41], the PI/PID used in EV, which is for fast charging
application. The controller robust the dynamical behaviours such as any initial state of the battery charge and
load variations. The PI also used in lighting system application [42]. The PI gain still using trial and error to
choose the most optimal responses including small overshoot, fast rise time and settling time. Then, the PI
controller in [43] combined particle swarm optimization and genetic algorithm to compare those method for
automatic voltage regulator system. In this paper evaluate the dynamic performances. However, classical
PI/PID controllers exhibit inherent limitations when dealing with the multivariable, constrained, and strongly
coupled nature of motor drives [44].

These limitations have motivated increasing interest in advanced control approaches, most notably model
predictive control (MPC), for AC motor drive systems. MPC relies on an explicit mathematical model of the
converter—motor system to predict future behaviour over a finite horizon and computes the optimal control
action by minimizing a cost function subject to system and actuator constraints. Recently, the MPC combined
Indirect Matrix Converters (IMCs) in driving SynRMs is become popular especially for applications that
demand high efficiency and satisfactory performance. While IMCs offer several benefits like compact design
and bidirectional power flow, their control in SynRM systems hasn’t been fully explored—particularly when
it comes to achieving precise speed and current regulation. This paper takes a closer look at using a speed MPC
and current PI control strategy. This structure helps to improve overall system stability and dynamic response,
especially under varying load conditions compared using fully PI in both loops. In simulation testing, the
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proposed control scheme showed clear improvements in speed tracking, reduced current distortion, and better
overall performance compared to fully PI. Also, the controller is justified for applying MPC to the slow speed
loop while retaining a bandwidth-limited PI controller for the fast current loop. The reason is that the
mechanical speed of the SynRM are inherently slower due to inertia and friction coefficients, as modeled in
the discrete-time formulation of the MPS. It causes speed evolves gradually, MPC is well suited for this loop
and it can predict future behavior over a finite horizon and optimize performance using a cost function while
handling constraints and load variations. The lower update rate of the speed loop also makes the computational
burden of MPC acceptable. In contrast, the current loop has fast electrical dynamics and must operate at high
bandwidth. The current model allows effective pole-assignment PI design providing guaranteed stability, rapid
response, and low computational cost. Applying MPC at this level would increase complexity without
significant benefit. These findings fill a noticeable gap in existing research and point toward a more effective
way to control SynRM drives in real-world applications.

This paper is arranged as follows: Section 2 discussed the methods for matrix converter, model predictive
speed controller, and proportional-integral (PI) current controller. Section 3 presented result and discussion
which is the simulation results and the analysis for various operating conditions. The last is the conclusion in
section 4.

2. METHODS

In this paper, the SynRM indirect matrix converter drive system uses model predictive speed controller
(MPSC) and proportional-integral (PI) current controller based on the mechanical model of motor. A
comprehensive block diagram of the overall drive system configuration is presented in Figure 1. The proposed
speed drive system is based on an indirect matrix converter topology and incorporates several key components,
including MPSC and PI current controllers, a modulation algorithm, the matrix converter unit, and a SynRM
as the load. The detailed matrix converter and the controllers design are explained in the following subsection.
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Figure 1. Block Diagram Systems

2.1. Matrix Converter
The matrix converter is a novel type of AC-to-AC converter that performs direct power conversion in a

single stage. Figure 2 presents the configuration of a 3x3 matrix converter. In this setup, each output line is
connected to an inductive winding equipped with a back electromotive force (EMF) switch. The converter
employs nine bidirectional power switches, enabling power flow in both directions. One of its key benefits is
the elimination of a bulky DC-link capacitor. Additional advantages include the generation of sinusoidal
waveforms at both input and output, as well as the ability to maintain a unity power factor. Despite its merits,
the matrix converter has several limitations. Importantly, the voltage transfer ratio cannot exceed 86% of the
input voltage. Moreover, it requires 18 fully controllable switching devices, and its control algorithms are
notably complex. According to equation (1), the output and input voltages relationship are derived as

Ux(t) SXx(t) SYx (t) SZx (t) VX (t)

17y (t) = SXy(t) SYy(t) SZy(t) VY(t) (1)

()] ISxz(®) Sy (1) Sz ()] |V2(0)
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where v, (t),v, (t) and v,(t) are the output voltages of matrix converter . Then, Vy (t), Vi (t) and V,(t)
are the input voltages of matrix converter. This paper utilizes an indirect modulation approach for the matrix
converter, implementing a virtual DC-link modulation algorithm. The modulation strategy is organized as a
two-stage process, consisting of a virtual rectifier and inverter stages, both of which are described in detail.
Figure 3 illustrates the equivalent topology of the matrix converter based on the virtual DC-link concept. The
relationship between the virtual DC-link voltages and the three-phase input voltages is expressed using a
switching function, as follows:

