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Abstract 
The compact size, strong failure tolerance, low voltage, and great power output of the five-phase 
permanent magnet synchronous motor (FP-PMSM) are only a few of its benefits. However, its distinct 
x-y subspace produces greater current harmonics than the three-phase permanent magnet synchronous 
motor (TP-PMSM). As a result, five-phase systems cannot benefit from direct torque control (DTC). 
This study examines the DTC basic idea used for a five-phase motor using a traditional model 
prediction technique and suggests an enhanced model prediction methodology in order to reduce the 
current harmonics created in the x-y subspace. By streamlining the voltage vector and improving the 
target function, this technique lowers torque ripple and current harmonics. Simulation findings were 
used to confirm the theoretical analysis. 
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1. Introduction 
In contrast to the widely utilized TP-PMSM, FP-PMSM has distinctive features such as 
strong fault tolerance and excellent low-voltage power density in addition to the high 
efficiency and dependability of PMSMs. When the current per stage is constant, the system's 
overall power increases due to its various stages [1-2]. As a result, its qualities have been 
successfully applied in settings that call for little maintenance, challenging working 
circumstances, and low-voltage, high-power uses. In the marine, submarine, aerospace, and 
various other industries, for instance, it has become quite popular. In contrast to the widely 
utilized TP-PMSM, FP-PMSM has distinctive features such as strong fault tolerance and 
excellent low-voltage power density, in addition to the high efficiency and dependability of 
PMSMs [3]. When the current per stage is constant, the system's total power increases due to 
the cumulative effect of its various stages. As a result, its qualities have been successfully 
applied in settings that call for little maintenance, challenging working circumstances, and 
low-voltage, high-power uses. In the marine, submarine, aerospace, and other industries, for 
instance, it has become widely used. Three-phase systems have made extensive use of the 
DTC technique. DTC relies less on motor parameters and doesn't need complicated 
coordinate transformations, in contrast to vector control, which is also widely employed [4]. 
However, there are significant torque swings since the traditional DTC approach only 
chooses one voltage vector per control cycle. The existence of an x-y subspace causes 
harmonic currents to arise because the FP-PMSM architecture is different from the TP-
PMSM architecture. Consequently, a five-phase motor cannot be immediately equipped with 
the three-phase DTC algorithm. A steady switching frequency has been attained by studies [5] 
utilizing the FP-PMSM motor framework, which employs a two-level power inverter for 
drive and regulation. 
 
2. Materials and Methods 
2.1 Mathematical Model of Five-Phase Motor 
A five-phase PMSM with a non-sinusoidal back electromotive force needs to be controlled 
simultaneously in the fundamental plane and the third harmonic plane. As shown in Figure 1, 
the coordinate system from phase A to phase E is mapped to the fundamental and third 
harmonic coordinate systems. α1-β1 and α3-β3 are the stationary coordinate systems of the 
fundamental and third harmonic phases, respectively; d1-q1 and d3-q3 are the rotating 
coordinate systems of the fundamental and third harmonic phases, respectively; θr1,θr3 

represents the electrical angle by which the d-axis leads the α-axis in the fundamental and 
third harmonic coordinate systems, respectively, where θr3 = 3θr1, θr1 = θr, and θr is the 
rotor position angle. 
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Fig 1: Coordinate system definition 

 

When the motor is stationary, the voltage equations in the two-phase stationary coordinate system are as follows [6]: 

 

 
 

 
 

In the formula: L11=(Ld1+Lq1)/2; L21=(Ld1-Lq1)/2; L13=(Ld3+Lq3)/2; L23=(Ld3-Lq3)/2; uα1 and uβ1 are the voltages of 

the α1 and β1 axes, respectively; uα3 and uβ3 are the voltages of the α3 and β3 axes, respectively; αi1 and βi1 are the currents 

of the α1 and β1 axes, respectively; αi3 and βi3 are the currents of the α3 and β3 axes, respectively; Ld1 and Lq1 are the 

inductances of the d1 and q1 axes, respectively; Ld3 and Lq3 are the inductances of the d3 and q3 axes, respectively; R is the 

stator resistance. 

