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ARTICLE INFO ABSTRACT
Keywords: This study compares classical direct torque control (DTC) methods with a proposed quantum
Quantum Computing direct torque control (QDTC) strategy for synchronous machines. A quantum comparator is

Quantum Direct Torque Control (QDTC)
Quantum subtractor

Quantum AND gate

Quantum OR gate

developed by implementing a quantum subtractor between real numbers ranging from -100 % to
+100 %, and a quantum sign function is developed using this digital quantum subtractor. The
QDTC implementation involved the use of quantum versions of the classic logical AND and OR
gates. Simulation results indicate that the QDTC method significantly reduces torque ripple, with
a ripple torque factor of 0.0392 compared to 0.0417 for the classical DTC. The QDTC approach
also required 5.2 % fewer commutations (9.81 x 10*) compared to the classical approach (1.035
x 10%), which increases the longevity of the power components. Finally, the total harmonic
distortion (THD) was lower for the QDTC method compared to the classical strategy. The results
indicate that the proposed QDTC method either matches or surpasses the performance of the
classical method across several metrics. Specifically, the reduced torque ripple and commutation
frequency leads to smoother motor operation and longer component lifespans, while lower THD is
indicative of greater motor efficiency.

1. Introduction

Permanent magnet synchronous motors (PMSMs) possess several notable advantages, including a high-power density, stable
output torque, robust starting torque, long lifespan, high power factor, low noise, and good speed regulation performance [1], which
can reduce the impact of torque fluctuations on the motor bearings and increase the service life of the entire machine system [2].
Consequently, PMSMs are the first choice in many applications, including complex systems like electric vehicles, flight control ap-
plications [3], precision machine tools, and industrial robots [4], as well as household tools such as home electric appliances, air
conditioners, building ventilation, pumps, and fans [2]. Due to their widespread across multiple fields [1], research into energy-saving
control technology for PMSMs holds significant commercial and societal value. In particular, PMSMs are projected to play a critical
role in the near future as the demand for electric vehicles grows. PMSMs are 15 % more efficient than induction motors (IM) due to
their high power density. Indeed, it is expected that more than 80 % of all electric vehicles will employ PMSMs in the near future [5].
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MOSFET

Nomenclature

Notations

Rg The stator resistance (in Q).

iq The d component of the current in the d-q frame (in A).

ig The g component of the current in the d-q frame (in A).

®d The d component stator flux in a two-phase rotating d-q coordinate system (in Wb).
g The q component stator flux in a two-phase rotating d-q coordinate system (in Wb).
o The flux linkage due to the rotor magnets linking the stator (in Wb).

W, The electrical angular speed of the rotor (in rad/s).

J The inertia constant (in kg.mz).

Tem The electromechanical torque (in N.m).

T, The resistive torque (in N.m).

f The friction coefficient (in N.m.s/rad).

Q The angular velocity of the motor (in rad/s).

D The number of pole pairs of the machine (dimensionless).

Sa, Sg, Sc¢ The a, b, and c switches in the converter arms.

S1, ...,Se The six switches of the converter.

Uap, Upc, Uca The compound voltages at the output of the three-phase inverter (in V).
Uan, Usn, Ucn The voltages with reference to the neutral point (in V).

Upc The DC voltage (in V).

s The stator flux (in Wb).

Vi The stator voltage vector (in V).

I The stator current (in A).

Pso The stator flux at the initial stator flux (in Wb).

L The stator inductance (in H).

0, The electrical rotor angle (in rad).

8 The load angle between ¢sand @, (in rad).

V1, ... V6 The sectors vectors.

N The zone number.

Iy The a component of the current in the «, § frame.

Ip The  component of the current in the a, p frame.

Crx The Boolean flux controller output.

Ag The hysteresis limitations of the flux (in Wb).

CTem The difference between the reference torque and its estimated value (in N.m).
hr The hysteresis bandwidth of the torque corrector (in N.m).

Cr The Boolean torque controller output.

lq) The qubit state.

|0) and |1) The two quantum eigenstates.

Ry The y-axis quantum rotation gate.
|g1g2)  Tensor product between the qubit states |g;) and |ga).
SO The cosine of the angle 6.

SO The sine of the angle 6.
Abbreviations

CNOT  Controlled NOT gate.

CCNOT Controlled CNOT gate.

DC Direct current.

CHB Cascaded H-bridge.

DFOC Direct field oriented control.

d-q Direct-quadrature,

DSIM Double star induction machine
DTC Direct torque control.

FC Flying capacitor.

FOC Field oriented control.

GTOs Gate turn-off thyristors.

HHL Harrow-Hassidim-Lloyd algorithm.
IGBTs Insulated Gate Bipolar Transistors.
IMs Induction Machines.

Metal-Oxide-Semiconductor Field-Effect Transistor.
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NPC Neutral Point Clamp.

PI Proportional Integral.

PMSM  Permanent Magnet Synchronous Motor.
PWM Pulse Width Modulation.

A% Voltage Vector.

QDTC Quantum Direct Torque Control.

SVM Space Vector Modulation.

THD Total Harmonic Distortion.

Vector control operation is preferred for motor drives due to its superior dynamic response. The most common vector control
methods include the field-oriented control (FOC) and direct torque control (DTC) methods, which are still widely used in the present
day [6].

The FOC method, proposed by Blaschke in 1971, is a rotor-field-oriented vector control method characterised by the independent
control of flux and torque by separating the stator currents of a three-phase induction motor into the flux and current components of
the motor. In contrast, the DTC method, proposed by Takahashi in 1986 [7], is a stator-field-oriented vector control method char-
acterised by the independent control of the actual flux and torque of the motor within the hysteresis band around the specified
reference flux and momentum. Both methods aim to control the torque and flux of the motor independently while being relatively
insensitive to parameter changes.

