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Fei Rong, Member IEEE, Changfan Zhang, Wu Liao 

Abstract—The permanent magnet synchronous motor 

(PMSM) has become a core component of 

electromechanical energy conversion in the modern 

industrial field. In order to expand the application of the 

PMSM in the field of high power traction, a robust 

predictive torque control (R-PTC) strategy for the N-

segment three-phase PMSM (N*3-phase PMSM) is 

proposed in this paper. Firstly, the output characteristics of 

the N*3-phase PMSM are illustrated with the finite element 

analysis method, and the mathematical model is established. 

Then, the six-segment three-phase PMSM predictive 

control system driven by six parallel inverters is designed 

to generate the required torque. Further, the influence of 

the parameter mismatch on the predicted torque and stator 

flux is taken into consideration based on the conventional 

predictive torque control (PTC). Finally, a novel R-PTC 

method with the proportional controller is developed for 

the N*3-phase PMSM, which can effectively improve 

accuracy and robustness of predictive control performance 

under parameters mismatch. Simulation and experimental 

results verify that, compared with the conventional PTC, 

the proposed R-PTC method can make the predicted stator 

flux and torque value accurately track its reference values 

while achieving lower stator flux and torque ripple. 

Index Terms — N-segment three-phase PMSM, multi-

phase, predictive torque control, high power traction, 

parameters mismatch. 

I. INTRODUCTION 

ERMANENT magnet synchronous motors (PMSMs) have 

become the key and core components of complex 

electromechanical systems, such as urban rail vehicles, ship 

propulsion, high-speed elevators, and wind power generation, 

due to its advantages of fast dynamic torque response, high 

overload capability and wide speed range [1-4]. Although 

three-phase PMSMs are quite common in various industrial 

fields, multi-phase PMSMs have unique advantages in special 

applications requiring of redundancy and high power [5,6]. 

Compared with traditional three-phase PMSMs, the multi-

phase PMSMs can provide higher torque and power density 

under the same voltage vector [7,8], especially suitable for high 

power traction applications. With the improvement of power 

level, the multi-phase PMSMs has become inevitable in the 

field of high power traction [9]. Compared with the 

conventional multi-phase PMSM, the proposed N*3-phase 

PMSM structure has extremely higher torque quality and lower 

cogging. Furthermore, the control strategy of N*3-phase 

PMSM is more simple because it can be driven by several 

independent three-phase voltage source inverter [9-11]. 

The efficient control strategy is an essential part of multi 

three-phase PMSM drives. The improvement of control 

strategy can greatly enhance the performance of the drive 

system and the whole application. In recent years, some 

methods have been investigated to control multi three-phase 

PMSM more effectively. In [9, 12, 13], a novel multi three-

phase PMSM was proposed for high power traction 

applications. Compared with the conventional multi-phase 

PMSM, the control algorithm is easy to implement, which is 

similar to the traditional three-phase PMSM control algorithm. 

In [14,15], a two-segment three-phase PMSM system powered 

by two inverters with phase-shift PWM has been developed, 

which can fulfill the requirement of high power and mitigation 

of torque ripple. In [16,17], a dual three level T-type neutral-

point clamped inverter fed dual PMSM topology was proposed 

for the high power automotive applications, which can reduce 

current stress and capacitors’ voltage deviation. In [12-17], the 

PI controller was adopted to control the multi three-phase 

PMSM, which can obtain the perfect steady state control 

performance. However, in practice, the multi three-phase 

PMSM is a time-varying control system with parameter 

variations, as well as uncertain disturbances. It is difficult for 

PI controller to obtain a satisfying dynamic control 

performance in the whole operating range of the time-varying 

system [18].  
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The quick dynamic response and torque smoothness are the 