 

2.2 Inverter Output Voltage Vector 

The figure 2 switch states are Sa, Sb, Sc, Sd, and Se, where Sn=1 indicates that the upper arm switch (n=a, b, c, d, e) is on and 

S=0 shows that the bottom arm switch is on [2]. A spatial potential vector consisting of two zero vectors and thirty effective 

potential vectors corresponds to two total switch states, which constitute 32 switch combinations [7].  

 

 
 

Fig 2: Topology of a five-phase inverter 

 

The distribution of 32 different kinds of area potential vectors in the static location system of the α-β subspace and subspace [8] 

is depicted in Figure 3. 

 

 
 

Fig 3: vector diagram of the fundamental voltage 
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Direct Torque Control Algorithm for Five-Phase Drive Systems 

Traditional three-phase DTC algorithms select a suitable voltage vector from a pre-set offline switching table each control 

cycle based on the control quantity information output by the torque and flux linkage hysteresis comparators. This makes the 

motor flux linkage trajectory approximate a standard circle, thus continuously and rapidly changing the magnitude of the 

motor output torque [4]. This principle can also be extended to multi-phase motors. To avoid complex coordinate system 

rotation transformations, the DTC algorithm is mainly performed in a two-phase stationary coordinate system. The decoupled 

mathematical model of a five-phase PMSM in the α-β and z1-z2 coordinate systems, including voltage, flux linkage, and 

torque equations, is summarized in equations (1,2 and 3): 

 

           (1) 

 

           (2) 

  

           (3) 

 

The FCS-MPTC system for a five-phase PMSM 

The FCS-MPC algorithm is essentially a rolling time-domain optimization algorithm that re-optimizes the objective function 

at each sampling time. The FCS-MPC algorithm includes two types: FCS-MPCC and FCS-MPTC. This paper explains the 

working principles of both algorithms, derives the prediction models for applying them to a five-phase PMSM system, designs 

an objective function suitable for a five-phase PMSM, and finally designs an optimization scheme to address the system delay 

problem [9]. Implementing FCS-MPCC in a five-phase PMSM system is the foundation for implementing FCS-MPTC. The 

FCS-MPCC algorithm is relatively simple and easy to implement, only predicting the current, but its control philosophy is 

consistent with that of the FCS-MPCC algorithm. FCS-MPTC requires simultaneous prediction of torque and flux linkage. 

First, the stator voltage equation of the five-phase PMSM in dual rotating coordinates, as expressed in Equation 4, is expressed 

in stator current form: 

 

         (4) 

 

Equation 5 is discretized using the forward Euler approximation method, resulting in the discrete state equations shown in 

Equation 5: 

 

    (5) 

 

Where K represents the current sampling time, Ts is the system sampling period.  

Represent the stat current and voltage at the current sampling time, respectively;  and . 

 、  、and Represent the predicted value of the stator current at the next sampling time; 

 Is the electric angular velocity at the current sampling time? 

FCS-MPTC first predicts the torque and flux linkage at the current sampling moment using the basic space voltage vector. 

Then, it selects the optimal voltage vector to apply to the inverter based on the objective function minimization principle [10]. 

The five-phase PMSM equations are discretized, and the discrete state equations of the motor are obtained using the forward 

Euler approximation method, as shown in Equation 6: 
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          (6) 

 

Where  and  Represent the sampled current and voltage vectors of the current control cycle, respectively. 

 and Represent the predicted values of the sampled current, voltage vector, and flux linkage vector in the 

next control cycle, respectively, and they are described in a dual rotating coordinate system as follows: 

 

        (7) 

 

Where A, B, and C are coefficient matrices, defined for ease of representation: 

 

 
 

Then A, B, and C can be represented as: 

 

        (8) 

 

In summary, the designed FCS-MPTC control structure of the five-phase PMSM system driven by the PI controller based on a 

five-phase two-level inverter can be obtained, as shown in Figure 4. 

