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 Interior rotor axial flux permanent magnet synchronous motor (IRAFSM) 

sensorless control is essential to inject the motor inside the electric vehicles’ 

tire. The proposed straight-line guided by the reference speed (SLGBRS) 

sensorless space vector pulse width modulation (SVPWM) inverter-direct 

torque control (DTC) technique for driving the IRAFSM used for electric 

vehicles (EVs) is evaluated using laboratory emulator setup. A hardware-in-

the-loop (HIL) controller and data acquisition are used as a real-time 

emulation, while the results are compared with MATLAB simulation results. 

Both simulation and real-time application of the proposed sensorless control 

for the IRAFSM offer a good speed response. The results of real-time 

evaluation are identical with the simulation results so, the control is accurate 

and suitable for practical applications. Urban dynamometer driving cycle 

(UDDS) for heavy-duty vehicles is used as a driving cycle for simulation 

and real time evaluation. UDDS is used to ensure the reliability of the 

proposed control against a wide range of speed changes to be applicable for 

many applications. The proposed technique allows utilizing the IRAFSM in 

many applications that requires less contact and reduced sensors like 

robotics and inside EV’s tire with a good reliable control. 
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NOMENCLATURE 

𝒰da , 𝒰qa : Stator d-q axis voltages  𝑇𝑒 : Electromagnetic torque 

𝒾da , 𝒾qa : Stator d-q axis currents  P : Pole -pairs number 

𝜓𝑞𝑎  , 𝜓𝑑𝑎 : Flux in d-q axis 𝜓𝑠𝑎 : Stator windings field flux  

Rsa : Resistance of stator windings  𝑖𝑠𝑎 : Stator current vector 

𝐿𝑑𝑎 : Inductance of the d axis 𝑇𝑙  : Load torque  

𝐿𝑞𝑎 : Inductance of the q axis ωr : Angular speed of the rotor 

ψf : Rotor windings field flux Β : The damping factor 

𝛿 : Torque angle 𝐽 : IRAFSM inertia  

𝑛 : The sector from 1 – 6 𝜔𝑒 : Angular speed 

𝑖�̅� & 𝑖�̅� : The reference d-q axis currents  𝑚 : Straight-line slope  

𝑖̂𝑑 & 𝑖̂𝑞 : The estimated d-q axis currents  𝜔𝑒𝑠𝑡 , 𝜔𝑑 : The estimated and demand speed 

𝑓 : The fixed clock frequency 𝑒𝜔,𝑒ψ,𝑒T : Error in speed, flux, and torque respectively 

https://creativecommons.org/licenses/by-sa/4.0/
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1. INTRODUCTION 

The electric motor use is ecologically benign and suits for driving electric automobiles since an 

internal combustion engine fuel emits harmful pollutants [1]. The permanent magnet synchronous AC motor 

(PMSACM) is the most suitable for driving electric cars because it does not need external excitation of the 

rotor [2]. The PMSACM with the axial flux configuration is the best for driving electric cars because it can 

be placed inside the car tire, but this requires that the motor control is of the wireless type [3]–[5]. Direct 

torque control (DTC) has very fast torque response and the space vector pulse width modulation (SVPWM) 

method contains low current and torque ripples [6], [7].  DTC is the best for electric vehicles (EVs) because it 

ensures a smooth and comfortable torque change for the driver and passengers [8].  The straight-line guided 

by the reference speed (SLGBRS) sensorless evaluator is one of the adaptive reference system model 

methods that eliminate the problems associated with the sensor speed evaluator by placing the reference 

speed as a part of the speed estimation system [9]. The real-time emulation is a certificate of validity of the 

proposed control method in practice. The hardware-in-the-loop (HIL) and oscillators are the main approved 

devices to measure the extent to which the simulation results and the real-time performance of the motor 

match the control [10]–[13]. 

