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ABSTRACT.  

Field-Oriented Control (FOC) is widely used in high-performance Surface Permanent Magnet Synchronous 

Motor (SPMSM) drive systems due to its ability to achieve precise torque and current control. However, in 

practical applications, the stator resistance varies significantly with temperature, which introduces parameter 

mismatch in the d–q model and degrades the current tracking accuracy of conventional PI-based FOC designed 

with nominal parameters. This mismatch may reduce torque precision and weaken system robustness under load 

variations. To address this issue, this paper proposes a stator resistance compensation strategy integrated into the 

control voltage of the synchronous reference frame. The compensation term explicitly accounts for the stator 

resistance voltage drop, thereby improving the consistency between the control model and the actual motor 

characteristics under thermal variations. In addition, a multilevel voltage source inverter is employed to enhance 

output voltage quality and reduce current ripple and total harmonic distortion. The effectiveness of the proposed 

approach is verified through Lyapunov-based stability analysis, simulations, and FPGA-based Hardware-in-the-

Loop (HIL) experiments. Results demonstrate improved current tracking performance, reduced steady-state error, 

and enhanced dynamic response for high-performance SPMSM drives. 
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                     I. Introduction 
Permanent Magnet Synchronous Motors (PMSMs) 

have attracted increasing attention in industry due to the 

continuous development of their design technology and 

magnetic materials. In particular, PMSMs are expected 

to play an important role in the near future as the 

demand for electric vehicles continues to grow. 

PMSMs are approximately 15% more efficient than 

induction motors because of their high power density. 

In fact, it is predicted that more than 80% of electric 

vehicles will employ PMSMs in the near future [1]. 

Due to several notable advantages, including high 

power density, stable output torque, strong starting 

torque, long service life, high power factor, and good 

speed regulation capability [2], PMSMs can 

significantly improve the performance of electro-

mechanical drive systems. Their high torque-to-inertia 

ratio and high efficiency make them an attractive 

replacement for induction motors in many industrial 

applications. For example, PMSMs can provide higher 

torque for the same motor size, while the motor size and 

weight can be reduced by nearly 25% for the same 

power rating. In addition, lower rotor losses contribute 

to efficiency improvements of up to 3%, while reduced 

motor noise enables smoother rotor operation. These 

advantages also help reduce the impact of torque ripple 

on motor bearings and improve the lifetime of the 

overall mechanical system [3]. Therefore, PMSMs 

have become a suitable choice in many applications, 

including electric vehicles and flight control systems 

[4]. 

Despite these advantages, improving the 

performance of PMSM drive systems still faces several 

persistent challenges, particularly at low speeds and 

under operating conditions where machine parameters 

vary due to temperature changes, load disturbances, and 

external uncertainties. These factors may degrade 

control accuracy and dynamic performance, making the 

design of robust control strategies an important 

research topic [5-8]. 

Among various control approaches, Field-Oriented 

Control (FOC) is one of the most widely adopted 

control strategies for PMSM drives. In typical 

implementations, FOC employs a multi-loop control 

architecture with PI controllers to regulate current and 

speed variables [9]. Although effective under nominal 

operating conditions, conventional PI-based FOC 

methods may experience performance degradation in 

the presence of parameter variations, load disturbances, 

and model uncertainties [10]–[11]. 

To address these limitations, various approaches 

have been investigated in the literature. These include 

the use of Kalman filtering techniques for accurate 

motor speed estimation [12], the application of real-
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time evolutionary algorithms for parameter 

optimization [13], [14], electromagnetic torque 

compensation strategies for improved steady-state 

performance [15], and advanced harmonic injection 

methods for suppressing current harmonics [16]. 

Although these methods can improve certain aspects of 

system performance, they often suffer from limitations 

such as high computational complexity, limited 

adaptability to parameter variations, or reduced real-

time performance in practical applications. 

In addition, accurate rotor position information is 

essential for achieving high-performance closed-loop 

control in PMSM drives. In many existing systems, 

rotor position estimation is obtained using model-based 

observers such as flux observers [17], model reference 

adaptive systems (MRAS) [18], and sliding-mode 

observers (SMO) [19]. Among these approaches, 

SMO-based techniques are widely used due to their 

simple structure and strong robustness. However, 

inverter nonlinearities, switching dead-time, and other 

nonideal effects may cause deviations between the 

actual inverter output voltage and the reference voltage, 

which can introduce errors in rotor position estimation 

and degrade control performance [17]-[18]. 