The traditional DTC method in PMSMs was proposed by Shriwastava et al. [8] and Zheng et al. [9] at the Nanjing University of
Aeronautics and Astronautics of China. DTC systems are generally superior to FOC methods due to their reduced dependence on
machine parameters and excellent dynamic torque response [10]. Perhaps most importantly, the position signal and the current
controllers used in vector control methods are not necessary for PMSM DTC drives. Instead, the voltage vector can be directly
controlled using a pre-design look-up table, and torque and flux control is based on the hysteresis comparators [9].

DTC is the dominant control strategy in highly dynamic applications [11]. El Ouanjli et al. [12] conducted a comparative study
between FOC and DTC strategies and demonstrated that DTC outperforms FOC in terms of torque and flux DSIM dynamics, as well as
implementation complexity. Similarly, Sadouni and Meroufel [13] compared the direct field-oriented control (DFOC) and DTC stra-
tegies for a double star induction machine (DSIM) and demonstrated that DTC outperformed DFOC in terms of dynamic flux control.
DTC also provides faster torque dynamics and is less sensitive to machine parameters.

Given the exceptional qualities and high-performance attributes of DTC, there has been a significant amount of research into
utilising this control technique in both PMSMs and induction machines (IMs). The major benefits of DTC-functioned motor drives are
their simplicity, reliability, and how they offer direct control over flux and torque. During DTC operation, the final voltage vector is
selected to minimise torque and flux ripples [14]. This is achieved by using the flux and torque error outputs of the hysteresis con-
trollers as well as the position of the flux vector to construct a switching table.

Several methods have been developed to improve DTC performance. One such method is DTC-SVM, which allows for the inde-
pendent control of flux and torque through two proportional integral (PI) controllers and generates the desired voltage using the space
vector modulation (SVM) technique [15]. Another approach to enhancing DTC is the deadbeat DTC technique. Unlike DTC-SVM,
deadbeat control replaces the PI controllers with an inverse machine model. This model is solved to determine the necessary inputs
(direct-quadrature d-q voltage) required to achieve the desired outputs (torque and stator flux) within a single pulse width modulation
(PWM) period. Another method of enhancing DTC performance is the use of multilevel inverters rather than the standard two-level
inverter. This scheme allows for a greater number of active voltage vectors that can be used to minimise the torque ripples [16].
There are several types of multilevel inverters used in DTC systems, including the three-level neutral point clamp (NPC), flying
capacitor (FC), cascaded H-bridge (CHB), and the dual inverter technique using open-end winding configurations [17].

Other attempts to improve the DTC strategy have been investigated, such as by combining the DTC with predictive control, where
the optimised switching state is selected to significantly minimize torque ripples [18]. To design a stable control function for the
adaptive control of stator resistance and load torque [19], the backstepping control is commonly applied to the DTC of PMSM systems;
this is occasionally combined with the adaptive control algorithm in some contributions [13]. Further improvements in motor torque
response can be achieved by using intelligent techniques such as genetic algorithms, fuzzy logic, artificial neural networks, and
neuro-fuzzy control algorithms [20].

Quantum computing is a new paradigm that offers exceptionally high computational performance compared to classic computers.
This technology has been successfully utilised in many engineering modelling and control applications [21]. Indeed, quantum
computing often outperforms classic control strategies in terms of computing time and resource efficiency [22-24]. For example, Zioui
et al. [25] proposed a quantum version of the sliding mode controller using qubit states, with one qubit state used to encode the
tracking error and another qubit state used to encode the time derivative of the error. The authors proposed a quantum circuit that
proved to be as efficient as the classic counterpart with less energy consumption and less disruption of the control signal and validated
their results using simulations with a DC motor as a test application. Quantum state domain equation and feedback control have also
been addressed by using either the Harrow-Hassidim-Lloyd (HHL) algorithm [26] or quantum spins to express the state derivatives,
while a hybrid quantum linearising-backstepping controller has also been implemented [27,28].

Saidat et al. [29] proposed a novel quantum version of the pulse-width modulation (PWM) algorithm implemented in a DC motor
drive. A breakthrough contribution, the authors proposed that a quantum comparator between two real numbers ranging from 0 to 100
% could be used in a wide range of engineering applications.
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This study proposes the concept of a quantum direct torque control (QDTC). To the best of our knowledge, this is the first time that a
quantum formulation of the DTC has been proposed. This work presents multiple contributions to the field, including the proposal of
an improved version of the real number comparator that considers values ranging from —100 % and +100 %. Based on the logical — i.
e., Boolean — formulation of the DTC algorithm, the proposed quantum formulation uses quantum gates to translate the classic DTC
into its quantum formulation. The investigation introduces a QDTC framework designed to enhance the control methodologies of
PMSMs and includes several key advancements.

First, we have developed and integrated a quantum comparator and a sign function within the QDTC scheme. This quantum-driven
approach enhances overall control mechanisms and leads to a reduction in switching frequency and torque order compared to classic
DTC techniques. Second, our research proposes a quantum version of classical logic gates — specifically the AND and OR gates —
utilising quantum circuits such as Toffoli and controlled NOT (CNOT) gates to create an efficient quantum formulation of the DTC
algorithm. Third, our QDTC methodology improves several critical performance metrics, including minimised torque demand, reduced
switching frequency, and lower total harmonic distortion, all of which contribute to improved motor efficiency, smoother operation,
and the extended lifetime of power components. These findings are supported by comprehensive MATLAB Simulink simulations,
demonstrating the superior performance of QDTC in comparison to classical DTC in dynamic motor control scenarios.