important criterion that decides the performance of the multi 

three-phase PMSM system. Compared with classical PI control, 

the predictive torque control (PTC) has attracted extensive 

attention in the PMSM control due to its excellent dynamic and 

steady-state performance and less torque ripple [20-28]. The 

stator flux and torque error-based cost function is usually 

utilized in the PTC method, which can accurately predict the 

behavior of stator flux and torque. Thus, the weighting factor 

of cost function is the critical factor to determine the control 

performance between stator flux and torque. However, it is a 

very complex task to obtain the suitable weighting factor over 

the entire operating range of the motor [19]. In [20], a novel 

predictive stator flux and torque control techniques without 

weighting factor was developed, which can avoid the tuning of 

weighting factor calculation for a correct operation. In [21], an 

improved finite control set-model predictive control with an 

imposed optimized weighting factor was proposed, which can 

obtain less torque ripple in wide speed range. In [22, 23], a 

predictive control strategy using a discrete-time state space 

model was presented for PMSM, which can eliminate the 

requirement of weighting factors in the PTC method. Although 

these methods have been proved to be very effective in 

eliminating weighting factors of cost function, the influence of 

the parameter mismatch on the predicted torque and stator flux 

is not considered [20-23]. 

The parameters utilized in the predictive controller are not 

able to remain actual N*3-phase PMSM parameters values all 

the time due to the identification errors or the high temperature 

operation [24]. Model parameters mismatch deteriorates the 

control performance of PTC method and results in torque ripple 

increases if the parameter mismatch is not considered in 

modified controller design. The design of disturbance observer 

is the main approach to eliminate the parameters mismatch. In 

[25-27], a robust fault-tolerant predictive control strategy based 

on a composite discrete observer was developed for PMSMs, 

which can reduce the impact of motor parameter perturbation. 

In [28], a flux immunity robust predictive control with 

incremental model and extended state observer was presented 

for PMSM Drive, which can improve robustness against 

inductance mismatch and overcome rotor flux effects. In [29], 

a robust sensor less PTC method with the full order and reduced 

order observers was proposed, which can improve the 

robustness of the uncertain stator and rotor resistances. In [30], 

a novel encoder less finite control set PTC method with a robust 

adaptive observer was developed, which can achieve the strong 

robustness of the uncertain stator flux and rotor flux parameters. 

In [31], a disturbance observer-based PTC approach was 

investigated, which can improve the system disturbance 

rejection ability against the parameter uncertainties and time 

delays. Although the methods in [25-31] can achieve perfect 

control performance under parameters mismatch, the PTC 

method based on disturbance observer compensation relies 

heavily on the accurate measurement of voltage and current. 

Instead of adopting observer compensation, a modified PTC 

method with weighting factor was proposed in [32], which can 

reduce the torque ripple at the presence of parametric 

uncertainty by improving the prediction accurateness. In [33], 

an extension of the PTC method was proposed by using two-

degree-of-freedom control, which can make PMSM drive 

system more robust in the presence of parameter mismatch. 

However, only the case of inductance parameter mismatch was 

considered in [32, 33], and the flux linkage parameter mismatch 

will also seriously affect the performance of the PTC method. 

In this paper, a R-PTC techniques for the N*3-phase PMSM is 

proposed to enhance robustness against parameters mismatch 

and operate without the weighting factor of cost function. The 

proportional controller is used to replace the disturbance 

observer compensation in this paper to eliminate the influence 

of the inductance parameter mismatch and flux linkage 

parameter mismatch. Compare with the conventional PTC 

method, the R-PTC techniques with proportional controller can 

effectively eliminate the steady errors of the stator flux and 

obtain the lower torque ripple. Simulation and experimental 

results both validate the excellent performance of the R-PTC 

techniques.  

This paper is organized as follows. The mathematical model 

and drive system structure of N*3-phase PMSM is presented in 

section II. The parameter sensitivity analysis of conventional 

PTC method is analyzed in Section III. The R-PTC method of 

N*3-phase PMSM with parameters mismatch is proposed in 

Section IV. The simulations and experiments are setup in 

Section V and Section VI, respectively. Section VII concludes 

this paper.  

II. MATHEMATICAL MODEL AND DRIVE SYSTEM STRUCTURE 

OF N*3-PHASE PMSM  

Using the concept of unit motor, an N*3-phase PMSM is 

developed. The proposed N*3-phase PMSM consists of N 

motor units with repetitive characteristics. The stator core of 

N*3-phase PMSM is composed of unit motor stator punches, 

and each unit motor is independently connected. Therefore, the 

N*3-phase PMSM can be modularized and assembled with 

simple structure, and each unit motor has the isolation 

characteristics of electrical, magnetic and thermal. Taking 6*3-

phase PMSM as an example, the structure diagram of 6*3-

phase PMSM is shown in Fig. 1. The stator winding 

arrangement is an important part of the N*3-phase PMSM. The 

stator winding arrangement of the unit motor can be similar to 

that of the traditional three-phase PMSM. The star of slots for 

the 6*3-phase PMSM is shown in Fig. 2, with each phase 

sharing six identical slot vectors.  
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Fig. 1. Structure diagram of 6*3- phase PMSM. 