+ VX(t)
Vil A1 Az As
[Va_c] Ay A Az] Kzgg @

where V. is the virtual dc-link voltage and A; — Agare the switching states of virtual rectifier stage. The
three-phase output voltage and the virtual dc voltage relationship are derived as
By B,

vx(t) V+
n O] = By Bol[L] 3)
vz(t) 'Bs B, ac

where B; — Bgare the switching states of the virtual inverter stage. By combining equation (2) and
equation (3), the resulting expression can be derived as follows

vy (1) By B,] V(1)
lvy(t)]= A i |20 o)
V(1) Bs B, V(1)

Equation (4) is the indirect switching pattern of matrix converter. During one voltage cycle, the virtual
DC-link depicted in Figure 4 is divided into twelve distinct sectors. The highest voltage level is selected for
each voltage source cycle, as it corresponds to the voltage level produced by a conventional diode-bridge
rectifier.
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Figure 2. A 3x3 matrix converter configuration
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Figure 4. Three-level virtual DC-link voltages of matrix converter

2.2. Model Predictive Speed Controller (MPSC)
The MPSC operates in discrete time, therefore, the uncontrolled plant must likewise be expressed in a

discrete-time form. The discrete transfer function of the mechanical model of the SynRM can be written as
[45].

Gp(Z) — w.rm(z) — (1 _ Z_l)Z< KTorq/]iner )= n
lq(z) s+ (Bfric/]iner) Z—Dp (5)
According to (5):
~Bfric
n:@[l_e( ]iner)TSp] (6)
Bfric
—Bfric
p= e( Jiner )TSP (7)
From inverse z-transform of equation (5), the predicted speed w, . (M + 1) is derived as

Wrme (M + 1) = NWrme (M) + Piqo (m) (8)

where [ and By are the inertia and friction coefficient of the motor, Kr,,4 is the constant torque, Ty,
is the sampling interval, w,,, (M) is the measured speed and igq(m) is the g-axis current. In this paper, even
though the parameters change at every sampling step, the proposed controllers can still adapt smoothly because
of the added augmented state variables and constraints. Based on (8), while considering the distinct operations
on each side [46], the following can be expressed

Wrme (m + 1) = NAWrme (m) + p4 iqo(m) + Wrme (m) (9)
This paper also consider the speed error e,,,,(m), is derived as

€rme (m + 1) = NAWrme (m) + pAqu(m) * €rme (m) (10)
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Then, the new augmented state variable is expressed as

Awppe(m+1)

xone ) = [0t o

where the equation (11) is defined as

sy S [ s

A Laguerre function is also implemented in this system to avoid the high computational burden of a long
control horizon for 4io(m). On other hand, to obtain optimal actuation the cost function formula is used here.

The Aiyo(m)and cost function Jp,..q are shown as [46]

] + 5] 4igom) (12)

Aiy(m+d|m) = R(d)n(m) (13)
Npr T Npr—1
]pred—ZX(m+d|m) HX(m+d|m) + Z Alq(m+d)TR(i;)n2 iy (m+ d) (14)
d=1 d=0

Then, the variables in equation (14) can be defined as

X(m+d|m) = A%X(m) + p(d)" n(m) (15)
d-1
p@T =) ATIBL() (16)
After that, by substituting equation (15) and equ}z\l:ti_(())n (16) into equation (14), one can obtain as follows
pr
Jorea = g5z Blalm’ Z PDHP(A) + Mgy | Aig(m)
Nor (17)

1 T
+2 55 Al (m) Zw(d)wm) X(m)

To make a simple equation (17), the ¥ and II are obtain

1 1
Jorea = R(0)? —— Aig(m)"WAi, (m) + 2 R(d)m q(M)TTIX (m) (18)
Npr
V= ¢(d)H§0(d)T + Meon (19)
Npr
m= Z o(d)Hp(A) (20)

a]p ed

To obtain a minimal /.4, the partial derivative 3aig(m)

is applied and the control input Ai,(m) is obtain

Aig(m) = R(0)n(m) = —R(O)¥Y X (m) = —GpscX (M) (21)

where is X(m + d| m) is the state variable, d the predictive control step, 7(m) is the Laguerre coefficient, and
R(d) is the Laguerre function vector, Ny, is the prediction horizon, My, is constantand H = C TC also A and
B are the weighting matrix, G, is the state feedback gain.

