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Abstract:   Electric vehicles have been a very attractive solution to resolve the atmospheric environmental pollution 

united by classical cars. The six-Phase Permanent-Magnet Synchronous Motor (PMSM) meets well EV the 

requirements, such as the high torque density and high fault tolerance. In the first stage of our study, we propose 

several techniques such as the IP controller as a linear control, intelligent control as a fuzzy logic control, nonlinear 

control such as the sliding mode control (SMC), and the integral action in SMC (ISMC). Besides the improved 

tracking performance with no chattering and robustness to a parametric deviation, the main SMC features, are also 

permissible operation states assuring an asymptotic stability of the closed-loop system. In the second stage, to check 

the control robustness and performance, a comparative study is made by using a dynamic model of a real EV 

evaluated with an NEDC driving cycle. The simulation results show that using SMC with an integral action ensures 

a better speed response, reduces the torque ripple and improves the durability compared to other controllers. 

 

Keywords: electric vehicle (EV); six-phase permanent-magnet synchronous motor (PMSM); IP controller; fuzzy 

logic control (FLC); sliding mode control (SMC); integral action in the sliding mode (ISMC).  

 

Zasnova robustnega nelinearnega krmilnika za šestfazni 

sinhroni motor s trajnimi magneti 

Ko gre za uporabo obnovljivih virov energije, so električna 

vozila (EV) ena izmed možnosti zmanjševanja onesnaženosti 

ozračja. Šestfazni sinhronski motor s trajnimi magneti (PMSM) 

dobro izpolnjuje zahteve EV, kot sta visoka gostota navora in 

visoka odpornost proti napakam. V prvem koraku predlagamo 

več tehnoloških korakov za boljšo zmogljivost in robustnost 

motorja. V drugem koraku smo z uporabo dinamičnega modela 

EV preverili robustnost in učinkovitost krmiljenja v okviru 

voznega cikla NEDC. Rezultati simulacije so potrdili boljšo 

odzivnost, manjšo valovitost navora in izboljšano vzdržljivost 

motorja. 

NOMENCLATURE 

Vds1Vqs1Vds2Vqs2 = stator voltage in the dq frame; 

ids1, ids2, iqs1, iqs2 = stator current components; 

φabc1, φabc2= stator flux components; 

φf = magnet flux components; 

Rs = per phase stators resistances; 

Ld1, Ld2 , Lq1, Lq2 = per phase stators leakages 
inductances in the dq frame; 

J = inertial moment; 

B = viscous friction coefficient ; 

ωe = stator pulsation; 

ωr = rotor angular speed; 

Tem = electromagnetic torque; 

TL = load torque; 

Pn = nominal power; 

ISMC = integral action sliding mode 

S = sliding mode surface; 

k = sliding mode gain; 

wi (i=1,2,3) = integral action in sliding mode gain; 

Lr = per phase rotor leakage inductances; 

Kt = mechanical constant coefficient; 

ωs = stator pulsation; 

NEDC = new european drive cycle; 

PVE  = electric vehicle power; 

FT    = total force applied on EV; 

VVE  = EV speed; 

MVE  = EV weight; 

1 INTRODUCTION 

Recently, the EV market has increased with various EV 

types and, is becoming more popular owing to its 

environmental advantages such as reduced air emissions, 

superior controllability and simplicity, and high 

efficiency. PMSMs are an attractive option meeting the 

EV needs, such as increased torque density, improved 

efficiency, maintenance-free, and small size [1,2]. 

Compared to traditional PMSMs, the six-phase PMSMs 

increase the power density and reduce the torque ripple 

moreover, the fault tolerance ensures the EV safety [3]. 
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EV is a system difficult to model due to its complex 

physical structure composed of numerous subsystems 

needing a very extensive kinematic and dynamic study. 

The EV behavior needs a strong and robust control 

technique for its non-linearity and other phenomena, such 

as unmeasured perturbation and parameter doubts [4]. 