 

 

Fig. 2. Stator winding connection of 6*3- phase PMSM. 

A. Mathematical Model of N*3-phase PMSM 

According to the characteristics analysis of the N*3-phase 

PMSM, the mathematical model of the N*3-phase PMSM can 

be equivalent to that of the traditional three-phase PMSM. 

According to [9, 13], the voltage state-space equations of the 

N*3-phase PMSM can be expressed as the traditional voltage 

equations of the PMSM. Thus, the d- and q-axis voltage 

transformation of one winding set can be described as follows: 

2 2
cos cos( ) cos( )
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2 23
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where j stands for any unit of the motor, dju and qju represent 

the d-and q-axis voltages of the j th winding, respectively； aju ,

bju and cju represent the a, b-and c-axis voltages of the j th 

winding, respectively;  is the rotor position angle. 

The N*3-phase PMSM is composed of three-phase PMSM 

units with identical characteristics. Therefore, the stator 

resistance and stator inductance of each three-phase PMSM 

unit are equal. The d-and q-axis voltage equations of N*3-phase 

surface-mounted PMSM (N*3-phase SPMSM) unit are as 

follows [12-14]:  

1

1
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（2） 

where dji and qji are the d-and q-axis currents, respectively; oR

and oL are the stator resistance and stator inductance, 

respectively; e is the electrical rotor speed, ro is the flux 

linkage of permanent magnets.  

According to the characteristics of N*3-phase PMSM, it is 

known that the output electromagnetic torque of N*3-phase 

SPMSM is the sum of the electromagnetic torque produced by 

each three-phase SPMSM unit. The electromagnetic torque 

produced by the N*3-phase SPMSM is as follows [12, 13]:   

1

3 3
( )=

2 2
 


 

N
p p

e ro qj ro qj

j

n Nn
T i i         （3） 

The mechanical dynamic model of N*3-phase SPMSM can 

be described as follows: 


  e

e L
p

dJ
T T

n dt
            （4） 

where pn is the number of pole pairs; J is the moment of inertia;

eT and LT are the electromagnetic torque and load torque of the 

N*3-phase SPMSM, respectively. 

B. Drive system structure of N*3-phase PMSM 

Taking 6*3-phase PMSM as an example, the 6*3-phase 

PMSM is driven by six drive units to obtain required torque. 

The six-segment stator winding of 6*3-phase PMSM are 

respectively connected with six voltage source inverters (VSIs) 

in parallel, as shown in Fig. 3. Each group of stator windings is 

excited independently with three-phase symmetrical voltage 

generated by a VSI. The VSIs of 6*3-phase PMSM are 

electrically separated from each other. According to the 

characteristics of N*3-phase PMSM, the mathematical model 

and characteristic of each motor units is identical with a regular 

PMSM, and all the characteristics of each motor units are 

repetitive. In addition, the voltage-seconds characteristic of any 

two VSIs should be the same [14-16]. The control of a VSI can 

be analogous to that of a conventional inverter [12, 34]. 

In order to make the control algorithm simple and easy to 

implement, this paper uses a set of the PTC algorithm to send 

out six groups of the same modulation signals at the same time, 

as shown in Fig. 3. The six groups of the same modulation 

signals are input into six parallel inverters, respectively. 
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Fig. 3. Drive system structure diagram of 6*3-phase PMSM. 

III. PARAMETER SENSITIVITY ANALYSIS OF      

CONVENTIONAL PTC   

The purpose of PTC strategy is to control the torque and 

stator flux of motor. The structural diagram of the conventional 

PTC method is illustrated, as shown in Fig. 4.  

In order to minimize the absolute error between the predicted 

stator flux and torque values with its reference values, the cost 

function can be defined as follows [32]: 

( 1) ( 1)       ref ref
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( 1)eT k and ( 1) s k  are the predicted torque value and 

predicted flux linkage value, respectively. 
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Fig. 4. Structural diagram of the conventional PTC method. 