2.3. Proportional-Integral (PI) Current Controller
The PI current controller implemented using pole-assignment technique. Then, it is essential establish an
accurate mathematical model of the Synchronous Reluctance Motor (SynRM). This model serves as the
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foundation for analyzing the motor’s dynamic behavior and enables the systematic development and tuning of
control strategies to ensure optimal performance under varying operational conditions. For simplification, the
following assumptions are made: the motor is supplied with balanced three-phase voltages, magnetic saturation
is neglected, the back electromotive force (EMF) is sinusoidal, core losses are ignored, and all motor parameters
are considered constant. The voltage equations is derive as

o d ds . 22

Vas = Tslas + Lds dt - wrequlqs ( )
, diqs .

Vgs = Tslgs + Lgs dr + wreLgsias 23)

from Equation (22) and equation (23), the transfer function in the s-domain is explained as

ids(s) _ 1
vds(s) + wre(s)quiqs(s) B s+ LL (24)
ds
igs(5) _ 1
UQS(S) — Wre (S)Ldsids (S) S+ Li (25)

qs
In the PI pole-assignment technique, the pole is chosen in the stable condition. The PI gain in the speed
and current loops is derived as

2Ywn —a
e 2
K

Tig = —5 27)

Wne/b

The w,;is expressed as

5P
Tsent = Ot (28)

n

where K is the proportional gain, ;4 is the integral time constant, Yandw,are the damping coefficient
and bandwidth also Ty, is the settling time. The damping coefficient )chosen between 1~0.707 that can be
freely selected in order to achieve the desired performance. The Tg.:is choosen based on the open-loop
responses. From equation (28), thew,,; is easily obtained due to Ypand Ts,;; are already selected. The PI pole-
assignment technique is derived as

b

G(S)=s+a

(29)

In this paper the damping variable and time settling are selected as 1 in simulation. Also, due to make the
system faster than the open-loop responses, the time settling selected become 0.2s when using the PI controller.
Then, the d-g axis current control ag_gyis = 75/Lgsand ag_gyis = 75 /Lgs. In this system the gain current
100pK; _gaxis = 36.49and T, _gqxis = 0.0789. Also, in the g-axis K, gqxis = 20.24and7;g gqxis = 0.032384.

3. RESULT AND DISCUSSION

The proposed control strategy was implemented and evaluated using the MATLAB Simulink
environment in order to verify its performance and effectiveness under various operating conditions. Through
simulation, the system's dynamic response, steady-state behavior, and robustness were thoroughly analyzed.
Based on Figure 1, the control scheme employs an outer-loop predictive controller to regulate the motor speed
by generating the reference torque-producing current, iy, while the inner-loop PI controller ensures accurate
tracking of the reference current. The modulation algorithm used for the matrix converter ensures proper
switching sequences and voltage transfer ratio optimization, enabling efficient energy conversion. The
electrical and mechanical parameters of the SynRM used in this study are summarized in Table 1. These
parameters were carefully selected based on practical design considerations to ensure realistic simulation
results. A fixed sampling interval of 100 us was employed throughout the simulation to provide high control
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resolution and stability. Furthermore, the d-axis reference current, i, was set to 2 A to enhance the motor's
constant torque capability, ensuring improved performance in the low-speed to the high-speed region.

The simulation results of the proposed indirect matrix converter-based SynRM drive system are presented
in the subsequent figures, providing a comprehensive performance of its dynamic and steady-state performance
under various operating condition. Specifically, Figure 5 presents the transient response under a reference
speed of 1000 r/min with an applied external load of 1 N - m. The results clearly show the dynamic performance
of the control structure during speed tracking. From the Figure 5, it is evident that the system exhibits a rapid
rise time of approximately 0.043 second, indicating the controller’s capability to promptly respond to speed
reference changes. The settling time is measured to be around 0.058 seconds, reflecting the system’s ability to
quickly reach steady-state operation with minimal oscillations. The maximum overshoot is limited to only
0.47%, which highlights the effectiveness of the speed controller in avoiding excessive transient deviation from
the desired reference. Additionally, the steady-state error is found to be 4.7 r/min, representing a small deviation
from the target speed which is 0.47%, and is considered acceptable for high-performance industrial drive
applications. The small error is existed because of a consequence of the predictive weighting selection and
amount of prediction horizon in the MPSC.