During a wide speed range, the vector control offers a 

great EV dynamic performance and motor operation with 

an optimally stable torque. The main advantages of these 

controllers are simplicity of realization and ease of 

synthesis, they are erased on classical controllers, such as 

PIs and PIDs, is the main deficiency, is an inadequate 

robustness against perturbations and parameter 

uncertainty.  

Owing to their success the Fuzzy Logic (FLC) and 

Artificial Neural Network Intelligence (ANNC) 

controllers known as intelligent controllers, have been 

paid a great attention in the nonlinear systems control. 

This desired performance is achieved by appropriate FLC 

parameters. The choice of appropriate FLC parameters 

and their repartition in the world of static discourse 

includes painstaking empirical errors [8, 9].  

This has resulted in a major interest in a robust and 

capable controller for overcoming this problem. The non-

linear control techniques have been well researched due 

to their superior precision, durability and simple structure 

assuring robust, efficient and strong design and even 

complex nonlinear to control high-order dynamic 

systems. SMC has become widely used as a powerful 

technique [10,12].  However, its main disadvantage is the 

chattering phenomenon. To solve the issue, an integral 

action SMC has been proposed to maintain the 

advantages of the ordinary SMC by eliminating the 

chattering phenomenon for most systems [14]. improves 

the precision performance adding an integral term to the 

control stabilizes the system enabling ISMC to improve 

SMC.  

The focus of our work is on a six-phase PMSM drive 

used for EV. A mathematical model of the six-phase 

PMSM and field-oriented control and robust control are 

presented, such as the sliding mode and fuzzy logic 

control. An integral action in the sliding mode is 

developed and, its synthesis is made in six-phase PMSM. 

A vehicle dynamic model combined with a NEDC cycle 

is set up to show its suitability for EV applications.  

2  A SIX-PHASE PMSM MODEL 

The six-phase PMSM stator winding is shifted by thirty 

electrical degrees (see Fig.1).  it is fed by two three-phase 

voltage source inverters. A Park transformation matrix is 

used to control the six-phase PMSM by transferring the 

(abc-def) winding to a synchronous rotating coordinate 

system.  

 

Figure 1. Configuration of the asymmetric six-phase PMSM 

drive. 

 

In a three-phase system, the system of equations 

representing the machine is as follows: 

𝑉𝑎𝑏𝑐 =  𝑅𝑠𝑖𝑎𝑏𝑐1 +
𝑑

𝑑𝑡
(𝜑

𝑎𝑏𝑐1
)   

𝑉𝑎𝑏𝑐2 =  𝑅𝑠𝑖𝑎𝑏𝑐2 +
𝑑

𝑑𝑡
(𝜑

𝑎𝑏𝑐2
)                                (1)  

𝜑
𝑎𝑏𝑐1

= 𝐿𝑎𝑏𝑐1𝑖𝑎𝑏𝑐1 + 𝐿𝑎𝑏𝑐1𝑎𝑏𝑐2𝑖𝑎𝑏𝑐1𝑎𝑏𝑐2 + 𝜑
𝑓𝑎𝑏𝑐1

   

𝜑
𝑎𝑏𝑐2

= 𝐿𝑎𝑏𝑐2𝑖𝑎𝑏𝑐2 + 𝐿𝑎𝑏𝑐2𝑎𝑏𝑐1𝑖𝑎𝑏𝑐2𝑎𝑏𝑐1 + 𝜑
𝑓𝑎𝑏𝑐2

  

The model of the six-phase PMSM in the dq frame is  

as shows [1] and [7]: 

𝑑

𝑑𝑡
𝑖𝑑1 =

1

𝐿𝑑1
[−𝑅𝑠𝑖𝑑1 + 𝜔𝑒𝐿𝑞1𝑖𝑞1 + 𝑉𝑑1]  

𝑑

𝑑𝑡
𝑖𝑞1 =

1

𝐿𝑞1
[−𝑅𝑠𝑖𝑞1 − 𝜔𝑒(𝐿𝑑1𝑖𝑑1 + 𝜑𝑓) + 𝑉𝑞1]  

