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Permanent magnet synchronous motors (PMSM) are highly preferred in electric 

vehicles due to their high efficiency, good torque-speed characteristics, simple 

structure and long life. In this paper, the simulation study of direct torque 

controlled PMSM for electric vehicles was performed in MATLAB by direct 

torque control (DTC) method using different speed control and speed estimation 

methods, because output parameters of DTC method such as torque and current, 

have high ripple, and this ripple should be reduced for electric vehicle. Due to the 

simple structure of the DTC and its low dependence on the system parameters, it 

is widely used in alternative current motors. When DTC is used in PMSM drive, 

it is known that although it has fast dynamic response when it is compared to other 

vector control methods, the ripple in the torque and flux increases. In this study, 

direct torque controlled PMSM is tried to be minimized by using different speed 

control methods and speed estimation methods. For this purpose, proportional-

integral (PI), fuzzy logic and sliding mode speed controller are used as speed 

controllers and their performances are compared. In addition, speed sensor less 

direct torque control of PMSM was performed by using sliding mode observer and 

model reference adaptive system (MRAS) observer. As a result of the simulation 

studies, it was found that sliding mode speed control method provides less ripples 

in the torque, better speed control and less energy consumption. Furthermore, as 

a speed observer, the sliding observer gives better results in speed estimation and 

provides less energy consumption. 
Keywords: electric vehicle, permanent magnet synchronous motor, direct torque control, fuzzy logic 

controller, sliding mode controller, sliding mode observer, model reference adaptive system 
 

1. Introduction 

Electric vehicles are very important when 

considering the environmental negative effects 

of internal combustion engines. In addition, the 

control of the motor used in electric vehicles is 

better than control of the internal combustion 

engine. Therefore, permanent magnet 

synchronous motor (PMSM) is widely used in 

electric vehicles [1]. The reasons for the 

widespread use of PMSM are its small size, high 

speed response, high efficiency, low inertia and 

maintenance-cost [2]. In addition, in recent 

years, the price of the materials such as magnet 

has decreased considerably [3]. High efficiency 

and cost are also important for electric vehicles 

because they directly affect electric motor and 

battery size and, vehicle cost. Furthermore, 

compared to other machines, vector control 
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methods are easier to apply to PMSM [4]. 

Permanent magnets that are embedded into the 

rotor of PMSM create a constant magnetic field 

in airgap. The three-phase windings in the stator 

are connected to an AC source to produce a 

rotating magnetic field. At synchronous speed, 

the rotor poles are locked into the rotating 

magnetic field and PMSM operation is 

performed [5]. 

Direct torque control (DTC) has been proposed 

as one of the most suitable methods for 

achieving high performance in PMSM and other 

alternating current motors in studies in the 

literature [6-8]. The advantages of DTC are 

simple structure, less parameter dependence and 

fast dynamic response etc. However, DTC has 

some disadvantages such as variable switching 

frequency, high ripple in torque and flux [9]. 

Ripple in torque causes vibrations in the motor. 

Therefore, most of the studies in the literature 

aimed to eliminate these disadvantages [10-12]. 

In the DTC method, the three-phase axis is 

transformed into 2-phase axis using Park 

transformation. With the conversion made, the 

PMSM can be similar with the DC motor in 

terms of structure and control scheme. One of 

the transformed phases is used for flux control 

and the other phase is used for torque control 

[13]. 

Although PI control is generally used for speed 

control of PMSM because of its simplicity, this 

control method has disadvantages such as high 

ripples, dependence on system parameters, 

robust less and etc. [14] For this reason, 

advanced speed control methods have been 

proposed which are less affected by system 

changes and give better results in speed control 

although they are more complex. In this study, 

fuzzy logic and sliding mode which are the most 

commonly used for speed control are used [15, 

16]. 

For speed and torque control of the PMSM, 

speed and position of motor must be determined 

by sensor. However, because of the high cost of 

sensors, speed control without sensors has come 

into prominence [17]. For this reason, different 

speed estimation methods have been proposed 

[18-20]. In this study, the most widely used 

sliding mode observer and model reference 

adaptive system (MRAS) were used. 

In this study, direct torque control of PMSM 

was performed in MATLAB by using different 

speed control methods and speed estimation 

methods. For this purpose, PI, fuzzy logic and 

sliding mode controller were used as speed 

controllers. In addition, direct torque control of 

the PMSM without speed sensor was performed 

by using sliding mode and MRAS observer. As 

a result of the simulation studies, current, speed 

and torque curves of the PMSM were obtained 

and speed control and estimation methods were 

compared each other separately. 