Figure 6 illustrates the transient responses of the SynRM speed drive system during acceleration from a
low-speed range to the rated speed using step change input. Specifically, from 200 r/min to 1800 r/min,
covering a wide operational range representative of typical industrial requirements. As evident from the
simulation results, the proposed drive system exhibits satisfactory dynamic performance across the entire
adjustable speed range. The motor speed closely follows the reference trajectory with minimal overshoot and
rapid acceleration. The settling time is directly proportional to the magnitude of the speed command. As the
speed command increases, the settling time becomes longer. At a low speed of 200 r/min, the settling time is
approximately 0.02 s, whereas at the rated speed of 1800 r/min, the settling time increases to 0.7 s. Therefore,
the overall settling time ranges from 0.02s to 0.7s, which can still be classified as a fast-settling response within
the considered operating range.

Figure 7 depicts the transient response of the proposed SynRM drive system under a reversed speed
command scenario, where the reference speed is changed from 600 r/min to —600 r/min. This test performs the
system’s ability to handle dynamic reversals in operating direction, which is critical for applications requiring
frequent speed changes or regenerative braking. During the initial positive speed command of 600 r/min, the
system exhibits a rise time of 0.023 seconds and a settling time of approximately 0.035 seconds, indicating a
fast and well-damped response. When the reference speed is reversed to —600 r/min, the drive system maintains
its performance, achieving a rise time of 0.060 seconds and a settling time of 0.069 seconds. Although the
response to the negative command is slightly slower due to the inherent dynamics of direction reversal and the
additional control effort required for deceleration and regeneration, the system remains stable and effectively
tracks the new speed command without significant overshoot or oscillation. In addition, when reversed speed
command, the SynRM must decelerate to zero before accelerating in the opposite direction, which introduces
inertia-related delay. Then cost function in MPSC penalizes large control increments, preventing aggressive
torque changes. This results in slightly longer settling time while maintaining stability. To further evaluate the
tracking performance of the proposed drive system, a time-varying reference speed signal with a sinusoidal
command at 600 r/min was applied in the

Figure 8. This test is designed to assess the system's ability to follow dynamic speed variations. As shown
in the corresponding Figure 8, the speed response closely follows the sinusoidal reference trajectory throughout
both the positive and negative half-cycles. The motor speed demonstrates smooth and continuous tracking with
minimal phase lag, reflecting the effectiveness of the controller structure and modulation strategy in handling
time-varying commands. The average speed tracking error over the entire test duration is calculated to be
approximately 11.57 r/min, 2.261%, which indicates a high level of accuracy in speed regulation even under
dynamic conditions. Overall, the simulation results using MATLAB obtained under various operating
conditions including constant speed operation at 1000 r/min with external load, wide-range acceleration,
reversed speed commands, and sinusoidal reference tracking. The proposed controllers demonstrate consistent
dynamic stability, fast transient response, and minimal steady-state error. The controllers maintain low
overshoot, short time settling, and accurate tracking performance across both low and high-speed regions.
Furthermore, stable behavior during speed reversal and time-varying commands confirms the robustness of the
predictive speed controller and the effectiveness of the cascaded PI current loop. Collectively, these findings
validate that the proposed MPSC-PI control algorithm provides a reliable and high-performance solution for
indirect matrix converter for SynRM drive systems, thereby supporting the main claim of this paper and leading
directly to the concluding remarks.
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Table 1. Parameters of SynRM

Parameters Nominal Value
Pole 4

Rated Power 560 W

Rated Speed 1800 r/min

Rated Current 34 A
Stator Resistance 2Q
d-axis inductance 148 mH
g-axis inductance 67.2 mH

q-axis |

]
=

Time (s)

Figure 5. Transient response at 1000 r/min with 1 N.m external load
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4. CONCLUSIONS

This paper proposes speed and current controllers for SynRM by indirect modulation matrix converter.
Specifically, the paper integrate model predictive speed controller (MPSC) in the outer loop and a Proportional-
Integral (PI) current controller in the inner loop. The proposed drive systems successfully demonstrates that
SynRM can be controlled, from low speed to the rated speed, using direct conversion AC-AC converter. The
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results show that the proposed drive system can handle the dynamic performance of the SynRM very well
including fast settling time in transient responses less than 0.06s, stable performance across a broad speed range
from 200 r/min to 1800 r/min and small average tracking error is approximately 11.57 r/min in the sinusoidal
speed command. The merits of this control method make it possible to realize in industrial application due to
its simple implementation characteristic including for elevator etc. On other hand, althought the real motor
parameters is used in this paper, the experiment validation and verification is still needed for future reserach.
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