𝑑

𝑑𝑡
𝑖𝑑2 =

1

𝐿𝑑2
[−𝑅𝑠𝑖𝑑2 + 𝜔𝑒𝐿𝑞2𝑖𝑞2 + 𝑉𝑑2]      (2) 

𝑑

𝑑𝑡
𝑖𝑞2 =

1

𝐿𝑞2
[−𝑅𝑠𝑖𝑞2 − 𝜔𝑒(𝐿𝑑2𝑖𝑑2 + 𝜑𝑓) + 𝑉𝑞2]   

𝜔𝑒 =
𝑃

2
𝜔𝑟    

The developed electromagnetic torque can be written 

as: 

𝑇𝑒 =  
3

2

𝑃

2
([(𝐿𝑑1𝑖𝑑1 + 𝜑𝑓)𝑖𝑞1 + (𝐿𝑑1 − 𝐿𝑞1)𝑖𝑑1𝑖𝑞1] +

[(𝐿𝑑2𝑖𝑑2 + 𝜑𝑓)𝑖𝑞2 + (𝐿𝑑2 − 𝐿𝑞2)𝑖𝑑2𝑖𝑞2])                                                      

(3) 

The six-phase PMSM mechanical dynamic equation 

is: 

𝑇𝑒 = 𝐽
𝑑𝜔𝑟

𝑑𝑡
+ 𝐵𝜔𝑟 + 𝑇𝐿                              (4) 

2.1 FOC using the IP controller 

This control offers a separate control of the principal I 

and φ, variables for a simple model of the DC machine. 

The six-phase PMSM works on the basis of the vector 

control, 𝑖𝑑1 = 𝑖𝑑2 = 0 . Hence, the torque equation is 

written as:  

𝑇𝑒 =  𝐾𝑡(𝑖𝑞1+𝑖𝑞2 ) = 𝐾𝑡𝑖𝑞
∗                           (5) 

were 

𝐾𝑡 =  
3

2

𝑃

2
𝜑𝑓                                               (6) 
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In this control, the motor speed is controlled. The 

current controllers, using the PI controller, and the 

structure and synthesis of the IP and PI controller are 

given in [13,14].  

2.2 Sliding mode control (SMC) 

Compared to traditional vehicles, the EV adjustable 

speed is wider. The velocity is increased faster and it can 

be applied at high rotation states. EV therefore requires a 

motor at a great speed and torque [15]. 

To decrease chattering, the saturation function is used, 

to replace the discontinuous function, which determines 

the boundary band of the sliding surface, thus 

maintaining the system within the band and smoothing 

the control. The control law is given in [16, 17]: 

𝑈𝑛 =       

𝐾

𝜀𝑠
𝑆(𝑥)                   𝑆𝑖  |𝑆(𝑥)| <  𝜀𝑠

𝐾𝑠𝑖𝑔𝑛(𝑆(𝑥))        𝑆𝑖|𝑆(𝑥)| >  𝜀𝑠 
   (7)                 

2.3 Fuzzy logic control (FLC) 

FLC models the uncertainty in a single-user semantic 

concept, i.e the uncertainty within an individual. FLC has 

been successfully used in machine learning as well as in 

controllers. FLC has two linguistic input variables: the 

rotational velocity error (𝑒) and its variations (∆𝑒) and 

one the linguistic output variable, i.e the electromagnetic 

torque variation ∆𝑇𝑒𝑚. The T1FLC inputs equation are: 

𝑒(𝑘) = 𝐾𝑒(Ω𝑟𝑒𝑓(𝑘) − Ω𝐷𝑠𝑖𝑚(𝑘))                        (8) 

And its variation is: 

∆𝑒(𝑘) = 𝐾∆𝑒(𝑒(𝑘) − 𝑒(𝑘 − 1))                     (9) 
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Figure 2.  FLC Inference and membership functions, (a) table 

of inference rules, (b) The FLC membership functions of inputs 

and outputs. 