If the PTC sampling period sT is short enough, the discrete 

form of N*3-phase SPMSM can be modeled by the first-order 

Taylor expansion. According to (2) and (3), the torque and 

stator flux prediction equation of N*3-phase SPMSM can be 

expressed as   

2 2

1

( 1) ( 1) ( 1)
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The discrete form of Eq. (2) can be obtained as 
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               （7） 

where ( )dj k and ( )qj k are the d-and q-axis stator flux 

components, respectively.  

The PTC strategy is a discrete control algorithm based on the 

precise mathematical model of N*3-phase SPMSM. From (7), 

it can be found that the torque and stator flux prediction 

equation are absolutely dependent on the motor parameters (i.e.,

ro , oR and oL ), which means that these parameters mismatch 

would result in inaccurate prediction of N*3-phase SPMSM 

drive system. Furthermore, the motor parameters mismatch 

leads to increasing torque and flux ripples and deteriorates the 

performance of the PTC algorithm.  

In order to evaluate the sensitivity of the PTC algorithm 

response to a parameter, let us analyze the torque prediction 

model according to (7). Introducing = +oR R R , = +oL L L and

= +  r ro r , where oR , oL , andro are actual values and R ,

L , and  r are uncertain components of the corresponding 

parameter. The (7) is rewritten as follows when parameters 

mismatch are considered. 
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It should be noted that the value of stator resistance voltage 

is much smaller than the amplitude of the voltage source when 

the motor operates stably (e.g., , ,

+ 1
( ) ( )

+ +




 
o

dj qj dj qj
o o

R R
i k u k

L L L L
). 

Thus, the term ,

+
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+


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o
dj qj

o

R R
i k

L L
does not have any negative effect on 

torque and stator flux prediction. It can be inferred that the 

stator resistance parameter mismatch does not have any 

considerable effect on torque prediction as well as stator flux 

linkage prediction. However, the inductance parameter 

mismatch and flux linkage parameter mismatch will lead to 

non-optimal switching state and increase the prediction bias. 

Torque and stator flux ripple of the N*3-phase PMSM drive 

system will also increase if the model parameters mismatch are 

not considered in the design of the robust predictive controller. 

IV. R-PTC METHOD OF N*3-PHASE PMSM WITH 

PARAMETERS MISMATCH 

According to (2), the d-and q-axis voltage equations of N*3-

phase SPMSM under inductance parameter mismatch and flux 

linkage parameter mismatch can be expressed as follows: 
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      （10） 
where djf and qjf are the d-and q-axis uncertain disturbances 

caused by inductance parameter mismatch and flux linkage 

parameter mismatch, respectively. 

From (9), the d-and q-axis flux linkage equations of N*3-

phase SPMSM can be obtained as follows: 
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The discrete expression of (11) is 
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In feedback control system, the most effective means of 

eliminating static error is to add error feedback adjustment, so 

we consider adding predictive error feedback in flux linkage 

equations, (12) is modified to 
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In order to eliminate the influence of parameters mismatch, 

the torque prediction equation is modified to   

3

3 ( )
( ) + ( )

2


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e ro e
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Nn k
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L
    

（14） 

where ( ) eT k is the torque prediction error between the 

predicted value and reference value; ( ) dj k and ( ) qj k are 

the d-and q-axis flux linkage error between the predicted value 

and reference value,
 

respectively; 1Q , 2Q and 3Q are the 

proportional controller parameter.   

In steady state, the torque prediction error caused by 

parameter mismatch can be considered as a constant during one 

sampling period (i.e., ( 1) ( )   e eT k T k ). According to (14), 

we can get 
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Substituting (13) into (15), the relationship between torque 

and q-axis voltage can be obtained as     

( ) = ( )qj su k T G k

              

（16） 
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.From (13), the relationship between stator 

flux amplitude and voltage can be expressed as 
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From (17), we can get 

2
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1 2( )=[ ( ) ( ) ( ) ( ) ( )]      qj e s dj qjF k G k k k T k Q k ,

2 1( ) [ ( ) ( ) ( ) ( )]      dj e s qj djF k k k T k Q k . 

