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Abstract— It was recently presented that the Reluctance 

Synchronous Motor (RSM) is well suited for variable gear 

electric as well as for hybrid electric vehicles. This paper 

deeply investigates the capabilities of a Reluctance 

Synchronous Motor and proposes a multi parameter 

estimation scheme for Reluctance Synchronous Motor under 

variable-speed control. The proposed control evaluation 

model is fully efficient and has taken into account the 

estimation and compensation of voltage-source-inverter 

nonlinearity. The RSM will work under variable speed 

control, and the proposed estimation model is calculated 

using the recorded two sets of machine data corresponding 

to two sets of different rotor speeds. The proposed 

estimation model can be solved by using a conventional 

Quantum Genetic Algorithm. The drawback of adopting 

permanent magnets is the possible demagnetization of the 

magnets themselves. This can greatly limit the maximum 

overload capability of the motor, which is a salient 

requirement of a traction motor.  The salient requirement of 

a traction motor can greatly limit the maximum overload 

capability of the motor. The Reluctance Synchronous Motor 

improves its capabilities by avoiding the use of rare-earth 

permanent magnets. 
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I. INTRODUCTION 

Now a day’s most of the world’s large automotive 

companies are investing in hybrid electric and electric 

vehicles (EVs). The studies in [1]–[4] show that variable-

gear (VG) EVs operate more optimally on the drive cycle 

efficiency map than FG EVs. A VG EV drive train could 

thus result in an increased vehicle speed range. Another 

advantage of a drive train with a VG is the possibility of 

using a downsized motor [1]. The electric motors are key 

devices in an electric power train.  With FG EV drives, the 

power performance of the vehicle strongly depends on the 

constant power speed range of the motor; hence, another 

advantage of a VG drive train is that machines with limited 

constant power speed range can be considered as an 

alternative to permanent magnet (PM) machines. 

Among the various motor typologies, Reluctance 

Synchronous Machines (RSM) have been considered as an 

alternative for automotive applications owing to their unique 

merits such as fast dynamic response, short time overload 

capability, high torque and power density, high speed 

capability, wide speed range, high efficiency, mass saving 

and low cost. In this machine, the anisotropic structure of 

the rotor eliminates magnets, cage, and windings with their 

relative drawbacks. Therefore, higher efficiency and lower 

price may be achieved compared with an induction machine 

(IM) and a permanent-magnet synchronous machine 

(PMSM) at the same rating. In general, the major 

requirements such as high torque and power density, high 

torque at low speed and high power at high speed, wide 

speed range, fast dynamic response, low torque ripple, 

reliability, and robustness should be met by electric motors 

in power train applications [5], [6]. 

 
Fig. 1: Cross section of reluctance synchronous motor 

The reluctance synchronous motors (RSMs) have a 

good constant power speed range of performance under high 

Ld/Lq ratio and it have limited constant power speed range 

of performance with low Ld/Lq ratios is shown in [7]. The 

studies in [8] and [9] have shown that the efficiency of the 

RSM is compared with that of the induction machine (IM), 

within its rated speed range. The RSM is thus well suited for 

non-PM VG EV drives. A VG RSM EV drive train has the 

potential to be compact and cheap with a small motor. 

Recent investigations on high-speed operation of reluctance 

synchronous motors (RSMs) have been mostly focused on 

axially laminated anisotropic (ALA) rotor type [10]–[12] 

due to its higher saliency ratio [13], [14] and rigid structure. 

Position-sensorless control (PSC) at all operating points is 

an absolute requirement for EV drives, even if used as 

backup in conjunction with a low-resolution position sensor. 

Rotating high frequency (HF), alternating HF, and arbitrary 

injection methods are saliency-based PSC methods and are 

mainly used to estimate the electrical angle of salient pole 

machines at standstill and low speeds [15]. 

II. RELUCTACE SYNCHRONOUS MOTOR 

The reluctance synchronous motor has same structure as that 

of a salient pole synchronous motor except that it does not 

have a field winding on a rotor. The reluctance synchronous 

motor is completely free of magnets and their operational 

problems. It is inexpensive to make, and can operate at 

extremely high speeds and at higher temperatures than PM 

motors. The reluctance synchronous motor offers many of 
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the advantages of the switched reluctance motor but with the 

two added advantages that it can operate from essentially 

standard PWM ac inverters and has lower torque ripple. It 

can also be built with a standard induction-motor stator and 

winding. 