The five fuzzy sets are: NB: Negative Big; NS: Negative 

Small; EZ: Zero; PS: Positive Small; PB: Positive Big. 

Hence, 25 fuzzy rules were created. the sum-product 

inference algorithm is used to complete the fuzzy 

procedure. The defuzzification process employs the 

gravity center method. 

3  INTEGRAL ACTION SLIDING MODE 

CONTROL (ISMC) 

ISMC, consists of an ordinary sliding surface adding an 

integral term to the surface (Eq.10). it completely 

eliminates the phase, and removes the drawbacks of the 

conventional SMC method by increasing and improving 

the transient and steady-state accuracy. This is achieved 

by the system trajectories on the same sliding surface. 

[20,23]: 

 𝑆 = 𝑒 + 𝑤 ∫ 𝑒 𝑑𝑡                                                (10)                                                       

 The sliding speed and current surfaces are:  

𝑆(𝛺) = (𝛺 − 𝛺𝑟𝑒𝑓) + 𝑤1 ∫(𝛺 − 𝛺𝑟𝑒𝑓) 𝑑𝑡   

𝑆(𝑖𝑞) = (𝑖𝑞 − 𝑖𝑞𝑟𝑒𝑓) + 𝑤2 ∫(𝑖𝑞 − 𝑖𝑞𝑟𝑒𝑓) 𝑑𝑡      (11) 

𝑆(𝑖𝑑) = (𝑖𝑑 − 𝑖𝑑𝑟𝑒𝑓) + 𝑤3 ∫(𝑖𝑑 − 𝑖𝑑𝑟𝑒𝑓) 𝑑𝑡   

Where  𝑤1 𝑤2 𝑤3  Are Positive constant 

3.1 ISMC Synthesis for the six-phase PMSM 

In the model of the six-phase PMSM given in Eq.1, the 

ISMC design consists of five control loops, a velocity 

control loop, the two current control loops for id1 iq1 and 

two current control loops for id2 iq2. Since Ld=Lq and 

Rs is a constant value, the laws of id2 iq2 the same as 

those of id1 iq1. Hence, the ISMC synthesis becomes a 

3-loops and 2-loops design for id2 iq2.  

3.1.1 Speed control loop 

As shown in Eq.11, the speed control sliding surface is:  

 𝑆(𝛺) = (𝛺 − 𝛺𝑟𝑒𝑓) + 𝑤1 ∫(𝛺 − 𝛺𝑟𝑒𝑓) 𝑑𝑡       (12)                                        

 its derivative is: 

�̇�(𝛺) = (�̇� − 𝛺𝑟𝑒𝑓
̇ ) + 𝑤1(𝛺 − 𝛺𝑟𝑒𝑓)         (13) 

Using the mechanical equation and its derivative, we 

obtain: 

�̇� = −𝛺𝑟𝑒𝑓
̇ −

3

2
𝑃𝜑𝑓

𝐽
𝑖𝑞𝑟𝑒𝑓 +

𝑇𝐿

𝐽
+

𝐵

𝐽
 𝛺 + 𝑤1(𝛺 −

𝛺𝑟𝑒𝑓)                          (14) 

with:  𝑖𝑞𝑟𝑒𝑓 = 𝑖𝑞
𝑒𝑞

+ 𝑖𝑞
𝑛  

At a sliding mode�̇�(𝛺) = 0 and𝑖𝑞
𝑛 = 0 give: 

𝐼𝑞
𝑒𝑞

=
𝑗

3

2
𝑃𝛷

(
𝐵

𝐽
+

𝑇𝐿

𝐽
+ 𝛺𝑟𝑒𝑓

̇ − 𝑤1(𝛺 − 𝛺𝑟𝑒𝑓)(15)                                       

At a steady-state and convergence mode: 

𝐼𝑞
𝑛 = −𝐾𝛺𝑚  𝑠𝑖𝑔𝑛(𝑆(𝛺))                                  (16) 

where 𝑤1 and 𝐾𝛺𝑚 are a real positive. 