Our research represents an endeavour to apply quantum computing principles to motor control systems, laying the foundation for
future research into hybrid classical-quantum control methodologies and contributing to the evolution of quantum computing ap-
plications in electrical engineering. Finally, this study compares both classic and quantum control strategies in PMSM applications.

The rest of the manuscript is structured as follows. Section 2 describes the tools and methods used in this study, including the
techniques used to model the PMSM, the inverter, and DTC mechanisms. A detailed derivation of the quantum comparator and its
implementation in the proposed QTDC strategy is also presented in this section. Section 3 elaborates on the proposed method for
translating the classical DTC into its quantum counterpart, including the quantum logic-based control scheme. Section 4 presents and
discusses the results of the simulations and compares the QDTC performance against the classical DTC approach across key metrics
such as torque ripple, switching frequency, and total harmonic distortion. Section 5 concludes the study by summarising key findings,
discussing the advantages of the quantum-based approach, and suggesting directions for future research, particularly regarding
experimental validation and potential enhancements in quantum control procedures.

2. Tools and methods
2.1. PMSM and inverter modelling

2.1.1. The PMSM model
The PMSM model, in the synchronous d-q reference frame (see Fig. 1), and without consideration of core material saturation, eddy
current, and hysteresis losses, is given by the electrical Eqgs. 1 and 2 [5]:
d

.o d
Ug = Rsiq + % — Wepq

. do,
Uy = Rslq + ? + WePg

(€D

Phase b
% axis

Vp ip

Quadrature

axis R
@ S Direct

L7 axis (d)
’

¥ Phase ¢

Fig. 1. The equivalent schematics of a PMSM.
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@4 = Lala + @5
{ #q = Lyig @

R; stator resistance (Q),

ig, i the components of the current (A),

¢g and @4 the d and g component stator flux in a two-phase rotating d-q coordinate system (Wb), respectively,

@ flux linkage due to the rotor magnets linking the stator (Wb),

®, the electrical angular speed of the rotor (rad/s).

Mechanical Eqs. 3 and 4 [30], which are obtained by applying the second law of Newton for rotations, are as follows:

dQ
I =T~ T~ fQ 3
3 . ..
Ten = 5P (¢fiq + (La — Lq)idlg) (C)

J inertia constant (in kg.mz),

Tem electromechanical torque (in N.m),

T, resistive torque (in N.m),

f friction coefficient (in N.m.s/rad),

Q angular velocity of the motor (in rad/s),

p number of pole pairs of the machine (dimensionless).

2.1.2. The inverter model

The voltage inverter is a static converter composed of commutation cells that are similar to transistors or Gate turn-off thyristors
(GTOs) for high-power applications [13]. It enables the application of variable amplitude and frequency pulses to a machine system
connected to a conventional grid. Following this adjustment, a filtered voltage Upc is applied to the inverter, which serves as the
synchronous machine’s control centre and operates similarly to a power amplifier [17].

A three-phase inverter’s control is managed by a switch arm. Each arm comprises two separate switches that correspond to the
following Boolean states [5]:

SaB, ¢ = 1: The switch of the highest half arm is closed.

Sa,B, ¢ = 0: The switch of the highest half arm is opened.

Fig. 2 presents the schematics of a three-phase inverter feeding a synchronous machine.

For simplicity’s sake, the switching of the switches’ Boolean states is assumed to be instantaneous, the voltage drop across the
switches is neglected, and the three-phase load is assumed to be balanced, star-coupled with isolated neutral.

The compound voltages at the output of the three-phase inverter of Fig. 2 are given by the following relationships [31]:

Uag = Uso — Upo
Usc = Upo — Uco )
Uca = Uco — Uao

The three voltages Uao, Upo, and Ugo can be expressed with reference to the neutral point using the synchronous machine voltages

51\ 53\ 55\

Ue = AP B ¢

Fig. 2. Three-phase inverter with synchronous machine.
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UAN; UBN’ and UCN as follows [31]:

Uao = Uan + Uno
Upo = Upn + Uno (6)
Uco = Ucen + Uno

With the assumption that the load is balanced with isolated neutral, the sum Uy + Upy + Uy = 0 is valid. This implies that Uyo =
2(Uao + Uso + Uco), resulting in the following Eq. [31]:

2 1 1
Uan = ZUao — 5Uso — 5Uco

3 3 3
1 2 1
Uy = _§UAO + §UBO - cho )

1 1 2
Uco = *gUAo - §U30 + §UCO

Eq. 7 can also be expressed using the Boolean variables Sy, Sp, and S¢ that represent the state of the switches (i.e., open or closed),
similar to Eq. 4 [13].

U
UAN:TDC(zsA —Sp—S¢)
Upy = 22€ 8
BN*T(*SA-‘FZSB—SC) (8)

U,
Uco:%(—sA*SBJrZSc)

2.2. DTC control

DTC is determined by the instantaneous value of the voltage vector as well as the orientation of the stator flux. A three-phase
inverter generates eight instantaneous base voltage vectors of which two are zero. These vectors are selected from a switching
table depending on the flux and torque errors as well as the position of the stator flux vector. Unlike other techniques, DTC does not
require the rotor position to select the voltage vector; instead, it requires a stator-linked reference frame. This characteristic makes DTC
the best method for controlling alternating current machines without the usage of mechanical sensors [30,31]. Based on the mea-
surement of the direct voltage at the inverter’s input as well as the currents of the stator phases, the algorithm supplies the following
variables at each time step:

- The stator flux in the motor.
- The actual electromagnetic torque.
- The sector number.

The torque and flux control strategy is based on the following procedure [7]:

- The temporal domain is separated into intervals of limited duration.

- At each instant, the line currents and voltages per phase of the PMSM are monitored.

- The components of the stator flux vector are calculated.

