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Abstract 

This paper proposed the fuzzy logic controller (FLC) which can control the speed and 

torque of Interior Permanent Magnet Synchronous Motor (IPMSM) Drives. The Input to 

the FLC is Speed Error, Change in Speed Error, and Actual Speed. The Output of the FLC 

is d-axis current (Id) and q-axis current (Iq). The proposed FLC can control the Torque 

and Flux simultaneously such that we can get desired speed. This FLC is designed based 

on the Maximum Torque per Ampere (MTPA) method stand-still to base speed operation 

and Field Weakening (FW) Method for the above base speed operation. The hysteresis 

current control method is used for generating the pulses for the Inverter. This whole drive 

system is simulated in MATLAB-Simulink Software. The robustness of the controller can 

be realized by the results. The propose system is applicable to Electric Vehicle (EV), Air 

Conditioners (AC) etc. 

 

Keywords: Interior Permanent Magnet Synchronous Motor (IPMSM), Fuzzy Logic 

Controller (FLC), Maximum Torque per Ampere (MTPA), Field Weakening (FW), 

Vector Control, Hysteresis Current Controller. 

 

  

1. Introduction 

IPMSM has been introduced in the year of 2001 and it is widely accepted now as an 

efficient alternative to AC Induction Motor. In these years, a lot of research has been done 

on IPMSM's efficiency, performance, and applications. The most obvious reason for this 

is that IPMSM offers high efficiency, control over a wide range of speeds, and high-power 

density. Interior Permanent Magnet Synchronous Motor (IPMSM) is the best choice for 

loads like Electric Vehicles, Elevators, and Traction in which space limitations are 

important. [1]-[8] 

IPMSM offers better control over a wide speed range. This is done by Maximum Torque 

Per Ampere (MTPA) and Field Weakening (FW) algorithms. We control the speed from 

zero to base speed by MTPA and beyond the base speed by FW methodology.[4]-[8] 

IPMSM have a permanent-magnets buried inside the rotor structure. Its rotor surface 

becomes smooth and the air gap will be reduced. Therefore, it is suitable for high-speed 

operation. The d-axis inductance and q-axis inductance is not equal for IPMSM. It will 

give us an extra torque produced by d-axis current called Reluctance Torque.[9] Therefore, 
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In MTPA, we get maximum torque per unit current, this is how we can reduce the copper 

loss in IPMSM is minimum and we get better efficiency.[4],[6] We will reduce the flux by 

negative d-axis current to go beyond the base speed operation. The motor parameters play 

crucial role in FW region because the voltage constrain in depends on the motor 

parameter.[5] 

The rotor core around the permanent magnets is saturated. The armature reaction affects 

the air gap flux in IPMSM. Due to this the reluctance parameters of IPMSM are varied. 

Hence the dynamic and steady state performance of IPMSM is affected. Its control in high 

performance industrial applications requires especial attention.[5][6] 

 

The conventional controller used to control the IPMSM is PI or PID controller. It requires 

the exact mathematical model of IPMSM. However, it is difficult to derive exact 

mathematical model of IPMSM due to saturation, armature reaction, dynamic loading, and 

temperature variation. In this paper we propose fuzzy logic controller to overcome above 

limitations. As Fuzzy Set theory introduced by L. Zadeh, a Fuzzy logic Controller have 

following advantages: (1) It does not require an exact Mathematical Model. (2) It is based 

on the linguistic rules with an IF-THEN general structure, which is basis of human logic. 

(3) It can handle any non-linearity of system. 

The complete vector control scheme of IPMSM drive including fuzzy logic controller is 

simulated in MATLAB SIMULINK.  

 

Nomenclature  

𝑅𝑆 - Per phase Stator Resistance 

𝑖𝑑 – d-axis stator current 

𝑖𝑞 - q-axis stator current 

𝐿𝑑 – d-axis stator inductance 

𝐿𝑞 – q-axis stator inductance 

𝜔𝑒 – rotor speed  

Φ𝑑 – flux linkage along d-axis 

Φ𝑞 - flux linkage along q-axis 

Φ𝑃𝑀- flux linkage due to Permanent Magnet 

𝑃 – Number of Pole Pairs  

𝜃𝑟- phase shift  

 

2. Mathematical Model of IPMSM 

The mathematical model for the vector control of the IPMSM can be derived from its 

dynamic d-q model which can be obtained from well-known model of the induction 

machine with the equation of damper winding and field current dynamics removed. The 

synchronously rotating rotor reference frame is chosen so the stator winding quantities are 

transformed to the synchronously rotating reference frame that is revolving at rotor speed. 