2. Direct Torque Control of PMSM 

2.1. Mathematical model 

The mathematical model of the PMSM, 

according to the rotor reference system, is given 

below [21]. 

𝑑𝑖𝑑

𝑑𝑡
= −

𝑅

𝐿𝑑
𝑖𝑑 +

𝜔𝑟𝐿𝑞𝑖𝑞

𝐿𝑑
+

𝑉𝑑

𝐿𝑑
   (1) 

𝑑𝑖𝑞

𝑑𝑡
= −

𝑅

𝐿𝑞
𝑖𝑞 −

𝜔𝑟𝐿𝑑𝑖𝑑

𝐿𝑞
−

𝜓𝑚

𝐿𝑞
+

𝑉𝑞

𝐿𝑞
  (2) 

𝜓𝑑 = 𝐿𝑑𝐼𝑑 + 𝜓𝑚    (3) 

𝜓𝑞 = 𝐿𝑞𝐼𝑞     (4) 

𝑇𝑒 =
3𝑝

2
(𝜓𝑚𝐼𝑞 + (𝐿𝑑−𝐿𝑞)𝐼𝑑𝐼𝑞)  (5) 

𝜔𝑟 =
1

𝐵
(𝐽

𝑑𝜔𝑟

𝑑𝑡
− 𝑇𝑒 + 𝑇𝑦)   (6) 

In the equations given above, 𝑉𝑑 and 𝑉𝑞 are d and 

q components of stator voltage, 𝐼𝑑 and  𝐼𝑞 are d and 

q components of stator current, 𝜓𝑑 and 𝜓𝑞 are d 

and q components of stator flux, 𝜓𝑚 is flux value 

of permanent magnet, 𝑇𝑒 is induced torque,  𝑇𝑦 is 

load torque and 𝜔𝑟 is rotor mechanical speed. 

2.2. Direct torque control 

The conventional DTC model is shown in 

Figure 1. In this method, the current and voltage 

of the PMSM are measured. Using the measured 

values, the flux, torque and sector of the motor 

are calculated. The flux error obtained using the 

difference between the estimated and the 

reference flux is input of two-level hysteresis 

controller. Similarly, the torque error obtained 

using the difference between the estimated and 

the reference torque is passed through the 3-

level hysteresis controller. By using the sector 

estimated by the signals obtained from 

hysteresis control units, the necessary switching 

signals are generated to apply the inverter of the 

motor. 

The hysteresis curves used for 2-level flux and 

3-level torque hysteresis control are given in 

Figure 2.a and 2.b. 
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Figure 1. DTC block diagram for EV Applications 

 
Figure 2. a) Flux 2-level hysteresis curve b) Torque 3-level hysteresis curve 

Table 1 can be used to determine the sector with 

the help of d and q components of the predicted 

flux of the motor. However, d and q components 

of the predicted flux are not sufficient to decide 

the sector. Therefore, in addition to these two 

criteria, another criterion is added to Table 1. 

Table 1. Estimation of sector in DTC of PMSM 

Table 2. Switching signals 

  θ (1) θ (2) θ (3) θ (4) Θ (5) θ (6) 

Ψ=1 

τ=1 𝑉6 𝑉2 𝑉3 𝑉1 𝑉5 𝑉4 

τ=0 𝑉7 𝑉0 𝑉7 𝑉0 𝑉7 𝑉0 

τ=-1 𝑉5 𝑉4 𝑉6 𝑉2 𝑉3 𝑉1 

Ψ=0 

τ=1 𝑉2 𝑉3 𝑉1 𝑉5 𝑉4 𝑉6 

τ=0 𝑉0 𝑉7 𝑉0 𝑉7 𝑉0 𝑉7 

τ=-1 𝑉1 𝑉5 𝑉4 𝑉6 𝑉2 𝑉3 

The τ signal which is obtained from the flux 

hysteresis control unit, the ψ signal which is 

obtained from the torque hysteresis control unit 

and obtained sector information are used to 

obtain the switching signal to be applied to the 

inverter. Table 2 can be used to obtain the 

switching signal [22]. According to Ψ, τ and 

sector, all switching signals given in Table 2 are 

shown in Figure 3. 

 
Figure 3. Switching vectors 

2.3. Speed control methods 

In this study, the mathematical models of PI, 

fuzzy logic and sliding mode controller used as 

speed controller when direct torque control of 

PMSM is performed are given. 