Recent works of sensorless control of synchronous motors with different control types and 

switching methods applied practical testing in real-time regardless of the applications. However, the 

proposed method uses SVPWM – DTC control based on the SLGBRS regarding the EV’s applications [14]-

[25]. The more reduction in direct contact for measurement and reduction of using sensors, the more  degree 

of freedom in applying the control in many applications [9], [26]. This is the main target of the proposed 

research work to allow easy use of IRAFSM inside the EV’s tire and also in robotics. This research also 

measures the extent to which the simulation matches the laboratory results of the proposed control method, 

which appears from the results that it gives a real performance with high efficiency. The following sections 

of this research include the mathematical equations employed, a description of the laboratory equipment 

used, the results, and the conclusion. 

 

 

2. IRAFSM MODEL AND DTC WITH SVPWM INVERTER 

Under the suppositions that the saturation effect, hysteresis-induced losses, eddy currents, and stray 

losses are omitted, the IRAFSM's dq0 reference frame (1)-(6) are examined. Since there is no prominent pole 

effect in the investigated IRAFSM, 𝐿𝑑 = 𝐿𝑞 , and the following is the back-EMF [27]–[29]. 

 

𝒰da = Rsa 𝒾da +
dψda

dt
− 𝑃𝜔𝑟𝜓𝑞𝑎 (1) 

 

𝒰qa = Rsa 𝒾qa +
dψqa

dt
+ 𝑃𝜔𝑟𝜓𝑑𝑎 (2) 

 

𝜓𝑑𝑎 = 𝐿𝑑𝑎  𝒾𝑑𝑎 + 𝜓𝑓 (3) 

 

𝜓𝑞𝑎 = 𝐿𝑞𝑎  𝒾𝑞𝑎 (4) 

 

𝑇𝑒 = 3

2
 𝑃 𝑖𝑞𝑎[𝜓𝑓 + (𝐿𝑑𝑎 − 𝐿𝑞𝑎)𝑖𝑑𝑎] (5) 

 

Te = 3

2
 P iqaψf (6) 

 

Changes in the torque can be managed by iqa for 𝐿𝑑𝑎 = 𝐿𝑞𝑎. 

Speed adjustments to three phase AC electric motors may be made via DTC in variable-frequency 

drives. It is possible to approximate the magnetic flux and torque by measuring the machine voltage and 

current as in (7)-(10) [28], [30], [31].  

 

𝑇𝑒 = 𝑃 𝑖𝑠𝑎𝜓𝑠𝑎 (7) 

 

𝑇𝑒 − 𝑇𝑙 − Βωr = J
𝑑𝜔𝑟

𝑑𝑡
 (8) 

 

𝑇𝑒 = 3

2
 𝑃

𝐿𝑑𝑎
 𝑖𝑞𝑎 𝜓𝑠𝑎  𝜓𝑓 sin 𝛿 +  

3

4

𝐿𝑑𝑎−𝐿𝑞𝑎

𝐿𝑞𝑎𝐿𝑑𝑎
 𝜓𝑠𝑎

2sin 2 𝛿 (9) 

 

For 𝐿𝑑 = 𝐿𝑞  
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𝑇𝑒 = 𝑛

2
 𝑃

𝐿𝑑𝑎
 𝑖𝑞𝑎 𝜓𝑠𝑎  𝜓𝑓 sin 𝛿 (10) 

 

The dependence of changing angle δ on changing electromagnetic torque is evident from this equation. From 

(3) and (4): 

 

𝜓𝑠𝑎 = √(𝜓𝑞𝑎)2 + (𝜓𝑑𝑎)2 (11) 

 

The IRAFSM reference flux is calculated using (12) [9]. 

 

|ψ
∗
𝑠

| = √ψ
2
𝑓

+ (
2

3

𝑇
∗
𝑒

𝐿𝑠

𝑝𝜓𝑓
)

2

 (12) 

 

A strategy of trial and error is used to evaluate the gains of the PI-controller as in (13)-(18) [20]. 