Motivated by these challenges, this paper proposes 

a vector control scheme for the speed control of a 

Surface-mounted Permanent Magnet Synchronous 

Motor (SPMSM). The proposed algorithm is simple 

and easy to implement while improving the robustness 

of the drive system. In addition, a three-level voltage 

source inverter with delayed switching techniques is 

employed to reduce current and torque ripple and 

enhance the transient response of the system. The 

control structure consists of two PI control loops, 

including an inner current control loop and an outer 

speed control loop. 

The main contributions of this paper are 

summarized as follows: 

• A stator resistance compensation strategy is 

integrated into the PI-based Field-Oriented Control 

framework to mitigate parameter variations caused by 

temperature changes in SPMSM drives. 

• A multilevel voltage source inverter is employed 

to improve output voltage quality and reduce current 

and torque ripple in the drive system. 

• The proposed control scheme improves steady-

state accuracy and robustness over a wide speed range 

(28–1500 rpm), which is validated through simulation 

and Hardware-in-the-Loop (HIL) experiments. 

The remainder of this paper is organized as follows. 

Section 2 presents the mathematical model of the 

SPMSM and the multilevel inverter. Section 3 

describes the proposed control strategy and the 

Lyapunov stability analysis. Section 4 presents 

simulation and HIL experimental results. Finally, 

Section 5 concludes the paper. 

II. Mathematical Model 

2.1. PMSM model in the d–q reference frame 

The mathematical model of a PMSM in an arbitrary 

rotating reference frame with angular speed 𝜔௞ can be 

expressed as shown in (1), where 𝜔௥ denotes the rotor 

angular speed and ߰௙ represents the permanent magnet 

flux linkage. 

k s s f

dψ
dt

s
s s s s s

r
e L

u R i ω ψ , ψ = L i ψ

dω
J (T - T )

dt

j   









rr rr r rr

                (1) 

For control design purposes, it is convenient to 

express the motor model in the synchronous rotating ݀-ݍ reference frame aligned with the rotor. In this 

reference frame, the dynamic behavior of the PMSM 

can be represented using the ݀-axis and ݍ-axis voltage 

equations. The equivalent representation of the PMSM 

in the ݀-ݍ frame is illustrated in Fig. 1. In this model, 

the stator flux linkage is composed of two components, 

including the flux generated by the stator currents and 

the flux produced by the permanent magnets. 

 
Figure 1. Phasor diagram  of  the stator  flux  and  
stator  current 

In PMSMs, the main magnetic field is produced by 

permanent magnets; therefore, the rotor flux linkage 

can be considered constant over time. The 

mathematical model of the PMSM in the synchronous 

rotating ݀-ݍ reference frame aligned with the rotor can 

be expressed in terms of the state-variable differential 

equations as follows. 

The stator current equations are given by 

r

r r f

Ld R 1qs
p

dt L L Ld d d

d R L 1 1s d
p p

dt L Lq Lq Lq q

d
d q d

q

q d q

i
i ω i u

i
i ω i ω ψ u

   

    







       (2) 

The mechanical dynamics of the rotor can be 

expressed as 
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 r

dωr

dt

r

e L

r

1
T  - T  - Bω

J

dθ
ω

dt









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                                          (3) 

The electromagnetic torque produced by the PMSM 

is given by 

 e f d q

3

2 q d q
T p ψ i i i L L   

                                (4) 

For a surface-mounted permanent magnet 

synchronous motor (SPMSM), which is a non-salient 

pole machine, the inductances of the ݀-axis and ݍ-axis 

are equal ( ௗܮ = ௤ܮ = ௦ܮ ). Therefore, the torque 

equation can be simplified as 

e f q

3
T p ψ i

2
                                                             (5) 

where ߰௙ is the permanent magnet flux linkage, ݌ 

is the number of pole pairs, ݒௗ and ݒ௤  are the stator 

voltages in the ݀- and ݍ-axes, and ݅ௗ and ݅௤  denote the 

stator currents. ܴ௦ is the stator resistance, while ܮௗ and ܮ௤ are the stator inductances along the ݀- and ݍ-axes, 

respectively. Furthermore, 𝜔௥ is the rotor angular 

speed, ܬ is the rotor inertia, ௅ܶ  is the load torque, ௘ܶ is 

the electromagnetic torque, ܤ is the viscous friction 

coefficient, and ߠ௥ represents the rotor angular position. 