The consequences is that there is zero speed differential between the rotor and stator 

magnetic fields. the stator q and d axis windings have a fixed phase relationship with the 

rotor magnet axis which is the d axis in the modelling. A mathematical model of the 
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IPMSM is used in order to simulate the behavior of the machine in Matlab/Simulink. The 

model is expressed in the dq rotor reference frame, where the d axis is aligned with the 

rotor flux-linkage as shown in Fig.1.[11][12] 

 
Figure 1. The Vector Diagram for DQ transformation [13] 

 

 

The stator voltages for 3 phases can be written as below: 

𝑣𝑎 = 𝑅𝑠𝑖𝑎 + 𝐿𝑠
𝑑

𝑑𝑡
𝑖𝑎 − 𝜔𝑒Φ𝑃𝑀𝑠𝑖𝑛(𝜃𝑟)                                (1) 

𝑣𝑏 = 𝑅𝑠𝑖𝑏 + 𝐿𝑠
𝑑

𝑑𝑡
𝑖𝑏 − 𝜔𝑒Φ𝑃𝑀𝑠𝑖𝑛 (𝜃𝑟 −

2𝜋

3
)                     (2) 

𝑣𝑐 = 𝑅𝑠𝑖𝑐 + 𝐿𝑠
𝑑

𝑑𝑡
𝑖𝑐 − 𝜔𝑒Φ𝑃𝑀𝑠𝑖𝑛 (𝜃𝑟 +

2𝜋

3
)                      (3) 

 

The equation (4) and (5) are Dynamic equations of IPMSM in synchronously rotating d-q 

referencing frame is obtain by clerk-perk transformation. Some assumptions will be taken 

for convenience. 

• The induced EMF is Sinusoidal. 

• Saturation and Core losses in rotor are negligible. 

• There is no damper winding on rotor. 

𝑣𝑑 = 𝑅𝑆𝑖𝑑 + 𝐿𝑑
𝑑𝑖𝑑

𝑑𝑡
− 𝜔𝑒Φ𝑞                                                 (4)                                                                                   

𝑣𝑞 = 𝑅𝑆𝑖𝑞 + 𝐿𝑞
𝑑𝑖𝑞

𝑑𝑡
+ 𝜔𝑒Φ𝑑                                                 (5)                                                                                                                        

Φ𝑑 = 𝐿𝑑𝑖𝑑 + Φ𝑃𝑀                                                                (6) 

Φ𝑞 =  𝐿𝑞𝑖𝑞                                                                            (7) 

The Equivalent circuit of the PMSM in DQ- axis derived using DQ modeling method is 

shown in Fig-2. 
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Figure 2. The PMSM equivalent circuit in the DQ-axis [13] 

 

𝑇𝑒 =
3𝑃

2
(Φ𝑃𝑀𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞)                                        (8)                                                     

The first term in Equation (8) represents the torque due to permanent magnet buried in 

rotor, and the second term represents the reluctance torque developed due to interaction of 

d- axis and q-axis current. 

 

3. MTPA and FW Topology 

3.1 Maximum torque per Ampere (MTPA) Control: [2] 

Maximum torque per Ampere control generates the reference d axis current (id) and q axis 

current (iq), to produce maximum torque per unit current. The condition for MTPA 

trajectory can be derived from the Equation (8) as follows. 

𝜕𝑇𝑒

𝜕𝑖𝑞
= 0 

Φ𝑃𝑀 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑞
𝜕𝑇𝑒

𝜕𝑖𝑞
+ (𝐿𝑑 − 𝐿𝑞)𝑖𝑑 = 0                        (9) 

The relation between stator phase current and current in d-q reference frame is 

𝑖𝑠 = √𝑖𝑑
2 + 𝑖𝑞

2                                                                        (10) 

Using equation (8) 
𝜕𝑖𝑑

𝜕𝑖𝑞
= −

𝑖𝑞

𝑖𝑑
                                                                               (11) 

Solving equations (7) and (9) 