- The electromagnetic torque of the PMSM is determined by the estimated stator flux and the measured line current.

- The operating sequence of the inverter is determined to control the flux and torque according to a logic that is provided by the
switching table [32].

To efficiently control torque in a synchronous machine, the flux must first be properly adjusted. In DTC control, it is the stator flux
that is adjusted because it has a faster dynamic response than the rotor flux. This is because the rotor time constant is greater than that
of the stator; consequently, variations in the rotor flux are negligible compared to that of the stator flux [32].

2.2.1. Behaviour of the stator flux and electromagnetic torque
Direct torque control is dependent on stator flux orientation. The expression of the stator flux in the reference frame linked to the
stator of the machine is obtained by the following Eq. [8,13]:

os(t) = /0 (Vs — Rt + ©

@s stator flux (Wb),
V stator voltage vector (V),
I stator current (A),
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@s0 stator flux at the initial stator flux (Wb).
In cases where a non-zero voltage vector is applied during a time interval [0, T,], the expression V; > Rl holds true. In such cases,
Eq. 4 can be rewritten as the following [33]:

(Ps(t) = (pS(O) + VT, (10)

Eq. 10 leads to the derivation of Eq. 11, which implies that the end of the stator flux vector, ¢,(t), moves on a straight line whose
direction is given by the applied voltage vector Vj, as illustrated by Fig. 3 [8,33].

A%(t) = @5 — (ps(o) = VT, amn

The flux (or radial) component affects the amplitude of ¢s, while the torque (or tangential) component affects its position.

By selecting an appropriate sequence of vectors Vs over control periods T,, and assuming that the period T, is very small compared
to the rotation period of the stator flux, it is possible to operate with a practically constant flux module ¢; whose head follows a circular
trajectory.

When the voltage vector Vs is non-zero, the time derivative % determines the direction and speed of the movement of ;.

If the term Rl is neglected, then V; = ‘%. In this case, the rotation speed of ¢ depends significantly on the choice of V;. It is
maximised when vector V; is perpendicular to the direction of ¢s and zero for a zero vector. It can also be negative.

Among the various forms used to describe synchronous machines, DTC techniques are usually implemented on models that use flux,
stator current, and rotation speed as state variables. These models are typically presented in the stator reference frame (o, p) and are
represented by the following system of Egs. [5,7]:

—_ - do

Vs = Rl + d(ﬂts (12)
@s = LI + qTf (13)
o5 = o]+ &

L stator inductance (in H),

@y rotor flux linkage (in Wb),

0, electrical rotor angle (in rad).

These Egs. demonstrate that the vector ¢, can be controlled using the vector v;. In other words, the rotor follows the rotation of ;.

The electromagnetic torque T, can be expressed using Eq. 14. Its variation can be computed using Eq. 15 assuming that variations
in stator flux amplitude are negligible [5,7].

3p .
Tom = 5 L—Sga:(pfsm& 14)
_ (P
ATen = L—(ps(/zfcosé AS (15)
'S

& load angle between @sand gy (in rad)
Eq. 15 shows that & must increase to increase the torque. Since the rotation of the rotor flux depends on the rotor speed, the stator

Wg AL — axis

A B —axis

@ (b)

Fig. 3. (a) Evolution of the stator flux and (b) operating sequences.
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flux must rotate faster than the rotor for & to increase. We can thus say that the torque is controlled by the speed of rotation of the flux,
which is, in turn, primarily controlled by the quadratic component of the voltage.

2.2.2. Estimation of stator flux and electromagnetic torque

Using the switches (S4,Sp,S¢) to select the vector v, allows for movement of the flux vector @, at a constant amplitude. The choice of
Vs is dependent on the intended variation for the stator flux module @, the direction of rotation of @, and the desired development for
the torque. To define the range of possible trajectories of @, in the reference frame (S), the latter can be decomposed into six zones
calculated from components of the flux in the (a, p) plane as shown in Fig. 4 [31].

For example, when the flux @; is positioned in the first zone, the flux and torque can be controlled by selecting one of the following
six voltage vectors [34]:

The selection of different voltage vectors results in different behaviours. Selecting v, leads to an increase in @; and Tep. If v3 is
chosen, @, decreases but T, increases. Selecting vs leads to a drop in @; and Tem. If Ve is chosen, @, grows but T,y drops. Finally, if vo and
vy are selected, the rotation of the flux @; is stopped, resulting in a decrease in torque, while vector @; remains unchanged.

However, the effect of the voltage vectors ¥; depends on the position of the flux vector within zone N. In zone N = 1, the vectors v,
and vs are perpendicular to the flux vector @;, meaning that although the change in torque is relatively rapid, the amplitude of the flux
does not change significantly. In contrast, vectors v¢ and v3 only contribute a very small torque component, but can cause substantial
flux fluctuations. The voltage vector V5 at the inverter’s output is calculated using the torque and stator flux deviations, as well as a
torque estimator [34].