 
Figure 2. Simulated waveforms for motor free 

acceleration of PMSM. 

To illustrate the dynamic characteristics of the 

PMSM model, a free-acceleration simulation is 

performed. Fig. 2 shows the rotor speed 𝜔௥, 

electromagnetic torque ௘ܶ, and stator phase currents ݅௫ 

ݔ) = ܽ, ܾ, ܿ) when the motor starts under rated voltage 

and frequency without mechanical load. 

The starting current reaches approximately 10 A, 

enabling the rotor speed to reach its rated value of 1500 

rpm within about 0.1 s due to the low inertia. A 

transient increase in torque around 0.1 s causes a 

current overshoot exceeding 5 A and a short oscillation 

in speed. After a brief transient, the rotor speed 

stabilizes at the rated value while the stator current 

decreases below 5 A. 

2.2 Effect of stator resistance on FOC performance 

In PMSMs, the main excitation field is generated by 

permanent magnets mounted on the rotor. Ideally, the 

rotor flux linkage ߰௙ can be considered constant over 

time. Therefore, in FOC, the electromagnetic torque 

can be regulated by controlling the q-axis current ݅௤, 

while the d-axis current ݅ௗ is maintained at zero in the 

constant torque region below the base speed. 

However, in practical PMSMs, the total air-gap flux 

is composed of both the permanent magnet flux and the 

stator reaction flux 

total f stator
ψ ψ + ψ
r r r

                                                     (6) 

where ߰௦௧௔௧௢௥  represents the armature reaction flux 

generated by the stator current. The interaction between 

these flux components is referred to as the armature 

reaction effect. As a result, when ݅ௗ > 0, the total flux 

increases, whereas when ݅ௗ < 0, the total flux 

decreases, which corresponds to the flux-weakening 

operation. 

For SPMSMs, since ܮௗ ≈  ௤, the electromagneticܮ

torque mainly depends on the q-axis current, whereas 

the d-axis current primarily influences the magnitude of 

the air-gap flux. In addition, the armature reaction 

caused by the stator current may distort the air-gap flux 

distribution and lead to localized magnetic saturation, 

thereby affecting the effective inductance parameters of 

the motor. 

Another important factor affecting the performance 

of FOC is the variation of stator resistance with 

temperature. The stator resistance can be expressed as 

 s so o
( ) [1R T R T T                (7) 

where ܴ௦0 is the stator resistance measured at the 

reference temperature 0ܶ (typically between 20 °C and 

25°C), and ߙ is the temperature coefficient of 

resistance, which is approximately α ≈  0.0039 /oC (Cu) 

for copper windings. 

When the stator resistance ܴ௦ increases due to 

temperature variation, the voltage drops ܴ௦݅ௗ and ܴ௦݅௤  

increase correspondingly. As a result, operating-point 

drift, torque deviation, efficiency reduction, and speed 

oscillations may occur. Moreover, if the ݅ௗ current 

becomes uncontrolled, there exists a potential risk of 

permanent magnet demagnetization. 

2.3 PI control law 

Fig. 3 shows the typical block diagram of vector control 

for a permanent magnet synchronous motor (PMSM) in 
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the synchronous d–q reference frame. This control 

structure allows the PMSM to be handled similarly to a 

separately excited DC motor. The control system 

consists of the PMSM model and the d–q axis control 

loops connected to the rotor speed control loop. In this 

scheme, PI controllers are commonly used to regulate 

the motor speed and current components.  

 
Fig. 3. Vector  control  scheme  of  permanent  magnet  

synchronous  machine 

Maintaining ݅ௗ = 0 is the most common control 

strategy for PMSMs, since it helps protect the machine 

from over-excitation or under-excitation conditions. 

The PI controller for the d-axis generates the control 

voltage ݑௗ, while the rotor speed controller determines 

the reference q-axis current ݅௤∗ , which in turn produces 

the q-axis voltage component ݑ௤. 