 

T
∗
𝑒

= 𝑘𝑝𝑒 + 𝑘𝑖 ∫ 𝑒 𝑑𝑡 (13) 

 

𝑒𝜔 = 𝜔𝑟𝑒𝑓 − ω (14) 

 

𝑈𝑑 = 𝑘𝑝𝑒 + 𝑘𝑖 ∫ 𝑒 𝑑𝑡 (15) 

 

𝑒ψ = ψ
∗
𝑠

− ψ𝑠 (16) 

 

𝑈𝑞 = 𝑘𝑝𝑒 + 𝑘𝑖 ∫ 𝑒 𝑑𝑡 (17) 

 

𝑒T = T
∗
𝑒

− T𝑒 (18) 

 

PWM waveforms may be made using MATLAB's SVPWM model, a model for calculating 

switching times, and sector selection [29], [32]. The switching frequency is 20000 Hz, the DC voltage is 250 

volts, and the reference speed is 300 rpm. Reference angle and voltages are as in (19)-(21). 

 

|
𝑢𝑑

𝑢𝑞
| =

2

3
|
1 −0.5 −0.5

0
√3

2
−

√3

2

| |

𝑢𝑎𝑛

𝑢𝑏𝑛

𝑢𝑐𝑛

| (19) 

 

𝑢𝑟𝑒𝑓 = √𝑢
2
𝑑

+ 𝑢
2
𝑞

 (20) 

 

𝛼 = 𝑡𝑎𝑛−1 (
𝑢𝑞

𝑢𝑑
) (21) 

 

Conversion time in any sector is shown in (22)-(24). 

 

𝑇𝑠 =
1

𝑓
  

 

𝑇1 =
√3𝑇𝑠𝑉𝑟𝑒𝑓

𝑉𝑑𝑐
sin (

𝑛

3
𝜋 − 𝛼) (22) 

 

𝑇2 =
√3𝑇𝑠𝑉𝑟𝑒𝑓

𝑉𝑑𝑐
sin (𝛼 −

𝑛−1

3
𝜋) (23) 

 

𝑇0 = 𝑇𝑓 − 𝑇1 − 𝑇2 (24) 

 

0 ≤ 𝛼 ≤ 60𝑜  
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3. SENSORLESS EVALUATOR FOR SLGBRS  

The three parts of the proposed SLGBRS evaluator are the sensorless evaluator, sensorless adjuster, 

and IRAFSM reference model, as shown in Figure 1. Explanation of the reference model for IRAFSMs is 

described in (1)-(4). The (1), (3), and (4) are used to derive the (25) for stator voltage in the d-axis. 

 

𝒰d = R 𝒾d +
d(𝐿 𝒾𝑑+𝜓𝑓)

dt
− 𝑃𝜔𝑟(𝐿 𝒾𝑞) (25) 

 

If 𝜔𝑒 = 𝑃𝜔𝑟 , the current can be driven as (26). 

 
𝑑�̂�𝑑

𝑑𝑡
= −

𝑅

𝐿
𝑖̂𝑑 + 𝜔𝑒𝑖̂𝑞 +

𝑢𝑑

𝐿
 (26) 

 

The stator voltage equation on the q-axis (27) is derived from (2)-(4). 

 

𝒰q = Rs 𝒾q +
d(𝐿 𝒾𝑞)

dt
+ 𝑃𝜔𝑟(𝐿 𝒾𝑑 + 𝜓𝑓) (27) 

 

Once more, by 𝜔𝑒 = 𝑃𝜔𝑟 , the current may be driven as (28). 

 
𝑑�̂�𝑞

𝑑𝑡
= −

𝑅

𝐿
𝑖̂𝑞 − 𝜔𝑒𝑖̂𝑑 −

ψf

𝐿
𝜔𝑒 +

𝑢𝑞

𝐿
 (28) 

 

 

 
 

Figure 1. The suggested Straight-line is controlled by a sensorless evaluator of reference speed 

 

 

Stator current of (26) and (28) for the IRAFSM reference model is recast as the state variable as (29) 

and (30). 