The estimation of the stator flux can be accomplished using measurements from the stator voltage and current vector. The stator
flux can be expressed in Eq. 16 [6,10,11,15]:

t
Psa = /(Vx - Rsisa)dt
% (16)
0y = [ (2~ Ri,)de

0
The stator flux vector is calculated from its («, ) axis components as follows [9,17]:
(/}_s = QPsa +j'(/)s/} (17)

The Clarke transformation is used in conjunction with current measurements (isq, isp, isc) to calculate components iy, isp of the stator
current vector based on the following Egs. [35]:

Is :Isu +j'Is,/i (18)

I sa = isa

1 . (19)
Iy = —=(2ig +ixa)

V3

Consequently, the components vy, Vs can be obtained from the input voltage of the inverter Uy and the control states (Sa, Sp,S¢) as

Fig. 4. Selection of the voltage vector V; according to the operating zone.
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follows [35]:
1 1
Vsa = §UO (SA - i (SB - Sc)>
s 20)
3
Vsp = ?UO (Sg — Sc)

The module and the phase of the stator flux can be written as follows [6,10,13,15]:

|(ps‘ = V (/)sza + (pxzﬁ (21)

0, = arctgﬁ 22)

¢xﬁ

Finally, the electromagnetic torque can be estimated from the estimated fluxes and measured currents using Eq. 23 [13,15]:
3 . .
Tem = Ep (‘/’saIS/i - ‘/’s/}lsa) (23)

2.2.3. Flux and torque control strategies

The flux controller operates by trapping the flux vector in a circular ring as depicted in Fig. 5. The controller’s output, represented
by a Boolean variable Cpy, directly specifies whether the amplitude should be increased (Cax = 1) or decreased (Cpy = 0) to maintain
the desired difference between the flux and its reference g based on a specified limitation [32], as described in Eq. 24.

|(psref - (,05| S A€0 (24)

The controller law is such that [32]:

Cflx = 1if Ag, > Ap (25)
Cflx =01if Ap, < —Agp

The stator flux error is defined as the difference between the flux reference value and the estimated value [7].
(psref — Qs = A(ps (26)

By introducing the difference Ag;s in a two-level hysteresis comparator (see Fig. 4), the value Cay = +1 can be used to increase the
flux, while the value Cgy = 0 is used reduce the flux). This also allows for exceptional dynamic performance.

To perform torque correction, the torque error {ren, is defined as the difference between the reference torque Tenrerand its estimated
value Ten, as given in Eq. 27 [7,32]:

é‘Tem = Llemref — Tem- (27)
The purpose of the torque correction is to ensure that the torque remains within the admissible limits defined in Eq. 28 [7,32]:

Temref - Tem S hT (28)

b Crixe

- - »  Ps — Psref
—Ap +Ag

(b)

Fig. 5. (a) The selection of the corresponding voltage vectors and the (b) hysteresis flux controller.
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hr hysteresis bandwidth of the torque corrector.

Controllers can have two-level or three-level hysteresis designs. This study only considers two-level hysteresis controllers; these
controllers are the same as the flux controller presented in Fig. 5b.

The control table is constructed based on the variables Cgy, Cr, and zone Z, which specify the position of the stator flux vector ¢;.
Several switching tables can be employed to control the torque and stator flux [34]. Table 1 presents the control table for a two-level
hysteresis torque and flux controllers.

The table includes only active (non-zero) voltage vectors, which serve to control stator flux and electromagnetic torque. These
vectors either increase (Cp= 1) or decrease (Cpy = 0) the flux depending on the flux position. At the same time, the forward active
voltage vector increases torque (Cr= 1), while reverse vectors are used (Cr= 0) to decrease the torque when the output torque reaches
the desired value. The use of only active voltage vectors to control torque allows for rapid changes in torque (higher torque slope) and
increases switching frequency and torque ripple.

Fig. 6 illustrates the DTC technique for a synchronous machine. The performance of the DTC remains dependent on the careful
selection of hysteresis bandwidths for the flux comparators and torque.

2.3. Basics of quantum computing

Unlike classic computing, quantum computing uses quantum bits, or qubits, to represent information. The qubit, or qubit state, |q)
can be perceived as an infinite linear combination between the logic 0, denoted by |0), and the logic 1, denoted by |1). This can be
expressed as follows:

lg) = al0) + p[1) (29)

In the above equation, a and f are complex numbers that represent the projections of |g) on the eigenstates |0) and |1), respectively.
Eq. 29 can also be interpreted in terms of probabilities, such that |«| represents the probability that the state |q) is located at |0) and
|B| is the probability that the state |g) is located at |1).

In vector space, the eigenstates can be represented as two-dimensional vectors, where

0) = <(1)> and ’1) = (2) Therefore, a

given qubit state |q) can be expressed in the vector space as (;)

There are multiple quantum operators, called quantum gates, that can modify a qubit state; these can be represented as Hamil-
tonian matrices. The basic quantum operators that can be applied on a single qubit state are the Identity, X, Y, and Z gates, also known
as the Pauli matrices 6o, 6y, 6y, and o, respectively; these are defined in Egs. 30 to 33.

60:<(1) (1’> 30)
ax:((l’ é) 31)
gy:(‘i’ *Oi) (32)
az:((l) _01) (33)

Other single qubit quantum gates can be expressed as a linear combination of the Pauli gates. These include the Hadamard gate (Eq.
34) as well as the three basic rotation gates (Eqs. 35-37).

H:?(} })Z?(O’o‘kﬁ,& (34)

Ry (

o) — cosd  —isinf
~ \ —isind cosd

) = cost 6o — i sind o, (35)

Table 1
Control table for a two-level hysteresis torque controller.
zZ 1 2 3 4 5 6
Cax=1 Cr=1 Vo V3 Va4 Vs Ve V1
Cr=0 Ve V1 Vo V3 V4 Vs
Cax=0 Cr=1 V3 V4 Vs Ve Vi Vo
Cr=0 Vs Ve V1 Vo V3 V4
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Fig. 6. Diagram of the general structure of a direct torque control (DTC) scheme.

cosd —sinf .
R,(0) = (sinH cos6 ) = cosb 6o — i sind o, (36)

Table 2
The DTC logical table. X represents an undefined state.