These values for ref
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e eT k T . Thus, 

the d-and q-axis voltage equations are modified to 
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According to the maximum torque per ample (MTPA), the 

relationship between stator flux reference and torque reference 

can be obtained as follows [22]:    

2 2 2 2( )
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ref
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s dj qj ro o

p
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Nn
   


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The structural diagram of the 6*3-phase PMSM drive system 

with R-PTC strategy is shown in Fig. 5. The proposed R-PTC 

strategy is used to substitute conventional PTC to enhance 

robustness against parameters mismatch and eliminate the 

weighting factor of cost function. The predicted value can 

accurately track the reference value when there is no parameter 

mismatch in predictive controller (i.e., 1 2 3= = =0Q Q Q ). When 

parameter mismatch occurs in predictive controller, the errors 



 

between predicted value and reference value can be eliminated 

by adjusting proportional parameters (i.e., 1Q , 2Q , 3Q ).  
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Fig. 5. Structural diagram of the 6*3-phase PMSM drive 

system with R-PTC strategy. 

V. SIMULATIONS 

In order to demonstrate the effectiveness of the proposed R-

PTC strategy, the proposed R-PTC method in one 6*3-phase 

SPMSM system are carried out in MATLAB/ Simulink. Some 

simulation results are performed in comparisons with 

conventional PTC. The main parameters of 6*3-phase SPMSM 

used in the simulation are given in Tables I. The weight factor 

of conventional PTC method is 5000. The proportion 

coefficient and integral coefficient in PI controller of speed 

control loop are 8000 and 0.5, respectively. In addition, the 

sampling frequency is 10 kHz; the proportional parameters of 

proposed R-PTC strategy are 1=1Q and 2 3= =50Q Q .  

Table I: MAIN PARAMETERS OF 6*3-PHASE SPMSM 

Parameters Value 
Stator phase resistance(Ro) 0.02Ω 

Number of pole pairs (np) 4 

Inductances(Lo) 3.572mH 

Flux linkage of PM (Ψro) 0.892Wb 

Rotational inertia (J) 100kg.m2 

A. Control Performance Comparison between Conventional 

PTC and Proposed R-PTC without Parameter Mismatch 

Comparative simulation results of conventional PTC and 

proposed R-PTC without parameter mismatch are depicted in 

Figs. 6-9. The load torque suddenly increases from 800 to 1600 

N.m at 1s, and it suddenly decreases to 800 N.m at 1.4s. The 

speed reference is set as 100rad/s at 0s. The simulation results 

of α-β stator flux linkage and three-dimensional rotor flux 

trajectories are shown in Figs. 6 and 7, respectively. The stator 

flux linkage ripples are respectively ±0.02Wb and ±0.04Wb for 

proposed R-PTC and the conventional PTC, as presented in 

Figs. 6(a) and 6(b). The error between the predicted α-β flux 
linkage value and its reference value is very small, which are 

shown clearly in Figs. 7(a) and 7(b). Figs. 8 depict the torque 

ripple with the two methods under normal conditions. The 

peak-to-peak torque ripple of proposed R-PTC and the 

conventional PTC are basically the same, both of which are 

about ±200N.m. Figs. 9 present the frequency spectra of the 

stator current ia at 1600N.m. The total harmonics distortion 

(THD) of stator current is 0.98% for the proposed R-PTC and 

2.53% for conventional PTC. Through the simulation results 

analysis, it can be known that both the conventional PTC and 

proposed R-PTC have good control performance in this case. 
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   (a) Conventional PTC      (b) Proposed R-PTC 

Fig.6. Simulation results of the α-β stator flux linkage.  
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(a) Conventional PTC    (b) Proposed R-PTC 

Fig.7. Simulation results of three-dimensional rotor flux 

trajectories.  
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(a) Conventional PTC   (b) Proposed R-PTC    

Fig.8. Simulation results of the phase current and torque.  
Time (s)

0 200 400 600 800 1000
0

0.5

1

1.5

2

Frequency (Hz)

Fundamental (16Hz) = 299.5 , THD= 2.53%

M
a
g

 (
%

 o
f 

F
u

n
d

a
m

e
n

ta
l)

1.1 1.15 1.2 1.25
-400

-200

0

200

400

Time (s)

FFT window: 3 of 32 cycles of selected signal

Fundamental (16Hz) = 299.5 , THD= 2.53%

 

Time (s)

0 200 400 600 800 1000
0

0.5

1

1.5

2

Frequency (Hz)

Fundamental (16Hz) = 297.7 , THD= 0.98%

M
a
g

 (
%

 o
f 

F
u

n
d

a
m

e
n

ta
l)

1.1 1.15 1.2 1.25
-400

-200

0

200

400

Time (s)

FFT window: 3 of 32 cycles of selected signal

Fundamental (16Hz) = 297.7 , THD= 0.98%

 
(a) Conventional PTC    (b) Proposed R-PTC 

Fig.9. The frequency spectra of stator current ia at 1600N.m. 