A. Constructional Features 

They have several useful properties, including:   

1) Magnet alignment torque and combined reluctance;   

2) field-weakening capability;   

3) under-excited operation for most load conditions;  

4) High inductance;  

5) High speed capability; and        

6) High temperature capability 

B. Mechanical Robustness of Rotor 

Proper operation at high speed is a major requirement of the 

traction motor; the TLA rotor unique geometrical structure 

in the Reluctance Synchronous Motor suggests that 

mechanical robustness is a challenge. Thus, prior to the final 

design, the effect of the magnetic and rotational forces on 

the rotor geometry, which are the source of fatigue and 

harmful deformation at critical points such as tangential and 

radial ribs, needs to be analyzed. At low speed, the high 

current demand for maximum torque makes the magnetic 

forces dominant. At high speed, the rotational force during 

the continuous mode of operation is a concern. 

 
Fig. 2: Rotor of the reluctance synchronous motor 

C. Principle of Operation 

The reluctance synchronous motor is similar to the 

traditional salient pole synchronous motor but does not have 

an excitation winding in its rotor. The rotor is constructed 

with the salient poles. The reluctance synchronous motor 

includes a squirrel cage on the rotor to provide the starting 

torque for line-start. To maintain synchronism under sudden 

load torques the squirrel cage is also needed as a damper 

winding. When 3 phase supply is given to the stator, a 

rotating flux is produced. Like an induction machine, EMF 

is induced in damper winding initially and the motor starts. 

As it approaches synchronous speed the reluctance torque 

takes over and the motor locks into synchronous speed. 

 
Fig. 3: Operation of reluctance synchronous motor 

III. MATHEMATICAL MODEL OF RELUCTANCE 

SYNCHRONOUS MOTOR 

A. D-Q Equation of Reluctance Synchronous Motor  

The excitation winding is absent in reluctance synchronous 

motor. The parks equation gives the basis for the d-q 

equation for a reluctance synchronous motor. 

 
Fig. 4: d-q equation of reluctance synchronous motor 

𝑉𝑑 = 𝑟𝑠𝑖𝑑𝑠 +
𝑑𝜆𝑑𝑠

𝑑𝑡
− 𝑊𝑟𝜆𝑞𝑠 (1) 

𝑉𝑞 = 𝑟𝑠𝑖𝑞𝑠 +
𝑑𝜆𝑞𝑠

𝑑𝑡
+ 𝑊𝑟𝜆𝑑𝑠 (2) 

We know that, 

𝜆𝑑𝑠 = 𝐿𝑙𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑑𝑖𝑑𝑠 = 𝐿𝑑𝑠𝑖𝑑𝑠 (3) 

𝜆𝑞𝑠 = 𝐿𝑙𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑞𝑖𝑞𝑠 = 𝐿𝑞𝑠𝑖𝑞𝑠 (4) 

Where,  

𝐿𝑙𝑠 - Stator leakage inductance 

𝐿𝑚𝑑 - Direct axis magnetizing inductance 

𝐿𝑚𝑞  - Quadrature axis magnetizing inductance 

𝑇𝑒 = (
3

2
) ∗ (

𝑃

2
) ∗ (𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠) (5) 

B. Steady State Equations 

 
Fig. 5: Phasor diagram 

𝑉𝑞𝑠 = 𝑉�̃�  cos 𝛿 (6) 

𝑉𝑑𝑠 = −𝑉�̃�  sin 𝛿 (7) 

C. Torque Expression 

𝑇𝑒 = (
3

2
) ∗ (

𝑃

2
) ∗ (𝐿𝑑𝑠 − 𝐿𝑞𝑠)𝐼𝑑𝑠𝐼𝑞𝑠 (8) 

We know that, 

𝐼𝑑𝑠 = 𝐼𝑠 cos ɛ (9) 

𝐼𝑞𝑠 = 𝐼𝑠 sin ɛ (10) 

By substituting the value of 𝐼𝑑𝑠 𝑎𝑛𝑑 𝐼𝑞𝑠, 

electromagnetic torque can be expressed in terms of stator 

current amplitude and MMF angle ɛ as 

𝑇𝑒 = (
3

2
) ∗ (

𝑃

2
) ∗ (𝐿𝑑𝑠 − 𝐿𝑞𝑠)𝐼𝑠

2 sin 2ɛ

2
 (11) 
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IV. QUANTUM GENETIC ALGORITHM 

In artificial intelligence, Genetic Algorithm (GA) and 

Quantum Genetic Algorithm, is a generic population-based 

optimization algorithm. This algorithm consists of a set of 

evolutionary operators. The process of parameter estimation 

by EA’s usually consists of three steps namely Initialization, 

Iterative evolution and Termination of calculation [16]–[28].  