 

𝑑

𝑑𝑡
[
𝑖𝑑 +

ψf

𝐿

𝑖𝑞

] = [

−𝑅

𝐿
𝜔𝑒

−𝜔𝑒
−𝑅

𝐿

] [
𝑖𝑑 +

ψf

𝐿

𝑖𝑞

] + [

𝑢𝑑

𝐿
+

𝑅ψf

𝐿2

𝑢𝑞

𝐿

] (29) 

 

For 𝑖�̅�  = 𝑖𝑑 +
ψf

𝐿
, 𝑖�̅�  = 𝑖𝑞, �̅�𝑑  = 𝑢𝑑 +

Rψf

𝐿
, & �̅�𝑞  = 𝑢𝑞 

 

∴
𝑑

𝑑𝑡
[
𝑖�̅� 
𝑖�̅� ] = [

−𝑅

𝐿
𝜔𝑒

−𝜔𝑒
−𝑅

𝐿

] [
𝑖�̅�  
𝑖�̅� ] +

1

𝐿
[
�̅�𝑑 
�̅�𝑞 ] (30) 

 

Sensorless evaluator: Substituting the estimated value for the reference value to get (31). 

 

∴
𝑑

𝑑𝑡
[
𝑖̂𝑑 
𝑖̂𝑞 

] = [

−𝑅

𝐿
�̂�𝑒

− 𝜔⏞𝑒
−𝑅

𝐿

] [
𝑖�̂�  
𝑖̂𝑞 

] +
1

𝐿
[
�̂�𝑑 
�̂�𝑞 

] (31) 
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Sensorless adjuster: The calculated currents and the reference current differ in the following ways as in (32) 

and (33). 

 

𝑒𝑑 = 𝑖�̅� − 𝑖̂𝑑 ,𝑒𝑞 = 𝑖�̅� − 𝑖̂𝑞 (32) 

 

Subtraction of (30) and (31) yields the difference between reference and estimated currents. 

 

 
𝑑

𝑑𝑡
[
𝑒𝑑 
𝑒𝑞 ] = [

−𝑅

𝐿
𝜔𝑒

−𝜔𝑒
−𝑅

𝐿

] [
𝑒𝑑 
𝑒𝑞 ] − (�̂�𝑒 − 𝜔𝑒) [

0 1
−1 0

] [
𝑖̂𝑑 
𝑖̂𝑞 

] (33) 

 

It is simple to show that the matrix representing the forward channel transfer function is a real, pure 

positive matrix. The Popov integral inequality may then be solved to get the electrical angular velocity 

adaptation law utilizing Popov hyper-stability theory [26]. The (34) and the schematic representation in 

Figure 2 can be used to determine the suggested sensorless speed. 

 

𝜔𝑖𝑛 = {(𝑖�̂� × 𝑖�̅�) − (𝑖̂𝑑 × 𝑖�̅�)} −
ψf

𝐿
(𝑖�̅�  − 𝑖̂𝑞) (34) 

 

Where 𝜔𝑖𝑛 is the unadjusted initial estimated speed. 

 

 

 
 

Figure 2. shows the suggested sensorless adjuster in schematic form 

 

 

The following straight-line (35) is meant to illustrate the connection between evaluated speed and 

the product of demand speed and initial evaluated speed. 

 

𝜔𝑒𝑠𝑡 = 𝑚 × 𝜔𝑖𝑛 × 𝜔𝑑 (35) 

 

According to the straight-line equation 𝜔𝑖𝑛 = 10000 𝑟𝑝𝑚 at 𝜔𝑑 = 300 𝑟𝑝𝑚, the 𝑚 is assumed to be 10000, 

then 𝜔𝑒𝑠𝑡 = 300 𝑟𝑝𝑚. In order to allow the demand speed sensorless evaluator to traverse a straight path 

despite changes in the drive's reference speed value, the demand speed setting is used as a judgement 

parameter. To determine the location of the rotor, the computed speed is integrated as (36). 

 

�̂� = ∫ 𝜔𝑒𝑠𝑡  𝑑𝑡
𝑡

0
 (36) 

 

 

4. SIMULATION VERSUS REAL-TIME RESULTS 

In this part, the validity of the suggested approach is demonstrated through the presentation and 

comparison of real-time emulation results for the test machine with MATLAB/Simulink simulation results. 