The reference torque obtained for PI speed 

controller is given below. 

𝑇𝑟𝑒𝑓 = 𝐾𝑝(𝜔𝑟𝑒𝑓 − 𝜔𝑟) + 𝐾𝐼 ∫(𝜔𝑟𝑒𝑓 −

              𝜔𝑟)𝑑𝑡                                                       (7) 

2.3.1. Fuzzy controller 

Fuzzy logic controller is a theorem based on a 

set of fuzzy rules [23]. In this method, input and 

output variables must be determined carefully. 

In this study, speed error e (𝜔𝑟𝑒𝑓 − 𝜔𝑟) and 

change in speed error de are determined as input, 

and output is determined as the change of PI 

controller constants (𝛥𝐾𝑝 and 𝛥𝐾𝐼). 

Membership functions of input and output 

parameters are given below. 

Rule table for 𝛥𝐾𝑝 and 𝛥𝐾𝐼, which will be 

Sector θ(1) θ(2) θ(3) θ(4) θ(5) θ(6) 

Sign of 𝜓𝑑 + + - - - + 

Sign of 𝜓𝑞  +/- + + +/- - - 

Sign of 

√3|𝜓𝑞| −

|𝜓𝑞| 

- + + - + + 
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determined according to the membership 

functions given in Figure 4, is given in Table 3 

and 4. 

 

 

 
Figure 4. a. Membership function of speed error b. 

Membership function of change in speed error c. 

Membership function of output 

Table 3. Rule table for 𝛥𝐾𝑝 

   e 

de 
 

NL NM NS Z PS PM PL 

N L M S M S M L 

Z L M L Z L M L 

P L M L Z L M L 

Table 4. Rule table for 𝛥𝐾𝐼 
   e 

de 
 

NL NM NS Z PS PM PL 

N Z K M L M K Z 

Z Z K M L M K Z 

P Z M L L L M Z 

The new 𝛥𝐾𝑝 and 𝛥𝐾𝐼 values obtained at the 

output of the fuzzy logic controller are given 

below. 

𝐾𝑝(𝑘) = 𝐾𝑝(𝑘 − 1) + 𝛥𝐾𝑝   (8) 

𝐾𝐼(𝑘) = 𝐾𝐼(𝑘 − 1) + 𝛥𝐾𝐼   (9) 

2.3.2. Sliding mode controller 

The sliding mode controller is good for speed 

control as it is insensitive to system 

uncertainties and disturbing effects such as 

change in rotor time constant and change in 

stator resistance. 

Sliding mode is a method used for variable 

structure systems. A variable structure system 

can be written as below. Here �̇� is derivative 

form of 𝑥. 

�̇� = 𝑓(𝑥, 𝑡, 𝑢), 𝑥 ∊ 𝑅𝑛, 𝑢 ∊ 𝑅𝑚           (10) 

𝑢 = {
𝑢+(𝑥, 𝑡)  𝜎(𝑥) > 0
𝑢−(𝑥, 𝑡)  𝜎(𝑥) > 0

            (11) 

𝜎𝑇 = (𝜎1, … 𝜎𝑚)             (12) 

For this system, in the state space, the 

discontinuous control input for σ = 0 forms the 

sliding surfaces. The resulting new system is 

expressed by a sliding mode equation with (n-

m) degree. In order to achieve this equation in 

sliding mode, the control input must be replaced 

with the expression “equivalent control”. The 

new control signal is obtained by solving 

Equation (13). 

𝜎 = 𝐶𝑒 + �̇�, (C > 0)             (13) 

The sliding surface given by the above equation 

expresses the relationship between system state 

variables and system dynamics. As a result of 

discontinuous switching process, it is 

conceivable that the signal will ideally go to 

infinity in torque of space in switching. 

However, due to the internal and external 

disturbance dynamics of the system, the gain is 

prevented from going to infinity. As a result, the 

switching process eliminates disturbing effect. 

In order to eliminate the disturbance effect, it is 

necessary to limit the parameters by defining a 

boundary layer around the sliding mode, given 

that the time constant is omitted in the non-

continuous ideal control signal. As a result of 

this process, robust control approach is 

obtained. 

�̇� = 𝑓(𝑥, 𝑡) + 𝐵(𝑥, 𝑡)𝑢            (14) 

A control system of this structure can be 

provided with the separation using the sliding 

mode equation whose degree is reduced and 

which is non-bound to the control signal (u), as 

given in Equation (15). 