𝑖𝑑 =
Φ𝑃𝑀

2(𝐿𝑑−𝐿𝑞)
+ √

Φ𝑃𝑀
2

4(𝐿𝑑−𝐿𝑞)
2 + 𝑖𝑞

2                                           (12) 

The trajectory of MTPA curve, the voltage limit ellipse, the current limit curve and 

constant torque curves are shown in Figure (3). 
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Figure 3 Limit Curves in MTPA operating Region 

 

The voltage constrain for the drive system is satisfied for below base speed operation. The 

operating point of the drive system is located along the MTPA trajectory shown in Figure 

(3). The intersecting point of constant torque curve and MTPA trajectory is the operating 

point, which is at minimum distance from the origin. This distance represents the stator 

current. In other words, MTPA trajectory leads to the required torque by minimum current. 

Therefore, the copper loss is reduced and the efficiency of drive system can be maximized. 

 

3.2 Field Weakening (FW) Control:[3] 

When we operate our motor beyond the rated speed, we need to care about the Voltage 

and Current constraints [3]. The Current constraint and Voltage constraint is expressed 

using Equation (10) and (11) respectively. 

𝐼𝑠 = √𝐼𝑑
2 + 𝐼𝑞

2 ≤ 𝐼𝑠𝑚                                                          (13) 

𝑉𝑠 = √𝜐𝑑
2 + 𝜐𝑞

2 ≤ 𝑉𝑠𝑚                                                       (14) 

Where, 𝐼𝑠𝑚 and 𝑉𝑠𝑚 are available maximum current and voltage respectively. 

Put values of 𝑣𝑑 and 𝑣𝑑 in equation (14), we get 

𝑉𝑠 = √(𝑅𝑆𝑖𝑑 + 𝐿𝑑
𝑑𝑖𝑑

𝑑𝑡
− 𝜔𝑒Φ𝑞)2 + (𝑅𝑆𝑖𝑑 + 𝐿𝑑

𝑑𝑖𝑑

𝑑𝑡
+ 𝜔𝑒Φ𝑑)2 ≤ 𝑉𝑠𝑚              (15) 

To make analysis simple, we consider only steady state terms in voltage constrain equation 

and ignoring the resistive drop. 

 

𝑉𝑠 = √(𝜔𝑒Φ𝑑)2 + (𝜔𝑒Φ𝑑)2 ≤ 𝑉𝑠𝑚                                  (16) 

From Equation (7) and (8), we get 

𝑉𝑠 = √(𝜔𝑒𝐿𝑞𝑖𝑞)2 + (𝜔𝑒(𝐿𝑑𝑖𝑑 + Φ𝑃𝑀))2 ≤ 𝑉𝑠𝑚              (17) 

After simplification, 

 

(𝐿𝑞𝑖𝑞)2 + (𝐿𝑑𝑖𝑑 + Φ𝑃𝑀)2 ≤ (
𝑉𝑠𝑚

𝜔𝑒
)

2

                                  (18) 

YMER || ISSN : 0044-0477

VOLUME 21 : ISSUE 10 (Oct) - 2022

http://ymerdigital.com

Page No:900



 

 

Equation (13) represents the current limit circle with radius 𝐼𝑠 and center at origin. 

Equation (18) represents the voltage ellipse centered at (0, −
Φ𝑃𝑀

𝐿𝑑
) and contracts as the 

speed of rotor increases.  

When the operation is beyond base speed, the field weakening is employed so that the 

stator voltage will remains within the limit given by the equation (15). The d-axis and q-

axis current is controlled such that it can satisfy the machine voltage limit given by 

𝜐𝑜 = √𝜐𝑑𝑜
2 + 𝜐𝑞𝑜

2 ≤ 𝑉𝑜𝑚                                                    (19) 

Where, 𝜐𝑑𝑜 = −𝜔𝑒𝐿𝑞𝑖𝑞, 𝜐𝑞𝑜 = 𝜔𝑒(𝐿𝑑𝑖𝑑 + Φ𝑃𝑀) and 𝑉𝑜𝑚 = 𝑉𝑠𝑚 − 𝑅𝑆𝐼𝑠𝑚. 