 

 
 

 
 

Fig 4: FCS-MPTC control block diagram of a five-phase PMSM 
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Results and Discussion 
To verify the performance of the designed five-phase PMSM FCS-MPTC control system, the corresponding module program 

was written using S-function programming. The control system depicted in Figure 4 was developed using the 

MATLAB/Simulink simulation platform, and subsequent simulation experiments were conducted. Simultaneously, the 

simulation results were compared with the DTC algorithm of the five-phase PMSM system . The electromagnetic torque 

setpoints in both the FCS-MPTC and DTC systems are obtained by PI controllers. The relevant parameters of the five-phase 

PMSM during the simulation are shown in Table 1. 

 
Table 1: Lists simulation parameters of the five-phase PMSM used for performance evaluation. 

 

Parameter Value Unit 

load torque 12 N.m 

Dc-link voltage 300 V 

P 3 - 

Rs 0.5 Ω 

Ld=Lq 12.4 mH 

J 0.02 𝑘𝑔.𝑚2 

PM flux 0.09 Wb 

 

As evidenced by the graphical representations provided in Figures 5 and 6, it is abundantly clear that the actual speed response 

of the system closely adheres to the predetermined reference speed across a spectrum of varying set values, which include 300, 

400, 600, 700, and 800 revolutions per minute (rpm). Specifically, Figures 5 and 6 serve to depict, in detail, the dynamic speed 

response characteristics of the two distinct control systems when subjected to a sudden load disturbance, thereby offering a 

comparative analysis of their respective performances under such conditions. To facilitate a rigorous and unbiased 

comparative evaluation, it was imperative to meticulously adjust the parameters of the (PI) controller, which consequently 

enabled the manipulation of the speed response curves of the (FCS-MPTC) structure, thereby achieving a state of equilibrium 

in the steady-state errors before the application of the load. This strategic approach aimed to ensure that the initial steady-state 

value was effectively harmonized, thus allowing for an accurate representation of the control systems' capabilities in 

maintaining desired operational stability. 

 

 
 

Fig 5: Speed curve of DTC control system 

 

 
 

Fig 6: Speed response curve of the speed control system based on FCS-MPTC. 
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Figure 7 illustrates the discrepancies in speed measurement that are characteristic of Direct Torque Control (DTC) 

methodology. The magnitude of the overshoot associated with the error is notably substantial, suggesting a significant 

deviation from the desired performance metrics. Specifically, at the temporal marker of 1.5 seconds, one can observe that the 

error exhibits an overshoot that peaks at a value of 200, indicating a considerable departure from the intended operational 

parameters; conversely, at the 3-second mark, this phenomenon is reversed, with the error demonstrating an overshoot that 

plummets to -200. This oscillatory behavior in the error signals has pertinent implications for the control strategy employed, 

necessitating a comprehensive analysis to mitigate such pronounced deviations in future implementations. Figure 8 shows the 

speed error in FCS-MPTC. The overshoot of the error is great. At 1.5 s, the error is seen to be overshoot 21, and at 3 s, the 

overshoot is -21. The results showed the effect of using (FCS-MPTC) on the speed error reduction. 

 

 
 

Fig 7: Error with DTC 

 

 
 

Fig 8: Error with FCS-MPTC 

 

Conclusion 

A multi-phase permanent magnet synchronous motor (PMSM)has the advantages of great power density, more control 

freedom, and good fault-tolerant performance compared with the traditional three-phase motor control system. At present, 

direct torque control (DTC) is the most widely used in the control field of multi-phase PMSM. However, the DTC algorithm 

has the disadvantages of large torque ripple and low equivalent switching frequency. Finite control set model predictive torque 

control (FCS-MPTC) can directly consider the constraints of the input and output of the controlled process to handle 

multivariable, highly coupled systems. It can significantly improve the shortcomings of the above DTC, and it has the 

characteristics of fast dynamic response and flexible control. 
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