3.1.2 Current iq1 control loop 

The sliding surface for the current iq1 control is: 
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𝑆(𝑖𝑞) = (𝑖𝑞 − 𝑖𝑞𝑟𝑒𝑓) + 𝑤3 ∫(𝑖𝑞 − 𝑖𝑞𝑟𝑒𝑓) 𝑑𝑡      (17)               

Its derivative is: 

�̇�(𝑖𝑞) = (𝑖�̇� − 𝑖𝑞𝑟𝑒𝑓̇ ) + 𝑤1(𝑖𝑞 − 𝑖𝑞𝑟𝑒𝑓)              (18)                    

Using Eq.2 gives: 

�̇� = −
𝑅𝑠

𝐿𝑞1
𝑖𝑞1 − (𝐿𝑑1𝑖𝑑1 + 𝜑𝑓)

𝜔𝑟

𝐿𝑞1
+

1

𝐿𝑞1
𝑉𝑞1𝑟𝑒𝑓 −

𝑖𝑞1𝑟𝑒𝑓̇ + 𝑤2(𝑖𝑞1 − 𝑖𝑞1𝑟𝑒𝑓)          (19)                                            

and:  𝑉𝑞1𝑟𝑒𝑓 = 𝑉𝑞1
𝑒𝑞

+ 𝑉𝑞1
𝑛   

At the sliding mode �̇�(𝑖𝑞) = 0 and𝑉𝑞1
𝑛 = 0:  

𝑉𝑞1
𝑒𝑞

= 𝐿𝑞1[
𝑅𝑠

𝐿𝑞1
𝑖𝑑1 +

𝜔𝑟𝐿𝑑1

𝐿𝑞1
𝑖𝑑1 +

𝜔𝑟𝜑𝑓

𝐿𝑞1
+ 𝑖𝑞1𝑟𝑒𝑓̇ −

𝑤2(𝑖𝑑1 − 𝑖𝑑1𝑟𝑒𝑓)]                                                (20) 

At a steady-state and convergence mode: 

𝑉𝑞1
𝑛 = −𝐾𝑞1 𝑠𝑖𝑔𝑛 (𝑆(𝑖𝑞))                                   (21) 

where 𝑤2 and 𝐾𝑖𝑞1 is a real positive. 

3.1.3 Current id1 control loop 

The sliding surface for the current id1 control is: 

  𝑆(𝑖𝑑) = (𝑖𝑑 − 𝑖𝑑𝑟𝑒𝑓) + 𝑤2 ∫(𝑖𝑑 − 𝑖𝑑𝑟𝑒𝑓) 𝑑𝑡    (22)                               

and its derivative:  

�̇�(𝑖𝑑) = (𝑖�̇� − 𝑖𝑑𝑟𝑒𝑓̇ ) + 𝑤1(𝑖𝑑 − 𝑖𝑑𝑟𝑒𝑓)             (23)                                        

Using the first equation in Eq.2, we get: 

 �̇� = −
𝑅𝑠

𝐿𝑑1
𝑖𝑑1 +

𝜔𝑟𝐿𝑞1

𝐿𝑑1
𝑖𝑞1 +

1

𝐿𝑑1
𝑉𝑑1𝑒𝑞 − 𝑖𝑑1𝑟𝑒𝑓̇ +

𝑤2(𝑖𝑑1 − 𝑖𝑑1𝑟𝑒𝑓)                                                       (24) 

with  𝑉𝑑1𝑟𝑒𝑓 = 𝑉𝑑1
𝑒𝑞

+ 𝑉𝑑1
𝑛   

At the sliding mode �̇�(𝑖𝑑) = 0 and𝑖𝑑
𝑛 = 0: 

𝑉𝑑1
𝑒𝑞

= 𝐿𝑑1[
𝑅𝑠

𝐿𝑑1
𝑖𝑑1 −

𝜔𝑟𝐿𝑞1

𝐿𝑑1
𝑖𝑞1 + 𝑖𝑑1𝑟𝑒𝑓̇ − 𝑤2(𝑖𝑑1 −

𝑖𝑑1𝑟𝑒𝑓)]                                                                (25)                  

At the steady-state and convergence mode: 

  𝑉𝑑1
𝑛 = −𝐾𝑑1 𝑠𝑖𝑔𝑛(𝑆(𝑖𝑑))                                 (26) 

where 𝑤3 and 𝐾𝑖𝑑1 is a real positive. 