The relationship between 𝑖𝑑 and 𝑖𝑞 can be derived by the equation (17) by replacing 𝑉𝑠𝑚 

by 𝑉𝑜𝑚 in order to induce the effect of Stator Resistance drop. Therefore, 

𝑖𝑑 = −
Φ𝑃𝑀

𝐿𝑑
+

1

𝐿𝑑

√𝜐𝑜𝑚
2

𝜔2
− (𝐿𝑞𝑖𝑞)2                                        (20) 

To control the current vector according to equation (20), the terminal voltage should be 

kept within 𝑉𝑠𝑚 in steady state. The intersection between the current limit and voltage limit 

trajectories at each speed provides the respective current limit for producing maximum 

torque at each operating speed. The operating point is located along the voltage limit curve. 

Therefore, the voltage limit curve decides the minimum current required to produce the 

desirable torque. The copper loss is also reduced in FW region. [2]-[3] These limit values 

are given by equation (21) and (22) respectively. 

𝑖𝑑𝑣 = −
Φ𝑃𝑀𝐿𝑑

𝐿𝑑
2 −𝐿𝑞

2 +
1

𝐿𝑑
2 −𝐿𝑞

2
√Φ𝑃𝑀

2 𝐿𝑑
2 − (𝐿𝑑

2 − 𝐿𝑞
2 )(𝐼𝑠𝑚

2 𝐿𝑞
2 + Φ𝑃𝑀

2 −
𝑉𝑠𝑚

2

𝜔2 )                                                                                       

(21) 

 

𝑖𝑞𝑣 = √𝐼𝑠𝑚
2 − 𝑖𝑑𝑣

2                                                                 (22) 

The trajectory of MTPA curve, the current limit curve, constant torque curves at different 

load and Voltage limit curve in FW region is shown in Figure (4).  

 

4. Fuzzy Logic Controller rules for IPMSM: 

The proposed FLC is implemented in MATLAB-Simulink using the Fuzzy Logic Toolbox. 

The inputs to the FLC are Speed error, Change in Speed Error and Actual Speed. The 

outputs of FLC are d-axis current (𝑖𝑑) and q-axis current (𝑖𝑞). The membership functions 

for inputs and outputs are shown in Figure (5)-(10). The inputs and outputs of FLC are 

scaled by appropriate gains such that the system perform efficiently. 
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Figure 4 Limit Curves in FW operating Region 

 

 
Figure 5 Speed Error Membership Function  

 

 
Figure 6 Change in Speed Error Membership Function 

 

 
Figure 7 Actual Speed Membership Function 

 

 
Figure 8 d-axis Current Membership Function 
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Figure 9 q-axis Current Membership Function 

 

Rule 1: If Δω is PH (positive high), then iq is PH (positive high), and id is PH (positive 

high).  

Rule 2: If Δω is PL (positive low), then iq is PL (positive low), and id is PL (positive 

low).  

Rule 3: If Δω is NH (negative high), then iq is NH (negative high), and id is NH 

(negative high).  

Rule 4: If Δω is NL (negative low), then iq is NL (negative low), and id is NL (negative 

low).  

Rule 5: If Δω is ZE (zero) and ωr is WR (within range), then iq is NC (not changed), and 

id is NC (not changed).  

Rule 6: If ωr is PAR (positive above rated) or NAR (negative above rated), then iq is NL 

(negative low), and id is AR (above rated).  

Rule 7: If Δω is ZE (zero) and Δe is PI (positive increase), then iq is PL (positive low), 

and id is PL (positive low).  

Rule 8: If Δω is ZE (zero) and Δe is NI (negative increase), then iq is NL (negative low), 

and id is NL (negative low).  

Where,  

Δω is change in rotor speed  

ωr is rotor speed 

Δe is change in speed error  

 

5. Results and Discussion 

The whole drive system is simulated in MATLAB-Simulink under different load and 

Speed conditions. The whole drive system is shown in Figure (8). The simplified block 

diagram is shown in figure (11)[10]. The simulation parameters of IPMSM is given in 

table 1. 