�̇� = 𝑓1[𝑥1, 𝑡, 𝜎0(𝑥1)], 𝑓1 ∊ 𝑅𝑛−𝑚           (15) 

For this purpose, it is necessary to first express 

the appropriate sliding mode surface 𝜎(𝑥) or 

𝜎0(𝑥1) functions. It is then necessary to have a 

suitable discontinuous control signal to ensure 

system stability. 
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2.4. Speed estimation 

Sensors are used to measure speed and position, 

which are important parameters in motor 

control. However, sensorless study is suggested 

because of higher reliability and lower cost. In 

this study, MRAS and sliding mode observers 

were studied for speed estimation. 

2.4.1. Model Reference Adaptive System 

In MRAS observer, the PMSM is considered as 

the reference model and the current model of the 

motor with speed expression is considered as the 

adaptive model. The rotor speed and position 

can be determined by the adaptive method [20]. 

Current model of the motor can be written as 

below. 

𝑑𝑖𝑑

𝑑𝑡
=

−𝑅𝑠

𝐿𝑠
𝑖𝑑 + 𝜔𝑖𝑞 +

1

𝐿𝑠

𝑑𝑉𝑑

𝑑𝑡
            (16) 

𝑑𝑖𝑞

𝑑𝑡
= −𝜔𝑖𝑑 −

𝑅𝑠

𝐿𝑠
𝑖𝑞 +

1

𝐿𝑠

𝑑𝑉𝑞

𝑑𝑡
            (17) 

Speed estimation can be defined as follows (The 

hat in the symbol means that the variable is 

estimated) [24, 25]. 

𝑑�̂�𝑑
′

𝑑𝑡
=

−𝑅𝑠

𝐿𝑠
𝑖̂𝑑

′ + 𝜔𝑖̂𝑞
′ +

1

𝐿𝑠

𝑑𝑉𝑑
′

𝑑𝑡
            (18) 

𝑑�̂�𝑑
′

𝑑𝑡
= −𝜔𝑖̂𝑑

′ −
𝑅𝑠

𝐿𝑠
𝑖̂𝑞

′ +
1

𝐿𝑠

𝑑𝑉𝑞
′

𝑑𝑡
            (19) 

�̂� = ∫ 𝑘1(𝑖𝑑
′ 𝑖̂𝑞

′ − 𝑖𝑞
′ 𝑖̂𝑑

′ )𝑑𝜏 + 𝑘2(𝑖𝑑
′ 𝑖̂𝑞

′ − 𝑖𝑞
′ 𝑖̂𝑑

′ ) +

�̂�(0), 𝑘1, 𝑘2 ≥ 0             (20) 

Here; 

𝑖̂𝑑
′ = 𝑖𝑑 +

𝜓𝑟

𝐿𝑠
, 𝑖̂𝑞

′ = 𝑖𝑞             (21) 

�̂�𝑑
′ = 𝑉𝑑 +

𝑅𝑠𝜓𝑟

𝐿𝑠
, �̂�𝑞

′ = 𝑉𝑞            (22) 

2.4.2. Sliding mode observer 

Another observer used in speed estimation is the 

sliding mode observer. The necessary 

explanations for the sliding mode method are 

given in Section 2.3. Using Equation 10, 11 and 

12 and Figure 5, speed estimation can be 

realized. 

 
Figure 5. Structure of sliding mode observer 

3. Simulation Results 

In this study, direct torque controlled PMSM 

was performed in MATLAB by using different 

speed control methods and speed estimation 

methods. DTC is the most suitable method for 

controlling the torque and flux of the motor 

having a complex structure separately. The 

motor speed is required to carry out the DTC. It 

can be determined using speed sensor or speed 

estimation methods without using a speed 

sensor. In this study, both speed sensor and 

speed sensorless study were performed with two 

different speed estimation methods (MRAS and 

SMO). The speed information obtained with or 

without the sensor must be passed through the 

speed controller for more stable operation of 

PMSM, before it is transferred to the DTC 

algorithm. In this study, three different speed 

controllers were used for this purpose (PI, fuzzy 

logic a sliding mode controller). 

In this study, DTC of the PMSM for electric 

vehicles has been realized in 2 different cases, 

with and without speed sensor. The parameters 

of the PMSM used in the study are given in 

Table 5. In the simulation study, ECE-15 Urban 

Drive Cycle was applied as speed reference to 

PMSM. Firstly, the performance of the speed 

control methods was evaluated with sensor. 