 

B. Control Performance Comparison between Conventional 

PTC and Proposed R-PTC under Flux Parameter Mismatch 
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(a) Conventional PTC   (b) Proposed R-PTC 

Fig.10. Simulation results of the α-β stator flux linkage. 
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(a) Conventional PTC   (b) Proposed R-PTC 

Fig.11. Simulation results of three-dimensional rotor flux 

trajectories.  
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(a) Conventional PTC   (b) Proposed R-PTC 

Fig.12. Simulation results of the phase current and torque.  
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(a) Conventional PTC       (b) Proposed R-PTC 

Fig.13.The frequency spectra of stator current ia at 1600N.m. 

Comparative simulation results of conventional PTC and 

proposed R-PTC under flux parameter mismatch are shown in 

Figs. 10-13. At 0s, the load torque and speed reference are set 

as 1600 N.m and 100rad/s, respectively. From Figs. 10(a) and 

11(a), it can be seen that there is a large static error between the 

predicted α-β stator flux value and the reference value, and the 
stator flux error is as high as ±0.43Wb. The stator flux error of 

the proposed R-PTC algorithm is only ±0.01Wb, which is 

significantly lower than that of the conventional PTC algorithm, 

as shown in Figs. 10(b) and 11(b). According to Figs. 10 and 

11, it can be known that the flux parameter mismatch has a 

great influence on stator flux prediction and control in the 

conventional PTC algorithm. Figs. 12 show the torque ripple 

with the two methods under flux parameter mismatch. As it is 

seen, the peak-to-peak torque ripple is about ±400N.m for 

conventional PTC algorithm, and it decreases to ±300N.m for 

the proposed R-PTC algorithm in this case. Furthermore, 

compared with the conventional PTC algorithm, the predicted 

torque of the proposed R-PTC algorithm can accurately track 

the reference value. The reason is that the proposed R-PTC 

algorithm can effectively eliminate the influence of flux 

parameter mismatch by adjusting proportional parameters. It is 

seen from Fig. 13 that the THD of the proposed R-PTC and 

conventional PTC are 1.19% and 2.09%, respectively. Note 

that the fundamental value of the proposed R-PTC is 299.5, 

while that of the conventional PTC is 762.6. The reason for this 

phenomenon is that the proposed R-PTC can maintain the 

fundamental value unchanged by adjusting the proportional 

parameters. However, the stator current of the conventional 

PTC method should be large enough to keep the torque constant 

under flux parameter mismatch.  

C. Control Performance Comparison between Conventional 

PTC and Proposed R-PTC under Inductance Parameter 

Mismatch ( = 50%  oL L ) 

Comparative simulation results of conventional PTC and 

proposed R-PTC under inductance parameter mismatch are 

shown in Figs. 14-17. At 0s, the load torque and speed reference 

step from 0 to 1600 N.m and 100 rad/s, respectively.  
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(a) Conventional PTC     (b) Proposed R-PTC 

Fig.14. Simulation results of the α-β stator flux linkage. 
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(a) Conventional PTC     (b) Proposed R-PTC  

Fig.15. Simulation results of three-dimensional rotor flux 

trajectories.  
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(a) Conventional PTC       (b) Proposed R-PTC 

Fig.16. Simulation results of the phase current and torque.  
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(a) Conventional PTC       (b) Proposed R-PTC 

Fig.17. The frequency spectra of stator current ia at 1600N.m. 

Figs. 14 and15 show the simulation results of α-β stator flux 
linkage and three-dimensional rotor flux trajectories under 

inductance parameter mismatch. From Figs. 14 and15, it can be 

seen that both the proposed R-PTC method and the 

conventional PTC method can accurately track the α-β stator 
flux linkage reference. However, the stator flux ripple of the 

conventional PTC method is as high as ±0.3Wb. The stator flux 

ripple has decreased to ±0.04Wb for the proposed R-PTC 

method, as shown in Figs. 14(a) and 14(b). The reason of the 

large stator flux ripple is that the inductance parameter 

mismatch will lead to the divergence of conventional PTC. Figs. 