In PMSMs, the main magnetic field is generated by 

permanent magnets mounted on the rotor. Ideally, the 

flux linkage is constant over time. However, in practice, 

the stator current produces its own magnetic field, 

which interacts with the original field and causes the 

armature reaction effect. As indicated in (2), the 

currents ݅ ௗ and ݅ ௤  are influenced by the stator resistance ܴ௦, especially when temperature variations occur. 

Therefore, reducing the influence of this parameter 

variation is necessary. The rotor position is given by: 

rr dtθ  = ω                             (8)  

The stator voltages and currents are then 

transformed into two-phase variables through forward 

and inverse transformation blocks. The corresponding 

relations are expressed as 

-  +

 -  +

                               

2π 2πsin(θ)   sin(θ )  sin(θ )
3 3d a

2 2π 2π
q = cos(θ)  cos(θ )  cos(θ ) b

3 3 3
0 c1 1 1

2 2 2

 
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    
    
        
 

        (9) 

 -  -

 +  +

    sin(θ)          cos(θ)       1
a d

2π 2π
b = sin(θ )   cos(θ )   1 q

3 3
c 02π 2πsin(θ )  cos(θ )   1

3 3

 
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    
    
         

                (10) 

From the system equations in (2), if ݑௗ and ݑ௤ are 

selected as the control inputs for ݅ ௗ and ݅ ௤ , respectively, 

the control laws can be designed as 

d dts dp d di dd
u = R i + K e + K e                              (11) 

q s qp q qqiq
u = R i + K e + K e dt            (12) 

*
q ωp ω ωωii = K e + K e dt             (13) 

where the control errors are defined as ݁ௗ = ݅ௗ∗ −݅ௗ, ݁௤ = ݅௤∗ − ݅௤ , and ݁ఠ = 𝜔௥∗ − 𝜔௥. The parameters ܭௗ௣ , ௗ௜ܭ , ௤௣ܭ , ௤௜ܭ , ఠ௣ܭ ,  ఠ௜ denote the PI controllerܭ

gains, while ݅ௗ , ݅௤ , 𝜔௥  are the measured variables. 

Substituting (11) and (12) into (2), it can be 

observed that the terms ܴ௦݅ௗ and ܴ௦݅௤  are eliminated. 

Therefore, the currents ݅ௗ and ݅௤  are no longer affected 

by variations in the stator resistance ܴ௦ due to 

temperature changes, which demonstrates the 

robustness of the proposed control law. 

s s r

s s r r f

d
p dt

dt

d
p p

dt

d
dp d di dq

q
qp q qqid

K e + K e

K e + K e

iL L ω i

i
L L ω i ω ψ dt

 

   










  (14)       

2.4 Lyapunov stability analysis 

Since ݅ௗ = ݅ௗ∗ − ݁ௗ and ݅௤ = ݅௤∗ − ݁௤, where ݅ௗ∗  and ݅௤∗  

are constant reference values, their derivatives satisfy 

- , - 
d d q q

e i e i & && &  

Let: 

d q

d q

dt dtqd

qd

e e

e e

, 

, 

 

 

 

 





 
& &

                                         (15) 

Substituting (15) into (14) yields 

 
 

s d s r d

s q s r r f q

p

p p

*
- 

dp d diq q

*
- qp q qid d

K e  K

K e - K

L e L ω i e

L e L ω i e ω ψ





   
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





&

&
    (16)     

  Let: 

d s r

q s r r f

p

p p

*
q

*
d

C L ω i

C L ω i ω ψ

 

 





                                         (17) 

Substituting (17) into (16), we obtain 

s d s r d d

s q s r q q

p

p

dp d diq

qp q qid

K e  K

K e - K

L e L ω e + C

L e L ω e + C





  

  





&

&
                (18)     

At the desired equilibrium point ݁ௗ = ݁௤ = 0, the 

conditions ܥௗ = ௤ܥ = 0 must be satisfied. Therefore, 

the deviation around the equilibrium point is expressed 
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as 

s d s r d

s q s r q

p

p

dp d diq

qp q qid

K e  K

K e - K

L e L ω e

L e L ω e





  
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



&

&
                          (19)    

To analyze the stability of the system, consider the 

Lyapunov function candidate ܸ, which satisfies ܸ > 0 

for all ݔ ≠ 0 

   
1 1 1

2 2 2

2 2 2 2
di qis d q d q

e e + K + KV L                      (20) 

The time derivative of the Lyapunov function is 

given by 

 q q q qd d di d d qis s
e e + e e + K e + K eV L L   & &&                   (21) 

Substituting (18) into (21), we obtain 

 2 2
qpdp d q

- K e  - K eV &                                                  (22) 

Therefore, if the controller gains satisfy ܭௗ௣ > 0 

and ܭ௤௣ > 0, the control laws defined in (11)–(12) 

ensure global asymptotic stability of the system. 