Torque S1

%}
N
%}
w
(%)
|
(%)
<
(%)
By

= e e e e e e e e e e E 0O 0000000000000 0O
o R OO0 000000 FHMEKMEIEREIRBRERMKMHEOOOOOOOO
==, 00000 HFHFFHFOOOORFHHEHFEFOOOOHRHKFHKRROOOR©O
HFHFOOHRHOOHHOORHOORHOORHOORRFROORREROO
H O R OHOROHOROFROHOROHOROHOROROHRORO
KPP OOOHFR X NMXOOORHFKHENXMNMKRERFEFOOONXMNMKOORRH=HFHO
KR OOO R HHEH X NMORHEFFEFOONXXHFOOOHHNXNKERRRFEOORO
XX ORP PP OO KRR OOOR X NMXOORHFRFEFONMMPEOOORRH
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—io
R,(0) = (eo e%) = cosO oy — i sind o, (37

3. Proposed method
3.1. Converting the DTC controller to a classic logic-based scheme

Table 2 represents the conversion of the DTC switching table to a logical table where the inputs are the flux controller output Cgy,
the torque controller output, and the sector number in binary form (S1,S2, S3), while the outputs are the switching state of the inverter
(Sa Sk, Sc) and the X state is the undefined state.

Logical Eq. 38 is derived from Table 2.

Sa= G - S2.8 + Cr.5y + Cr.51.52.8 + Cr8,.5 + CuS1 2.8
Sp= Cr.S285+ CrS1.53+ Cr 5185 + Cue -S1.55 + Cie-52.55 (38)

Sc= Cr.S2 +CuS1.S3 + Cr.51.5:.83+ Cr . $1.5,.55+ Cqy - S1.53

3.2. Developing the quantum comparator

The proposed quantum comparator is based on the combination of a subtractor between two real numbers and a quantum sign
detector function.

3.2.1. The quantum subtractor

The quantum subtractor between two real numbers is based on the tensor product between two real qubit states |g;) = C01|0) +
591|1> and |q2> = C92|0> + Sez|1>.

The two qubit states |g1) and |g) are obtained following the application of a quantum rotation around the y-axis as follows:

lq1) = Ry(61)|0) (39)

g2) = Ry(62)|0) (40)
The tensor product between |q;) and |q2) describes the four coefficients of the eigenstates as follows:

The coefficient of |10), which can be obtained by measuring the |g1g2) system at |10), can be rewritten using the following trig-
onometric property:

$6,Co, :s(“’ﬂ>c(“ﬁ> :%(Sa—Sﬁ) (42)

2 2

where%z@l and‘%ﬂzaz and @ = 07 + 02 and f = 02 — 0;.
Therefore, the computation of the subtraction between two real numbers x and y, such as x = Sx and y = Sf, can be achieved
through the following steps:

Step 1. Compute a = Asin(x) and p = Asin(y).

%ﬁ and 0, as %2,

Step 2. Compute 0; as 5
Step 3. Initialise |g;) to |0) and |g2) to |0).
Step 4. Perform quantum rotations R,(6;) on |q1) and Ry(82) on |q2)-

Step 5. Measure the system at the state |10).

Only the computation of the coefficient should be performed on the state vector. This will provide half the subtraction result, which
would normally be multiplied by 2 through the introduction of a gain. However, the subtraction only needs to identify the sign of the
result to build a comparator. Therefore, there is no need to add a gain of 2, since the sign of a number is the same as the sign of its half.

Table 3
Truth table of the subtraction between two Boolean numbers.
a b s=a-b>b r (borrow)
0 0 0 0
0 1 1 1
1 0 1 0
1 1 0 0

12
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3.2.2. The quantum sign detector

The quantum sign detector is based on the concept of the borrow in Boolean subtraction, which is described in the truth table shown
in Table 3.

According to Table 3, the only state where r =1 is when a = 0 and b = 1. The logical expression of the borrow is r = a b. When the
borrow is 1, this implies that the subtraction is negative because a is less than b.

The quantum version of the logical expression of r can be performed using the quantum equivalent of the classic NOT gate, which is
the X gate, as well as the quantum equivalent of the classic AND gate, which is the CCNOT (or Toffoli) gate. Fig. 7 presents the design of
the quantum sign detector circuit.

3.3. Proposed quantum DTC

The quantum implementation of DTC uses the equivalent quantum circuits for the classic logic AND and logic OR based on the
Boolean logic for DTC schematics (see Eq. 38). As previously mentioned, the classic AND gate can be implemented using a Toffoli gate,
while the classic OR gate can be implemented using three qubit states. The first two qubit states as serve as two inputs, while the third
qubit is initialised to |0) for computation purposes. The OR gate can be implemented using a CNOT gate between the first and third
qubit states, followed by another CNOT gate between the second and third qubit states, before ending with a Toffoli gate. Fig. 8 depicts
the quantum implementation of the classic AND and OR logical gates.

4. Results and discussion
4.1. Simulation setup and results

The simulation was carried out using MATLAB Simulink R2023b. Fig. 9 illustrates the overall framework of the simulation pro-
gram, while Table 4 presents the parameters used.

The simulations were carried out at a nominal speed of 450 rad/s and a load of 2.8 Nm as the nominal torque applied at t = 0.05 s.

Figs. 10 and 11 present the simulated speed and torque using classic and quantum DTC approaches, respectively.

Figs. 12 and 13 present the simulated speed and torque errors for the classic and quantum DTC, respectively.

An additional analysis was performed for the total harmonic distortion (THD). The simulation results for both the current and THD
of the classic and quantum SVPWM systems are presented in Figs. 14 and 15, respectively.