16 and17 depict the torque ripple and stator current frequency 

spectra under inductance parameter mismatch. Compared to the 

conventional PTC, the peak-to-peak torque ripple of proposed 

R-PTC method decreases from ±700 to ±300N.m, with a 

reduction of 57.1%, as presented in Fig. 16(b). From Fig.17, the 

THD of the conventional PTC under inductance parameter 

mismatch is 22.70%, whereas it is decreased to 1.21% by using 

the proposed R-PTC method. The reason for the large torque 

ripple and THD is that conventional PTC method is sensitive to 

inductance parameters. While in the proposed R-PTC method, 

the stator flux ripple, torque ripple and THD are drastically 

decreased for the reason that it is able to against inductance 

parameter mismatch. 

D.  Control performance of the N*3-phase PMSM (N=3) 

under flux parameter mismatch.  
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(a) The α-β stator flux linkage   (b) The phase current and torque 

Fig.18. Simulation results of the 3*3-phase PMSM under flux 

parameter mismatch.  

The simulation results of the 3*3-phase PMSM under flux 

parameter mismatch are shown in Fig. 18. When the proposed 

R-PTC method is used to control the 3*3-phase PMSM, the α-

β stator flux linkage response value can also accurately track 

the reference value, and the tracking error is only 0.02Wb, as 

presented in Figs. 18(a). From Figs. 18(b), it is known that the 

torque ripple of the 3*3-phase PMSM is less than ±200N.m by 

using the proposed R-PTC method. Through the simulation 

results analysis, it can be found that the proposed R-PTC 

method is immune to the parameter N. This type of motor can 

achieve the excellent control performance by adopting the 

proposed R-PTC method. 

E.  Control performance of the N*3-phase PMSM under 

different proportion parameters mismatch ( = 30% oL L  )  

Simulation results of the N*3-phase PMSM under different 

proportion parameters mismatch are shown in Fig. 19. The 

same controller parameters (i.e., Q1=1, Q2=Q3=50) is used to 

control the N*3-phase PMSM with different proportion 

inductance parameter mismatch. From Fig. 19(a), it can be seen 

that the α-β stator flux linkage static error is essentially zero in 

the steady state. The torque response value can accurately track 

the reference value, and the peak-to-peak torque ripple is also 

±300N.m, which are shown clearly in Fig. 19(b). Through the 

results analysis, it can be known that the N*3-phase PMSM 

with different proportion parameter mismatch can also achieve 

excellent control performance by using the same controller 

parameters.  
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(a) The α-β stator flux linkage   (b) The phase current and torque 

Fig.19. Simulation results of the proposed R-PTC method 

under different proportion parameter mismatch.   

VI. EXPERIMENTAL VERIFICATION 

To demonstrate the effectiveness of the proposed R-PTC 

method, the control hardware-in-the-loop[26, 35] experiments 

of the 6*3-phase SPMSM drive system is carried out, as shown 

in Figs. 21-24. The RT-Lab hardware-in-the-loop simulation 

(HILS) platform is shown in Fig. 20. The RT-Lab HILS 

platform is composed of the OP5600 simulation motor, DSP 

controller, and 6*3-phase PMSM system model as software 

component. The HILS of 6*3-phase PMSM drive system can 

be simulated by establishing the compiled code of 6*3-phase 

PMSM and using the inverter model in OP5600. The proposed 

R-PTC method is performed on the platform of the 

TMS320F2812 processor. The system parameters are 

consistent with simulation parameters.  

RT LAB

DSP

 

Fig.20 hardware-in-the loop simulation platform. 