2.5. Inverter and hysteresis switching 

Fig. 4 shows the three-level diode-neutral-point-

clamped (D-NPC) voltage source inverter supplying 

the PMSM. The inverter consists of four switches 1ܵ–ܵ4 with antiparallel diodes 4ܦ–1ܦ, typically 

implemented using IGBTs or GCTs.  

Two DC-link capacitors ܥௗ1 and ܥௗ2 form the 

neutral point ܼ, while ܦ௓1 and ܦ௓2 act as clamping 

diodes. When ܵ2 and ܵ3 are ON, the inverter output is 

connected to the neutral point. Each capacitor voltage 

is ܧ = ௗܸ/2. Due to the neutral current ݅௓, capacitor 

charging and discharging may cause neutral-point 

voltage imbalance.  

 
Fig. 4. Structure of the three-level inverter supplying 

the PMSM. 

The inverter produces three output voltage levels 

as +Vd/2, - Vd/2 and 0 with complementary switching 

states 1 3 2 4
1 1S S and S S    . 

The switching signals are generated by comparing 

the stator voltage ݑ௫ with a hysteresis band ℎ. A 

double-band hysteresis scheme (Fig. 5) produces three 

outputs ݕ = +1,0, −1, corresponding to acceleration, 

deceleration, and no change in rotor speed. 

1

2

u

u

x

x

 1    if  h
S  =   0    O t h e r w i s e   

 1    if  h
S  =   0    O t h e r w i s e   









 

 
 

 
Fig. 5. Characteristics of hysteresis 

Switching occurs between 1ܵ–ܵ3 when ݑ௫ > 0, and 

between ܵ2–ܵ4 when ݑ௫ < 0. This scheme distributes 

switching losses among devices within one cycle. Fig. 

6 shows the influence of the hysteresis band ℎand 

frequency ݂on the stator current THD, defined as 

2

2
n

1

I (h, f)
THD(h, f)  x 100%

I

n







                    (23) 

Increasing ℎ enlarges current ripple and increases 

THD, whereas higher frequency ݂ generally reduces 

THD but increases switching losses. Therefore, an 

optimal compromise between current quality and 

switching loss must be considered. 

 
Fig. 6. Effect of ℎand ݂on stator current THD. 

2.6. Hardware in the loop design 

FPGA provides significant advantages for high-

performance SPMSM drive systems due to its true 

parallel processing capability. Unlike DSP-based 

controllers that operate sequentially, FPGA allows 

Clarke/Park transformations, current control, 

decoupling, and modulation algorithms to be executed 

simultaneously within the same sampling period, 

thereby reducing computational delay [20-22]. 

Hardware-in-the-loop (HIL) techniques have 

gained increasing attention in power electronics and 

drive systems as a fast and reliable approach for 

validating control strategies. HIL platforms allow real-

time evaluation of controller performance before 

practical implementation, thereby reducing 

development risk, cost, and time [23-24]. 

To accurately emulate the inverter behavior, the 

HIL system must reproduce the VSI characteristics 
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with sampling times typically in the range of 10–50 μs. 
This requirement can be achieved using the time-

stamping bridge technique. 

In this study, the average model of the D-NPC 

inverter and the SPMSM is implemented on a PC, while 

the control algorithm is deployed on an FPGA, forming 

a complete HIL system. The FPGA generates the 

switching states ܵ ௝௫ of the multilevel inverter, which are 

transmitted to the PC where the inverter and SPMSM 

average models are simulated. Feedback signals, 

including stator currents and rotor speed, are sent back 

to the FPGA to close the real-time control loop, while 

the electromagnetic torque ௘ܶ is estimated on the PC. 

2.7. Average model of VSI and SPMSM 

The average model of the three-level D-NPC inverter 

supplying the stator voltage of the SPMSM is expressed 

as 

jx

j = 1,2

d
x

V
= S

2
u

 
 
 
                                              (24) 

where ̅ݑ௫ represents the three-phase inverter output 

voltages and ௝ܵ௫ denotes the switching states. 