4.2. Discussion

Fig. 10 compares the simulated speed of a motor controlled using classic and quantum direct torque control. An analysis of the
simulation results reveals that both control methods exhibited a rapid acceleration phase, reaching the target speed of 450 rad/s within
approximately 0.03 seconds. The immediate response has a highly dynamic arrangement that is typically associated with DTC
methods. Specifically, the reference speed is represented by a solid red line, while the speed responses of the classic and quantum
methods are shown using dashed and dotted lines, respectively. Upon reaching this nominal speed, both the classic and quantum DTC
methods maintain a speed of around 450 rad/s. The close alignment of the speed curves with the reference line for both control
methods highlights the accuracy and effectiveness of both DTC strategies in supporting the desired speed under nominal load con-
ditions. Following the application of the nominal load at 0.05 s, the system’s response was well-damped. The stability observed in the
speed response suggests that both control methods are capable of robust performances in terms of achieving and sustaining the target
speed with minimal overshoot and steady-state error. The simulation results indicate that both the classic and quantum DTC methods
can effectively control the motor speed, achieving near-instantaneous acceleration and stable operations at the target speed.

Upon analysing the torque response shown in Fig. 11, both control methods exhibit an initial torque output of around 3 Nm, closely
matching the reference torque represented by the solid red line. During the steady-state operation, the torque response for both classic
and quantum DTC (depicted by dashed and dotted lines), is closely aligned with the reference torque. A notable transient phenomenon
appears at around 0.03 seconds, where the torque drops sharply to nearly 0 Nm. This transient reaction is due to the speed reaching its
target value. However, both the classic and quantum DTC strategies handle this rapid transition effectively, demonstrating a sharp
drop and subsequent stabilisation around the 0 Nm mark.

When the nominal load is applied at 0.05 s, the torque of both classical and quantum DTC rapidly follows the reference values. The

1q1) X

1q2)
10) &— 4

Fig. 7. The quantum sign detector circuit.
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Fig. 8. The quantum versions of the (a) classic AND gate and (b) classic OR gate.
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Fig. 9. Simulation program: (a) the whole Simulink program, (b) the pulse generation section of the program.

change in the load conditions highlights the responsiveness and stability of the control methods.
An important characteristic of torque control performance is the ripple observed in the torque signal. Both methods produce some
degree of torque ripple around the nominal values. However, a detailed comparison reveals that the QDTC method exhibits slightly less

ripple compared to its classic counterpart, with ripple torque factors of 0.0392 and 0.0417, respectively. Reduced torque ripple is
advantageous to motor operations, as it results in smoother operation, reduced mechanical stress on the motor and drivetrain, and
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Table 4
The parameters used for the simulation.
Parameter Value (Unit)
Stator phase resistance R 1.6 (Q):
Armature inductance L; 0.006365 (H)
Flux linkage ¢y 0.1852 (Wb)
Inertia J 001854 (kg.m"2)
Viscous damping F 5.396e-6 (N.m.s)
Pole pairs p 2
Static friction Ty 0 (N.m)
Nominal Torque Temy 2.8 (Nm)
Nominal voltage Vpc 300 (V)
Nominal SpeedN 4250 (RPM)
500 T T T T .
400 + &
300 1
»
°
g
- 200 |
[0}
[0}
Q
w
100 - — ¥
= = Quantum
sussnsnsClassic
Reference
0 ]
-100 * g :
0 0.02 0.04 0.06 0.08 0.1
t(sec)
Fig. 10. Speed using classic and quantum DTC.
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&

1} 1
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Fig. 11. Torque using classic and quantum DTC.
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Fig. 12. Speed errors for classic and quantum DTC.
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Fig. 13. Torque errors for classic and quantum DTC.

potentially lower acoustic noise. Overall, this analysis of the torque response emphasises the effectiveness of both DTC methods in
achieving and maintaining the desired torque levels, even under rapid transient conditions. The QDTC method exhibits some potential
advantages in terms of its reduced torque ripple, which can enhance the motor system’s overall performance and longevity.

Fig. 12 compares the speed errors observed in the classic and quantum DTC strategies. The simulations were performed under the
same conditions: a nominal speed of 450 rad/s and a nominal load torque of 2.8 Nm. Both control techniques exhibited similar ac-
curacies in terms of speed regulation. Initially, there was a slight deviation in speed error as the motor accelerates towards the nominal
speed, though this error was minimal for both methods, indicating a smooth initial acceleration phase. At approximately 0.03 seconds,
the speed error peaks at approximately 1.3 rad/s for both control procedures, indicating a momentary overshoot in speed as the motor
adjusts. This is a typical transient response as the control algorithms react to sudden changes in load or torque demand. Following this
peak, the speed error quickly decreases and stabilises, demonstrating the effectiveness of both control approaches in correcting de-
viations in speed and maintaining accurate speed regulation. Another transient was observed at around 0.05 seconds when the speed
error briefly decreased in response to the application of the torque load. Once again, the control algorithms responded rapidly,
returning the speed error to near zero.

Overall, the steady-state speed error for both techniques remains close to zero, demonstrating a high accuracy of speed control. The
close overlap of the error curves for both techniques indicates that they exhibit comparable performances in terms of speed regulation
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Fig. 14. Spectral analysis of the (a) classic DTC and (b) QDTC.
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Fig. 15. Current wave for the (a) classic DTC and (b) QDTC.

under the specified simulation conditions. The analysis of speed error in this study highlights the robustness of DTC strategies in
handling dynamic load conditions and maintaining precise speed control. The QDTC method did not exhibit any significant deviations
in terms of speed error compared to the classic DTC method; this is particularly notable given the potential benefits of QDTC in other
areas, such as its reduced torque ripple and fewer commutations.