The technology of the real-time digital emulation is very important for the electric motor-drive designing and 

testing to save money and time and protect the real-physical system. Many test functionalities can be 

introduced with this technology. This technology is sophisticated in direct converting all MATLAB/Simulink 

models to run in real-time with the help of an additional software compilation [10]. 

So, in this paper, the OPAL RT-4510 is used as one of the more efficient real-time simulators in the 

market. OPAL Company launched it as a two-in-one platform, which means it can function as both a HIL 

and a fast control prototyping platform. The MATLAB/Simulink programs used in this digital simulator are 
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compiled using the RT-Lab software suite. Figure 3 presents a schematic diagram for the SLGBRS sensorless 

control of an IRAFSM inside a vehicle’s tire and the real time setup for the controller application. 

The entire experimental equipment is shown in Figure 3. It implies the host computer, which 

includes a console, an OP4510 digital simulator, an OP8660 HIL-controller, and an interface for data 

gathering. The OP4510-v2 contains a Kintex-7 FPGA and a Xeon 4-core CPU processor for quick real-time 

emulation. Furthermore, it involves 16 analog channels pluses 32-channels for digital input/outputs [11]. The 

analog output signals are provided through the analog channels via the OP8660 HIL-controller and data 

acquisition interface to provide supplementary signal conditioning [12]. The values of these output real-time 

analog signals are limited by the port maximum output voltage (16 V). So, all signals are scaled according to 

their values. This scaling is done through the model of MATLAB/Simulink. In all cases, the waveforms for 

the reference and estimated values of torque are scaled by ¼. In addition, the three-phase stator currents are 

scaled downed 5 times. Furthermore, the reference and estimated speed waveforms are scaled downed  

35 times to avoid signal saturation at the output ports. Two poles, 11 N.m, and a rated speed of 300 rpm are 

the IRAFSM characteristics employed in this work [9]. 

 

 

 

 
 

Figure 3. Schematic diagram for the SLGBRS sensorless control and the laboratory setup for the platform 

of the OPAL-RT real-time digital emulation 

 

 

Figures 4-9 represent the laboratory real-time and simulation results for speed, torque, and current. 

It can be observed that they are all quite close. The reference speed trajectory is selected to be aggressive 

where the reference speed changes from zero to 150 rpm and then from 150 rpm to 225 rpm instantaneously 

as an impulse change to test the controllability against aggressive changes.  

From the speed Figures 4 and 5 for the simulation model and the laboratory measured, the proposed 

controller response is speed overshoot is about (0.2%), steady-state percentage error is approximately 

(0.25%), and speed rise time is about (0.05 sec) response to the proposed method. For both the simulation 

and the lab, the evaluator responded well to the reference torque, as seen in Figures 6 and 7. As seen in 

Figures 8 and 9, the simulation and laboratory three-phase current signals are extremely similar to sine 

waves. Table 1 presents the most recent research trends in controlling the IRAFSM [9], [14]-[25]. It is 
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obvious that the novelty of the proposed research work is that it presents the first study of practical 

application of sensorless control of IRAFSM with the SLGBRS strategy. 

 

 

  
  

Figure 4. Speed response simulation Figure 5. Real-time speed trajectories for reference  

(Ch. A 2V/div) and estimated (Ch. B 2V/div) 

 

 

  
  

Figure 6. torque response simulation Figure 7. Real-time torque trajectories for reference  

(Ch. A 1V/div) and estimated (Ch. B 1V/div) 

 

 

  
  

Figure 8. Instantaneous current simulation Figure 9. Real-time instantaneous current (Ch. A 10 

A/div), (Ch. B 10 A/div), and (Ch. D 10 A/div) 

 

 

Urban dynamometer driving cycle (UDDS) is a fuel economy dynamometer test required by the 

Federal Agency for Environmental Protection that simulates the traffic in the city and is used to evaluate 
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light-duty vehicles. UDDS is also referred to as the U.S. Federal Test Procedure cycle, the Constant Volume 

Sampler cycle in Sweden, and the Australian Design Rules cycle in Australia. It was initially developed as a 

benchmark for fossil-fueled cars, but it is now used to estimate the range of a battery-powered car per one 

charge [33]. In this research work, the UDDS is used as an aggressive trajectory with different speed ranges 

to test the reliability of the controller with a wide range of changes. Figures 10 and 11 show the simulation 

and laboratory results against the UDDS as a reference speed.  