In the rotating ݀-ݍ reference frame, the average 

voltage model of the SPMSM can be written as 

 
r

r f

d
p

dt

d
p

dt

d
s s sd d q

q
s s sq q d

iu R i L L ω i

i
u R i L ω L i ψ

  

   







                     (25) 

Note that the inverter output voltage ̅ݑ௫ given in 

(24) accurately represents the practical inverter 

behavior, including switching actions and high-

frequency ripple. 

III. Simulation and experimental results 

Simulation and experimental studies were carried out in 

MATLAB/Simulink with a simulation time of ௦ܶ௧௢௣  The parameters of the SPMSM are listed in Table .ݏ 7=

1. During the test, the reference speed 𝜔௥∗ varies from 

28 rpm to 1500 rpm. 

Table 1. SPMSM parameters 

Parameter Value Unit 

Power 1, 380, 50  hp, V, Hz 

Velocity of the rotor  ωr = 1500 rpm 

Electromagnetic torque Te = 4.75 N.m 

Resistance of the stator  Rs = 2.875 Ω 
dq-axis inductances Ldq Ld = Lq = 8.5 mH 

Number of pole pairs  p  = 2  

Combined inertia of rotor 

and load  

J  = 0.8e-3 kg.m2 

Combined viscous friction 

of rotor and load  

F  = 1e-3 N.m.s 

Amplitude of rotor PM-

induced flux in the stator 

ψf  = 0.25 V.s 

Time sampling  Ts  = 10  μs 
Vdc Link Vdc = 400  V 

The objective is to develop a robust PMSM speed 

controller capable of maintaining high dynamic 

performance around the operating point, particularly 

under load variations and input voltage changes. The 

controller aims to achieve limited overshoot, short 

settling time, and reduced output harmonics while 

preserving consistent dynamic performance under 

different operating conditions. 

The system performance is evaluated under three 

scenarios: variation of the reference speed 𝜔௥∗, variation 

of motor parameters, and the presence of unknown 

disturbances, including random disturbances ݀(ݐ). 

3.1 Simulation Results 

Fig. 7 shows the inverter output characteristics. The 

DC-link capacitor voltages are balanced at ௗܸ௖/2 =200 V. The phase voltage ௔ܸ௡ exhibits three distinct 

levels (− ௗܸ௖/2, 0,  + ௗܸ௖/2) as shown in Fig. 7(a), 

while the line voltage ௔ܸ௕ presents five levels ranging 

from − ௗܸ௖ to + ௗܸ௖. 

The common-mode voltage is reduced to ௗܸ௖/6. 

The stator current has a fundamental component of 50 

Hz with an amplitude of approximately 4.9 A, and its 

total harmonic distortion (THD) is around 8%, as 

illustrated in Fig. 7(b). 

 

  

 Fig. 7. D-NPC inverter response. 

 

Fig. 8 shows the rotor speed response and 

tracking performance. The red curve represents the 

reference speed, while the dashed blue curve denotes 

the measured speed. The results indicate that, after the 

acceleration phase, the measured speed closely follows 

the reference with a settling time of approximately 0.1 

seconds. 

  
Fig. 8. Settling time and error of rotor speed 𝜔௥  
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Fig. 9 shows that the measured rotor speed 𝜔௥ and 

electromagnetic torque ௘ܶ closely track their reference 

values 𝜔௥∗ and ௘ܶ∗, respectively. The q-axis current ݅௤  

varies with the reference speed to maintain the required 

torque.  

At low speed (28 rpm), the stator current reaches 

approximately 4 A, indicating that the controller 

increases its control effort to ensure robust performance 

under low-speed operating conditions. 

Fig. 9. SPMSM response at ௘ܶ = 4.75 ܰ. ݉    

Fig. 10 shows the SPMSM response under varying 

load torque. The rotor speed and electromagnetic 

torque accurately track their reference values. The q-

axis current ݅௤varies according to the speed and torque 

demands. During the interval from 4 to 5 s, when the 

speed reaches its minimum and the torque reaches its 

maximum, the stator current exceeds 4 A. 

 

  
Fig. 10. SPMSM response under varying torque. 