 

Fig. 21 shows a comparison of the proposed R-PTC and the 

conventional PTC without parameter mismatch. Similar to the 

simulation, the load torque is given a step reference in the 

steady-state process. Fig. 21(a) shows the experimental 

results of the phase current, torque and stator flux when the 

conventional PTC is adopted. The torque ripple and stator flux 

ripple are about 0.6 and 0.55 (p.u.), respectively. Fig. 21(b) 

shows the experimental results of the phase current, torque and 

stator flux with the proposed R-PTC. The torque ripple and 

stator flux ripple are about 0.55 and 0.5 (p.u.), respectively. It 

can be seen that the proposed R-PTC method has the same 

superiority as the conventional PTC method in this case. 
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  (b) Proposed R-PTC 

Fig.21. Experimental results of the phase current, torque and 

stator flux without parameter mismatch.  
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(b) Proposed R-PTC 

Fig.22. Experimental results of the phase current, torque and 

stator flux under flux parameter mismatch.   

Fig. 22 shows a comparison of the proposed R-PTC and the 

conventional PTC under flux parameter mismatch. From Fig. 

22(a), the torque ripple and stator flux ripple of conventional 

PTC are about 0.92 and 0.6 (p.u.), respectively. By comparing 

Fig. 22(a) and (b), the stator flux ripple of proposed R-PTC is 

basically unchanged, about 0.57 (p.u.). However, the torque 

ripple of proposed R-PTC is significantly reduced by up to 16%, 

from 0.92 to 0.77 (p.u.). According to the quantitative 

comparison, it is obvious that the torque ripple can be 

effectively suppressed by adopting the proposed R-PTC 

method. Note that the stator current of the conventional PTC 

method is obviously larger than that of the proposed R-PTC 

method. The reason is that the stator current is large enough to 

keep the torque constant in the absence of compensation link. 
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(b) Proposed R-PTC 

Fig.23. Experimental results of the phase current, torque and 

stator flux under inductance parameter mismatch. 

Fig. 23 shows a comparison of the proposed R-PTC and the 

conventional PTC under inductance parameter mismatch. From 

Fig. 23(a), it can be seen that inductance parameter mismatch 

have a huge influence on the control performance of the 

conventional PTC. Large ripples exist in the stator flux and 

torque when the predictive controller parameters do not match 

the actual motor parameters. Furthermore, the stator current 

will be distorted obviously. When the proposed R-PTC method 

is adopted, the torque ripple is significantly reduced by up to 

50%, from 1.40 to 0.70 (p.u.), and the stator flux ripple is 

significantly decreased by up to 75%, from 2.40 to 0.59 (p.u.), 

as shown in Fig. 23(b). From Fig. 23, it is known that proposed 

R-PTC method can obtain satisfactory control performance 

under inductance parameter mismatch, which verify the 

feasibility and superiority of the proposed methods compared 

with the conventional PTC method.   
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Fig.24. Experimental results of the N*3-phase PMSM (N=3) 

under flux parameter mismatch.  

Fig. 24 shows the experimental results of the 3*3-phase 

PMSM by using the proposed R-PTC. When the proposed R-

PTC method is used to control the 3*3-phase PMSM, the torque 

ripple and stator flux ripple of 3*3-phase PMSM with flux 

parameter mismatch are about 0.53 and 0.56 (p.u.), respectively. 

By comparing the experimental results of Fig. 24 and Fig. 22 

(b) show that the control performance of 3*3-phase PMSM is 

as good as that of 6*3-phase PMSM when the proposed R-PTC 

method is adopted. Through the experimental results analysis, 

it is known that the proposed R-PTC method is not affected by 

the number (N) of motor units.  

VII. CONCLUSION 

In this paper, a novel R-PTC technique of N-segment three-

phase PMSM drives is proposed for high power traction 

applications. The proposed R-PTC method for N-segment 

three-phase PMSM has been proved to give excellent control 

performance, effectively controlling both the electromagnetic 

torque and the stator flux. The stator flux and torque error-

based cost function is replaced by the motor model-based 

voltage vector equation in R-PTC to avoid the adjustment of 

weighting factor. Furthermore, the proposed R-PTC method 

utilizes the proportional controller to adjust the control voltage 

vector, so as to eliminate the influence of model parameter 

mismatch. Compared to the conventional PTC, the proposed R-

PTC method can significantly improve the predictive accuracy 

of the stator flux and torque, and decrease the tracking errors 

under parameters mismatch. The simulation and experimental 

results obtained demonstrate the effectiveness of the proposed 

R-PTC method, which can achieve the merits of lower stator 

current THD, less torque ripple and excellent dynamic 

performance under parameters mismatch. 
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