The common use tire (205/55/R16) with a rim diameter equals 16 inches and a section height equals 

55 mm is assumed to be the EV’s tire. Thus, the overall diameter of the tire will be = (16 × 2.54) +
(5.5 × 2) = 51.64 cm. 

The 
km

hr
=

1000

2π×60×Rtire
=

1000

2π×60×25.82×10−2 = 10.28 rpm. Gearratio =
motor rated speed 

max.speed (
km

hr
)×10.28 rpm

 

 

Then, for UDDS, Gearratio =
300

1369×10.28 
= 0.0213. It can be observed that the motor speed follows the 

reference speed (UDDS) with a good response for both simulation and real time laboratory testing. Also, the 

simulation and laboratory results have quite identical speed responses.  

 

 

Table 1. Comparison between the proposed and existing control methods of IRAFSM 
Reference Control type Switching 

Method 
Control parameters Response Practical 

results Speed Flux Torque Overshoot Steady 

state error 

Rise 

time 

Proposed DTC SVPWM Controlled Controlled Controlled No Too small Very 

small 

Yes 

[9] DTC SVPWM Controlled Controlled Controlled No Too small Very 

small 

No 

[14] Predictive 
torque control 

Switching 
Table - 2L 

VSI 

No Controlled Controlled No Yes Good No 

[15] DTC Hysteresis 
controller 

No Controlled Controlled No Yes Good No 

[16] Speed sensor 

less fuzzy 
control using 

an advanced 

flux concept 

SVPWM Controlled No No Yes Yes Good No 

[17] Field oriented 

control 

SVPWM No No Controlled  Yes  No 

[18] Internal model 
current 

controller 

SVPWM Controlled No Controlled Yes Yes Good Yes 

[19] Deadbeat 
current 

prediction 

vector 
control 

Efficiency 
optimal 

torque 

distribution 

Controlled No Controlled No No Very 
high 

(3.7 

Sec) 

Yes 

[20] Based on 
cooperative 

optimization, 

sliding mode 
vector control 

SVPWM Controlled No Controlled Yes Yes Very 
high 

(6 

Sec) 

Yes 

[21] Vector control SVPWM Controlled No No Yes No High Yes 

[22] Speed sensor-
less vector 

control 

Extended 
Kalman Filter 

(EKF) 

SVPWM Controlled No No No Yes High Yes 

[23] Vector Control Particle 
swarm 

optimization 

Controlled No controlled Yes Yes Good No 

[24] Fuzzy control PWM Controlled No No No Yes High Yes 
[25] Fuzzy-PID 

control 

Fuzzy Controlled No Controlled No Yes Good No 
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Figure 10. Speed response simulation with UDDS as a reference speed 

 

 

 
 

Figure 11. Real-time speed response with UDDS as a reference speed (Ch. A 2 V/div)  

and estimated (Ch. B 2 V/div) 

 

 

5. CONCLUSION  

The aim of this study is to evaluate the IRAFSM sensorless control practically for the purpose of 

inserting the motor inside the EV’s tire. The laboratory results characteristics are like finger print from the 

MATLAB simulation results so, the real time evaluation proved the accuracy of the suggested control 

technique. UDDS driving cycle is employed - as a compatible driving cycle with application in EVs - to 

evaluate the control approach for both real-time and simulation and this subserves identical and accurate 

response. This control technique is evaluated in laboratory and by MATLAB simulation and looks suitable 

for practical usage.  

According to the results, the regulating variables are extremely manageable with this approach, and 

the system reaction to the suggested method has a minimal overshoot, a modest steady-state error, and a short 

rising time. The torque follows the reference torque with minimum ripples and the current is approximately 

sine wave. The innovation of this work is in the use of a practical approach, which proved its viability and 

showed how its application makes it simpler to use these motors in many applications, including robots and 

electric cars.  
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