 

4  EV APPLICATION  

EV model is used to check the dynamic performance of 

the presented control. 

4.1 Dynamic EV model  

The used EV model of an urban type. Resistant forces 

oppose EV advancement. The forces effecting EV are 

shown in Fig. 3: 

The system of equations representing the EV dynamic 

model using the evaluation of the NEDC cycle is: 

PVE = FTVVE = (Froue + Fpente +  Faero +

Facc)VVE                                                                             (26) 

 

 

Figure 3. Forces effecting EV. 

 

PVE = (MVE. g. (C0 + C1). VVE
2 + MVE. g. sin α +

.5. ρ. Cx. VVE
2 + MVE. r.

dΩroue

dt
) VVE     

       (27)                                                        

Table .1 shows the EV parameters [24]. 

Table 1. EV characteristics. 

EV Parameter  Value 

EV weight  820 kg 

Force of  gravity 9.81 m/s2 

Wheel Radius  0.33 m 

Air Density  1.2 kg/m3 

Front surface(S)   2.75 

Air penetration coefficient (Cx) 0.3 

Rolling resistance coefficient in a 

dynamic state (C0) 

1.6e-6 

Rolling resistance coefficientin a 

Static State (C1) 

0.008 

Road slope (α) 2.5% 

 

The NEDC driving cycle is used to describe the route and 

to reproduce the real EV states [25].  

Fig 4. Shows a global EV ISMC synoptic diagram for 

PMSM. 

 

Figure 4. EV ISMC Global diagram for PMSM. 
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5 SIMULATION RESULTS 

Simulations performed MATLAB/Simulink confirm the 

advantages provided by the presented controller, table 2 

represents the motor characteristics  

Table 2. Six-phase PMSM parameters. 

Six-phase PMSM Parameters Values 

RS 1.9 Ω 

Ld 8.35e-4 H 

Lq 8.35e-4 H 

P 4 

J 0.015 KG.M2 

B 2.5 N.M.S/RD 

φ 0.353 Wb 

V dc 800 V 

Nominal power 12 KW 

Nominal speed 100 rad/s 

Nominal torque 120 N.m 

 

Table 3. The controllers gain values. 

Contr

ollers 

IP SMOOT

H 

FUZZY ISMC 

𝒊𝒅 𝑲𝒑=19 

𝑲𝒊 =4.3234e3 

𝑲𝒅=178 

𝜺𝒅=0.01 

 

// 

𝑲𝒅=178 

𝒘𝟑=0.01 

𝒊𝒒 𝑲𝒑=19 

𝑲𝒊 =4.3234e3 

𝑲𝒒=650 

𝜺𝒒=0.01 

 

// 

𝑲𝒒=178 

𝒘𝟐=0.01 

Speed 

Ω 

𝑲𝒑=10.8661 

𝑲𝒊 =2.0026e3 

𝑲𝒎=176 

𝜺𝒎=0.25 

𝑲𝒆=800 

∆𝑲𝒆=0.

05 

𝑲𝒎=178 

𝒘𝟏=0.01 

 

To assess the performance and robustness of the 

presented controllers, a comparison is made between 

their various type, such as the IP, SMC, FLC, SMC 

controller with an integral action. Table 3 shows their 

gain values. 

In as simulations, the reference speed is 50 rad/s and 

100 Rad/s at 0.5s. The load torques, is 30N.m and 

120N.m at 0.7s.  
The results show that the SMC is powerful robustness, 

and its performance is high compared to the IP control 

(see Figure 5). The SMC controller, outperforms the IP 

controller in terms of its dynamic performance, 

disturbance rejection resistance, and accuracy. Figure 6 

shows that both SMC with and integral action and FLC 

provide a high performance and robustness in term of the 

speed and torque. Besides SMC with the Integral action 

gives fewer peaks at a load variation. 