Fig. 13 provides several crucial insights into the implementation of the two control processes. Torque error is a crucial measure as it
indicates the deviation of the actual torque from the desired torque, which directly impacts the performance and efficiency of the
motor. During the simulation, the torque error for both control methods remained within a narrow band that fluctuated around zero,
indicating that both strategies preserved the desired torque with minimal deviation. Specifically, the error values oscillated within a
range of approximately +0.2 Nm, which corresponds to the hysteresis band, highlighting the precision of the control schemes in terms
of controlling torque. One notable observation was that the torque error exhibited high-frequency oscillatory behaviour; this is typical
of DTC methods due to the hysteresis controllers. Both control procedures exhibited similar patterns in torque error oscillations,
indicating that the QDTC method retains the fundamental characteristics of the classic DTC approach while providing benefits in other
areas.

In general, the analysis conducted in this study reveals that both strategies positively minimised torque errors, ensuring that the
motor drives were operating at close to the preferred torque value. Although high-frequency oscillations were present in both methods,
these are tightly constrained within a narrow band, demonstrating robust performance in torque regulation.

The QDTC method performed slightly better with regard to the THD (Fig. 14). Specifically, the QDTC method exhibited a THD of
18.57 % compared to its classic counterpart, which had a THD of 18.87 %. It should be noted that both the quantum and classic DTC
methods exhibit a fundamental frequency of 133.33 Hz and low-magnitude high harmonics (Fig. 5). This analysis shows that the QDTC
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method exhibits significantly lower magnitudes for the harmonics. Due to the high-frequency harmonics in both classic and quantum
DTC methods, the current waveform is relatively similar to a sine wave (Fig. 15).

The simulation results show that both classic and quantum DTC algorithms consume the same amount of energy for power
switches. However, there was a clear difference in the number of commutations required for the two methods; specifically, the
quantum DTC algorithm required 9.81 x 10* commutations, while the classic DTC algorithm required 1.035 x 10° commutations. The
variance in the number of commutations has important implications for the performance and longevity of the power components used
in motor control systems.

Commutations refer to the switching actions used by the inverter to alter the voltage vectors. Each commutation involves a
switching event in the power transistors, which generates heat and causes wear over time. Motor control applications generally use
standard power transistors, such as insulated gate bipolar transistors (IGBTs) or metal-oxide-semiconductor field-effect transistors
(MOSFETs); these transistors are known to generate heat and wear over time.

This study employs a three-phase inverter with commutation cells, such as transistors or gate turn-off thyristors (GTOs), for high-
power applications. These cells enable variable amplitude and frequency pulses to be applied to a machine over a conventional grid. A
lower number of commutations is typically preferred in these systems as it leads to reduced mechanical and thermal stress on the
switches, prolonging the lifespans of these components. A 5.2 % reduction in the number of commutations suggests that the QDTC
technique can significantly improve the durability of power components and potentially increase the reliability of motor control
applications. Fewer commutations translate to reduced switching losses, lower heat generation, and diminished mechanical fatigue, all
of which contribute to prolonging the service life of the switches and lower maintenance costs. This highlights the potential benefits of
the QDTC method with regard to the overall performance and sustainability of motor applications.

Overall, the QDTC approach has demonstrated significant potential in reducing torque surge, commutation frequency, and THD in
motor control systems. However, it is necessary to recognise the limitations of this study. These findings are exclusively based on
simulations, and there may be many challenges associated with the translation of quantum algorithms into physical hardware for real-
world applications. Current quantum computing technology faces issues such as noise, qubit decoherence, and limited gate fidelity,
which could impact the anticipated performance of QDTC in practical scenarios. Additionally, incorporating quantum algorithms into
real-time motor control systems may introduce computational complexity and latency, especially for high-speed processing applica-
tions. Furthermore, the evaluation of QDTC in the study is limited to a specific case of PMSM control and does not consider its per-
formance under diverse loads, speeds, and potential disruptions. Extending this approach to other motors or control systems should be
the subject of future research. Finally, integrating quantum computing into existing control systems requires a hybrid classical-
quantum approach, which is likely to encourage significant engineering and synchronisation challenges that must be addressed in
future studies.

5. Conclusion

This study proposed and evaluated a QDTC method for synchronous machines, highlighting its advantages over classical DTC
methods. The strategy leverages quantum computing principles to improve performance across a variety of metrics, including re-
ductions in torque ripple and switching frequency, resulting in more efficient and durable motor control systems. Specifically, the
QDTC method resulted in greatly reduced torque ripple, fewer commutations, and lower THD, outperforming its classical counterpart
in these important areas. Our results suggest that the proposed QDTC process has the potential to create more economical, dependable,
and long-lasting motor drives, particularly in applications that require accurate torque and speed control.

Future research should focus on the experimental validation of the QDTC technique under real-world conditions, optimising
quantum algorithms for specific motor control tasks, and developing hybrid classical-quantum control strategies that leverage the
strengths of both approaches. This includes expanding the scope of this study to other fields, such as control schemes for asynchronous
machines, fault detection, optimisation, and predictive maintenance. In particular, the QDTC method must be validated on physical
motor systems to assess its performance outside of theoretical simulations. Such validation experiments would help ascertain the
efficacy of QDTC in addressing real-world challenges in quantum computing, such as noise, qubit decoherence, and thermal stability.
Future research should also facilitate an evaluation of its effectiveness under diverse load conditions and operational scenarios.

Other examples of future research include attempts to reduce computational complexity and enhance real-time processing speeds
by refining the quantum gate sequences and reducing qubit requirements. These studies would help mitigate concerns related to
potential latency in high-speed applications. In addition, expanding the assessment of the proposed QDTC method beyond the specific
PMSM case described in this study would also enhance its applicability. Finally, a potential field for investigation involves the
development of hybrid classical-quantum control strategies. By incorporating the reliability and simplicity of classical DTC methods
with the computational benefits of quantum techniques, these hybrid models could offer a more scalable and adaptable solution,
especially in industrial applications where a complete transition to quantum computing may not be achievable.
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