1) During the initialization of EA, a group of solutions 

which are generated in the form of gene encoding, for 

cost functions will be randomly generated. It is 

designated as the gene pool of a population.  

2) The various evolutionary operators are used for 

processing all the solutions, by which the optimal or 

suboptimal solutions will be randomly worked out.  

3) If the global optimal is obtained or the algorithm has 

reached the maximum generation of evolution, the 

iterative evolution will be terminated.  

GA is one of the most popular EA’s and is widely 

employed in real applications. QGA is an improvement of 

GA and has superior performance in the preservation of 

good solutions and quantum binary encoding [29], of which 

every bit of gene is encoded in the form of Q-bit as shown in 

[29] 

 
Fig. 6: Test bench and schematic diagram of control system 

Algorithms 

Setup Of Probabilities 

Population Mutation 

(%) 

Crossover 

(%) 

Genetic 

Algorithm 
6 50 50 

Quantum 

Genetic 

Algorithm 

6 50 50 

Table 1: Operator setup and probabilities of GA and QGA 

In Table 1, the setup of probabilities of various 

evolutionary operators of GA and QGA is depicted. The 

conventional operators such as crossover operator, mutation 

operator, selection operator [30], and quantum rotation gate 

operator [29], are used in the following experimental 

investigations. 

The procedures of the employed conventional QGA are 

briefly introduced as follows. 

1) Initialization: It is a group of individual solutions which 

are randomly generated to form an initial population. 

2) Selection operator: To breed a new generation, a 

subpopulation is randomly selected during each 

successive generation by using conventional Roulette 

wheel selection method. 

3) Crossover operator: Gene information is interchange by 

probability is done by crossover genome operator. This 

operator has no new gene bit generates. 

4) Mutation operator: New gene bits will be generated by 

mutation probability. 

5) Quantum rotation gate operator: This operator makes 

the Q-bit genes converge to the fitter states. 

6) Termination: Once the termination condition is 

satisfied, the evolutionary process will terminate or else 

will repeat Steps 2)–5). 

V. EXPERIMENTAL RESULTS 

Irrespective of the influence of VSI nonlinearity, the 

parameter estimation of RSM by the minimization of the 

conventional cost function (3) is shown in Fig.7. It uses the 

measured data of constant torque/speed control at the steady 

state at steady state.   

 
Fig. 7: Estimation of RSM parameters by minimization of 

(3) under constant speed control (a) Fitness value of GA and 

QGA. (b) Estimated R. (c) Estimated Lq. 

Due to the rank-deficient issue, there are infinite 

suboptimal solutions around the optimal solution of cost 

function (3) which may cause a divergence. These issues are 

overcome by performing the estimation by using the cost 

function (3) that needs to be conducted under variable speed 

control. The parameter estimation of RSM by using data 

measured from variable speed control is shown in Fig. 6. It 

is obvious that the QGA can converge to the optimum after 

about 20 generations of evolution while the GA shows poor 

performance in convergence and is trapped in suboptimum. 

 
Fig. 8: Estimation of PMSM parameters by minimization of 

(3) under variable speed controls (a) Fitness value of GA 

and QGA. (b) Estimated R. (c) Estimated Lq. 

Fig. 4 shows the measured rotor speed, The RSM 

works at the steady state of constant torque/speed control 

before t=2.5s and will be switched to work under variable 

speed control after t=2.5 s. In order to simplify the analysis, 

the data which is measured is corresponding to constant 
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torque/speed control and variable speed controls at low and 

medium/high speed regions are designated as R0, R1, and 

R2, respectively. 

 
Fig. 9: Measured RSM Rotor speed under variable speed 

control. 

VI. CONCLUSION 

A method for the multiparameter estimation of RSM under 

variable speed control is proposed, which can estimate the 

winding resistance and rotor flux linkage and has taken into 

account the identifiability of estimated parameters and the 

influence of VSI nonlinearity simultaneously. The 

conventional QGA is employed to solve all needed 

parameters. It shows that the proposed method can estimate 

accurately, the parameters needed without the aid from 

nominal values of machine parameters. It was proven that 

the reluctance synchronous motor exhibits a high torque 

density, suitable for traction application. Thus, this method 

can be used for the condition monitoring of the stator and 

rotor. Furthermore, the proposed estimation model is a 

generic model which can be optimized by other EAs such as 

immune clonal and particle swam optimization algorithm. 

Therefore, the reluctance synchronous motor only can be 

chosen when a high overload capability is requested, as 

frequently happens for a traction motor. 
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