 
Figure 10 Drive System in MATLAB-Simulink 
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Figure 11 Simplified Block Diagram of Drive System 

 

Table 1: IPMSM Simulation Parameters 

Parameter 
Parameter 

Value 

Number of Pole Pairs 4 

Stator Resistance 0.138 Ω 

Permanent Magnet Flux Linkage 0.171 Vs 

d-axis Inductance 0.00251 H 

q-axis Inductance 0.00617H 

Line Voltage (rms) 440 V 

Phase Current (rms) 60 A 

Base Speed 1500 rpm 

Rated Torque 50 Nm 

Friction Coefficient 0.00001 

Rotor Inertia 0.04357 

kg.m2 

 

The simulation is initiated by setting the constant 15 Nm load torque and step input of 

1000 rpm reference speed. The desired speed 1000 rpm is reached without any overshoot 

or undershoot. The comparison of Reference Speed and Actual Speed is shown in Figure 

(12). The variation in reference speed is also made during the simulation. It changes 

from1000 rpm to 1500 rpm and then increased to 2000 rpm. The response are shown in 

figure (12). 

The generated torque, d-axis and q-axis current waveforms and 3 phase current waveform 

if shown in figure (13), (14) and (15) respectively. The table 2 contains the important 

observations from the waveforms. 
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Figure 12 Speed Waveform 

 

 
Figure 13 Generated Torque 

 

 
Figure 14 d axis and q axis Current 

 

 
Figure 15 3-phase Current Waveform 
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Figure 16 FFT Analysis at 1000 rpm 

 

 

 
Figure 17 FFT Analysis at 1500 rpm 
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Figure 18 FFT Analysis at 2000 rpm 

 

Other Transient Response Parameters like Rise time, Delay time, and Settling time are 

shown in Table (3). We can see from table (3) that the settling time, rise time and delay 

time is also reduced. So, we can get less transient effect during speed change. Total 

Harmonic Distortion (THD) in Line Current is shown in figure (16), (17) and (18) at 

different speed. The Steady State Response Parameters like Torque Ripple, THD, and 

Steady State Error (ess) in Steady State Condition is shown in Table (4). We can observe 

from Table (4) that during steady state condition ripple in torque, THD and steady state 

error in Speed are less. 

 

Table 2: Simulation Table 

Sr. 

No. 

Time 

(s) 

Speed 

(rpm) 
Id (A) Iq (A) 

Torque 

(Nm) 

3-Phase 

Current 

(A) 

1 
0 to 

0.057 

0 to 

1000 

-54 

(peak) 

64 

(peak) 

143 

(peak) 
80 (peak) 

2 
0.057 

to 1 
1000 -3.72 14.04 15 9.55 

3 
1 to 

1.04 

1000 to 

1500 

-43.6 

(peak) 

51.8 

(peak) 

101 

(peak) 
60 (peak) 

4 
1.04 to 

2.5 
1500 -4.23 14.06 15 9.9 

5 
2.5 to 

2.55 

1500 to 

2000 

-43.57 

(peak) 

51.5 

(peak) 

97.5 

(peak) 
60 (peak) 

6 
2.55 to 

5 
2000 -37.5 8.5 15 26.87 
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Table 3: Transient Response Parameters 

Sr. 

No. 

Speed 

Change 

0 to 1000 

rpm 

1000 to 1500 

rpm 

1500 to 2000 

rpm 

1 Rise Time 0.057 sec 0.04 sec 0.054 sec 

2 Delay Time 0.021 sec 0.019 sec 0.023 sec 

3 Settling Time 0.057 sec 0.041 sec 0.055 sec 

 

Table 4: Steady State Response Parameters 

Sr. 

No. 

Speed 1000 

rpm 

1500 

rpm 

2000 

rpm 

1 Torque Ripple 6.67 % 6.67% 8.67% 

2 THD 4.66% 4.85% 1.55% 

3 Steady State Error 

(ess) in Speed 

0.4% 0.25% -0.04% 

6. Conclusion 

The entire drive system is simulated using MATLAB-Simulink and fuzzy logic toolbox. 

The proposed FLC can generate the reference current such that we can get the desire 

outputs in minimum time. We can also achieve minimum steady state error during running 

condition. The rise time and settling time of the system is minimum. The overshoots and 

undershoots in speed can be removed using the FLC.  
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Appendix  

A. We can improve the results by neural network method for controlling speed and torque. 

B. We can use other controlled strategy other than hysteresis current loop method. 

C. In Fuzzy rules, output can be change accordingly different membership functions. 

D. Fuzzy algorithms can be implement on the hardware, so we can verify the simulation 

results with the hardware.   
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