As seen from Table 4, all the controllers show a good 

performance. Nevertheless, ISMC outperforms the others 

in terms of its perturbation resistance, and response time. 

To check the effectiveness of the proposed controller, 

a comparison is made between IP, SMC, FLC and SMC 

with an integral action, and a dynamic model of a real EV 

evaluated by the NEDC driving cycle.  

 The results given in Figures 8 and 9 show that the six-

phase PMSM follows the quantities of the EV 

commands. As shown in Fig.9, in SMC there are a 

considerable error and ripple in the acceleration and 

deceleration phase which limit the dynamic performance. 

In SMC with an integral action there are small peaks in 

the acceleration and deceleration phase compared to 

SMC (see Fig.8) which may affect the vehicle. Figs .8,c 

and .9,c show that the power supplied by the electric 

drive follows well the power demanded by EV. In the 

acceleration and deceleration mode, the dynamic errors 

are small, and the losses with the integral action are fewer 

compared to when using the SMC controller.  

The EV traction chain is improved by the fast 

perturbation rejection and reduced torque ripple when 

using the ISMC controller, the THD results are given in 

Table ,5 and Fig 9. 

Table 4. Performance of the various controllers. 

Controller Response time 

at a reference speed 

Overshoot 

Pic (rad/s) 

Torque ripple Perturbation reject 

at nominal TL 

IP 0.021 s 0 5.81% 0.025 s 

FUZZY  7.6 ms 100.348   6.6 % 3.4 ms 

SMC 4.6 ms 100.183  5.8 % 0.2 ms 

ISMC 4.45 ms 100.5 5.9 % 0.46 ms 
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(a)                                                                                                            (b)                                

 
          (c)                  (d) 

Figure 5. PI and SMC simulation results for a six-phase PMSM, (a) Speed performance; (b) Torque response;  

(c) PI stator currents; (d) SMC stator currents.  

  
(a)                                                                                                     (b) 

  
                                    (c)                         (d)  

Figure 6. FLC and ISMC simulation results for a six-phase PMSM, (a) Speed performance; (b) Torque response; (c) PI stator 

currents; (d) SMC stator currents. 
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Figure 7. Speed values for various controllers at the same operating states. 

 

  
                                                     (a)                            (b) 

 
(c) 

Figure 8. Simulation results of application of the integral action in the SMC controller on EV, (a) Speed performance. (b) Torque 

response. (c) Power response. 
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                                                      (a)                                                                                               (b) 

  
(c) 

Figure 9. Simulation results of application of SMC on EV, (a) Speed performance. (b) Torque response. (c) Power response. 

 

Table 5. THD analysis results for the integral action 

sliding-mode control. 

 ISMC 

Torque 91.81% 

Quadrature current 91.84% 

 

Figure 10. FFT analysis of the electromagnetic torque for 

ISMC. 

6  CONCLUSION  

The paper proposes several non-linear controls to 

improve the performance and durability of the EV 

traction chain of a six-phase PMSM.  Besides 

improving the tracking performance with no 

chattering and robustness to parametric deviation, the 

proposed ISMC ensures an asymptotic stability of the 

closed-loop system during permissible operating 

states, and is easy to implemented.  

The experimental results show that the proposed 

controller outperforms other nonlinear controllers in 

terms of the chattering phenomenon issue, response, 

and robustness against external perturbation.  

    In our future work, the EV chain will be 

completed, an advanced battery will be used to ensure 

a long autonomy and a novel control algorithm of the 

DC-DC converter will be applied. Some control 

technique to improve the velocity and 

electromagnetic, and load torque will be further 

estimated by using a robust observer, such as the 

algebraic and sliding mode observer. The proposed 

controller will be implemented in a real system. 
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