Then, the performance of speed estimation 

methods was compared by applying sensorless 

application. 
Table 5. parameters of PMSM 

Description Specifications 

Power 3.9 kW 

Nominal Torque 12.5 Nm 

Nominal speed 3000 rpm 

Pole number 6 

Stator resistance 0.3 Ω 

d axis inductance 8.5 mH 

q axis inductance 8.5 mH 

Magnet flux 0.185 Wb 

Inertia 0.0755 kgm2 

Firstly, PI, fuzzy logic and sliding mode speed 

controller are used as speed control of PMSM 

with speed sensor and the speed, torque, 

consumed energy and current of phase A graphs 

for each controller are given below. 

Figure 6 shows the speed variation for three 

different speed controllers of the PMSM. 

According to the speed graph, it is clear that the 

measured speed which is closest to the reference 

speed is acquired from the sliding mode 

controller, then the fuzzy logic controller and 
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finally the PI controller. The sliding mode 

controller shows that the performance is high in 

the part where both the speed reference changes 

and is constant. Figure 7 shows the torque 

graphs for three different methods. As it can be 

understood from the torque graphs, the 

controller with the least ripple in the torque is 

the sliding mode control, then the fuzzy logic 

and the controller with in the highest ripple in 

torque is PI controller. It is clear that the sliding 

mode controller has the best robustness. It is 

sliding mode controller that gives the best 

results in torque like speed graphs. Figure 8 

shows the graphs of energy consumed for three 

different speed control methods. At the end of 

the simulation study, 4.1205 kJ energy was 

consumed in PI controller, 4.1102 kJ in fuzzy 

controller and 4.1056 kJ in sliding mode 

controller. The least energy consumption is 

consumed in the sliding mode controller, then 

the fuzzy logic controller and the maximum 

consumption is in the PI controller. As a result, 

less ripple means less energy consumption.  

Figure 9 shows the current graphs for three 

different methods. According to current figure, 

ripples in current graph for sliding mode 

controller are lower than other control methods 

which are PI and fuzzy logic controller. 

 
Figure 6. Speed of PMSM for three speed controllers 

 
Figure 7. Torque of PMSM for three speed controllers 

In the second part of the study, the speed 

sensorless study of the PMSM was carried out 

at nominal load using MRAS and sliding mode 

observer and the speed, speed error, torque, and 

consumed energy graphs for each observer are 

given below. 

 
Figure 8. Energy of PMSM for three speed controllers 

 
Figure 9. Current of phase A of PMSM for three speed 

controllers 

 
Figure 10. Measured and estimated speed for MRAS 

observer 

Figure 10 and 11 illustrate the speed changes for 

the two speed observers of the PMSM. 

According to the speed graph, it is clear that the 

method that best predicts the measured speed is 

a sliding mode observer and then MRAS. 

Furthermore, the speed error of the sliding mode 

observer as shown in Figure 12 is less than the 

error of MRAS. Figure 13 shows the torque 

graphs for two different speed observers. As it 
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can be seen from the torque graphs, the observer 

where the torque ripple is minimal is the sliding 

mode observer and then the MRAS observer. 

Figure 14 shows the energy consumed for two 

different speed observers. At the end of the 

simulation study, 4.1197 kJ energy was 

consumed in sliding mode observer and 4.1617 

kJ in MRAS observer. It is sliding mode 

observer that gives the best results in energy 

consumption as well as in torque and speed 

graphs. The least energy consumption is 

consumed in the sliding mode observer and the 

highest in MRAS observer. 

 
Figure 11. Measured and estimated speed for sliding 

mode observer 

 
Figure 12. Speed error for two speed observers 

 
Figure 13. Torque graphs for two speed observers 

 
Figure 14. Energy consumption graph for two speed 

observers 

4. Conclusions 

In electric vehicle applications, ripples in 

torque, current and flux should not be excessive. 

Otherwise, motor performance and maintenance 

costs can be affected negatively. For this 

purpose, in this study, the performance of 

different speed controllers and observers in 

DTC of PMSM used in electric vehicles was 

evaluated. Compared with other speed control 

methods which are PI and fuzzy logic, it has 

been found that the sliding mode speed 

controller performs better than others in speed 

control. Furthermore, when the torque, current 

and energy figures are examined, the sliding 

mode controller is more robust. It provides less 

ripples and energy consumption. In addition, 

when the sliding mode observer was used, the 

rotor speed was estimated more accurately, the 

torque ripple and energy consumption was less. 
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