To evaluate the impact of parameter variations on 

system performance, the stator resistance ܴ௦ is 

increased to twice its nominal value, together with the 

presence of random disturbances. 

Fig. 11 shows the system response when the stator 

resistance ܴ௦ is doubled and the torque ௘ܶ varies. The 

measured variables still track their references 

accurately. The stator current exceeds 4 A at low speed 

while maintaining a sinusoidal waveform, prove that 

the control laws in (11)–(12) are robust against 

variations in ܴ௦. 

 

 

  

Fig. 11. SPMSM response with doubled ܴ௦  

 

 
Fig. 12. SPMSM response under disturbance ݀(ݐ). 

Fig. 12 presents the system performance under 

random disturbances ݀(ݐ) with an amplitude of ±70 V 

applied to the DC-link voltage. The measured speed 

and torque continue to follow their references. During 

the interval from 2 to 3 s, slight torque oscillations are 

observed at higher speeds. The DC-link capacitor 

voltages are rebalanced to a new value, and the stator 

current remains sinusoidal, exceeding 4 A at low speed. 

Overall, the simulation results indicate that the 

decoupled control of the d- and q-axis currents 

simplifies the control design and improves accuracy. In 

addition, the multilevel structure of the VSI provides 

clearly defined voltage levels, contributing to improved 

system performance and robustness. 

Fig. 13 illustrates the stator current trajectory in the 

stationary ߚߙ frame. The current components ݅ ఈ and ݅ ఉ, 

obtained via Clarke transformation, form nearly 

circular trajectories, indicating that the magnitude of 

the stator current vector is well regulated. This confirms 

the effective decoupling of ݅ௗ and ݅௤, where ݅ௗ ≈ 0 and ݅௤  is responsible for torque generation. 

The slight deviation from an ideal circular 

trajectory can be attributed to inverter switching 

effects, sampling errors, and current ripple components. 

The irregular behavior near the center reflects the 

transient phase during the transition from startup to 
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steady-state operation. Once steady state is reached, the 

stator current vector rotates uniformly in the ߚߙ plane, 

forming a nearly circular trajectory with an 

approximately constant radius. 

 
Fig. 13. Stator current trajectory in the stationary ߚߙ 

frame under FOC. 

 

 
Fig. 14. Three-dimensional trajectory of the system 

states (iα, iβ, ωr) 

Fig. 14 illustrates the three-dimensional trajectory 

of the stator current in the stationary ߚߙframe 

combined with the rotor speed 𝜔௥. The horizontal axes 

represent ݅ఈand ݅ఉ, while the vertical axis corresponds 

to 𝜔௥. At each speed level, the stator current trajectory 

in the ߚߙ plane forms an approximately circular shape, 

indicating that the magnitude of the current vector is 

well maintained under FOC. The vertical displacement 

of these trajectories reflects the variation of rotor speed 

during transient and steady-state operation. 

The patterns represent the transient response as the 

speed changes (e.g., from 500 rpm to 1500 rpm and 

1000 rpm), forming spiral trajectories along the 𝜔௥ 

axis. Once steady state is reached, the stator current 

remains sinusoidal with nearly constant amplitude for 

different speed levels, as expressed in (26). 

2 2    constantsi i i   
r

                                            (26) 

3.2 Experimental Results 

Fig. 15 shows the real-time experimental setup of the 

proposed control scheme. The rotor speed is measured 

using a 1024-pulse encoder, and the data are acquired 

on a PC.  

 

Fig. 15. Experimental setup. 

 

  
Fig. 16. Experimental D-NPC response. 

Fig. 16 presents the experimental inverter 

performance. The DC-link capacitor voltages are 

balanced at ௗܸ௖/2 = 200 V, and the phase voltage 

exhibits three distinct levels. The common-mode 

voltage is reduced to ௗܸ௖/6. The stator current has a 

fundamental component of 50 Hz with an amplitude of 

approximately 4.6 A, and the THD is around 11.5%. 

 

  

Fig. 17. Settling time and error of rotor speed 

Fig. 17 shows the experimental rotor speed 

response. The dashed black curve represents the 

reference speed, while the orange curve denotes the 

measured speed. The results indicate fast acceleration 

and accurate tracking, with a settling time of 

 V
C

1
 a

n
d

 V
C

2
 (

V
)

 V
a

n
 (

V
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

 time (seconds)

0

200

400

600

800

1000

1200

1400

1600

 a) Steady  State time

*

r

r

X 0.19511

Y 1499.88

0 1 2 3 4 5 6 7

 time (seconds)

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5
 b) Steady  State Error



 

9 
 

approximately 0.2 s. The longer settling time compared 

to the simulation results is mainly due to sampling 

delay ݐௗ between the FPGA and the proposed models. 

Fig. 18 shows the experimental results at ௘ܶ =4.75 N.m. The measured rotor speed 𝜔௥ and torque ௘ܶ 

(dashed lines) closely track their reference values 𝜔௥∗and ௘ܶ∗ (solid lines). The q-axis current ݅௤varies with 

the speed reference to maintain the required torque. At 

low speed (28 rpm), the stator current reaches 

approximately 5 A while maintaining a sinusoidal 

waveform. 

Fig. 18. Experimental response at rated ௘ܶ  

Fig. 19 shows the experimental response under 

varying torque conditions. The measured variables 

closely track their reference values. During the interval 

from 2 to 3 s, higher speed operation leads to noticeable 

oscillations in the q-axis current ݅௤ , which continuously 

adapts to the speed reference while maintaining torque 

variation. At the highest speed, the stator current 

reaches approximately 6 A and retains a sinusoidal 

waveform. 

Fig. 19. Experimental response under varying ௘ܶ 

Fig. 20 shows the experimental results when the 

stator resistance ܴ௦ is doubled and the torque ௘ܶ varies. 

The measured variables still track their references 

accurately. At the highest speed, the stator current 

reaches approximately 6 A while maintaining a 

sinusoidal waveform, and the q-axis current increases 

to meet the speed demand. These results confirm that 

the proposed control law is largely independent of ܴ௦, 

consistent with the simulation results. 

  

Fig. 20. SPMSM response with doubled ܴ௦. 

Fig. 21 presents the system performance under 

disturbances ݀(ݐ). The measured variables continue to 

follow their references. At higher speeds, slight torque 

oscillations are observed, while the DC-link capacitor 

voltages are rebalanced to a new level. The stator 

current exceeds 4 A at low speed and retains a 

sinusoidal waveform. 

  

Fig. 21. Experimental response under disturbance d(t) 

Figs. 22 and 23 illustrate the experimental stator 

current trajectory in the ߚߙ plane and the state 

trajectory in the three-dimensional space (݅ఈ , ݅ఉ ,𝜔௥), 

respectively. The results show that the stator current 

maintains a sinusoidal waveform with stable amplitude, 

confirming the dynamic stability of the SPMSM drive 

under the FOC scheme. 

Where, Fig. 22 shows that the stator current vector 

forms nearly circular trajectories as the system 

approaches steady state. The spiral trajectory from the 

origin reflects the transient phase during startup, where 

the current magnitude gradually increases. Once steady 

state is reached, the current vector rotates uniformly 

with an approximately constant radius.  

In Fig. 23, the experimental state trajectory in the 

three-dimensional space, where the vertical axis 

represents the rotor speed. The circular stator current 

trajectories in the ߚߙplane are lifted along the speed 

axis, forming layered trajectories at different speed 

levels. This behavior reflects the evolution of the 

system from the startup phase to steady-state operation. 
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Fig. 22. Trajectory of the stator current vector in the αβ 
frame under FOC of the SPMSM 

 

 
Fig. 23. Three-dimensional trajectory of the system 

states (iα, iβ, ωr) 

 

IV. Conclusions 

This paper has presented a PI-based field-oriented 

control strategy for SPMSM drives with integrated 

stator resistance compensation and a multilevel inverter 

employing hysteresis switching. The proposed method 

effectively mitigates the impact of parameter 

variations, particularly stator resistance changes due to 

temperature. The robustness of the control scheme has 

been validated under parameter variations and external 

disturbances. Both simulation and real-time 

experimental results demonstrate improved current 

tracking, reduced harmonic distortion, and enhanced 

dynamic performance, especially under low-speed and 

load-varying conditions. Furthermore, the use of a 

multilevel inverter contributes to improved voltage 

quality and reduced current ripple, leading to better 

overall system performance. The results confirm that 

the proposed approach provides a simple, effective, and 

practically applicable solution for high-performance 

SPMSM drive systems. 
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