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Abstract—This paper designs a hybrid control strategy for 

interior permanent magnet synchronous motors (IPMSM) in 

the presence of internal/external disturbances. It combines 

two control approaches, i.e., adaptive control that is activated 

during the steady-state condition and iterative learning 

control (ILC) which is activated only at the transient 

condition. Therefore, the proposed hybrid control merges the 

robustness of the adaptive control against system uncertainty 

while the ILC improves the tracking performance hence 

achieving improved dynamic and steady-state control 

performance regardless the changing disturbances. Contrary 

to the conventional method, the proposed method maintains 

a satisfactory control operation (e.g., fast dynamic response, 

small steady-state error, etc.) by stabilizing the state errors to 

approach zero and compensating for the model parameter 

variations. To prove the effectiveness of the proposed control 

approach, it is simulated on a PSIM simulation tool and 

implemented on a prototype of PMSM drive powered by 2 

level (2L)-inverter. 

 
Index Terms—External distortion, hybrid current control, 

internal distortion, interior permanent magnet synchronous 

motors. 

I. INTRODUCTION 

Interior permanent magnet synchronous motors 

(IPMSMs) are becoming incredibly popular in a 

variety of commercial applications due to their 

appealing characteristics such as minimal 

maintenance cost, small construction, great 

efficiency, high power density [1][3], etc. However, 

IPMSM drives must have excellent control 

performance for such applications, e.g., rapid 

dynamic response and excellent trajectory tracking, 

and resilience against system perturbation and 

parameter fluctuations. Nonetheless, there are several 

limitations to their control performance (e.g., model 

parameter uncertainties, nonlinear motor parameters, 

etc.) [4] that must be considered in order to maintain 

appropriate control performance. 

A variety of advanced control systems have 

previously been designed to maintain high-

performance standards, such as deadbeat control [5], 

[6] fuzzy logic control (FLC) [7], [8] adaptive control 

[96], model predictive control (MPC) [10], [11] , 

iterative learning control (ILC) [12][14], etc. have 

been extensively studied. First, the deadbeat control 

[4] considerably refines dynamic performance; 

however, it heavily dependent on system parameters 

that cause it to be sensitive for parameter mismatch. 

To ensure a satisfactory control performance, precise 

knowledge of the IPMSM variables should be taken 

into account. Next, in view of fuzzy logic capability, 

FLC [5] has emerged as a promising control approach 

among advanced control methods. Nonetheless, its 

precision is largely associated with the designed 

fuzzy rules, which complicates the control algorithm. 

In [6], adaptive control is known for its capability to 

compensate for parameter variation, but it relatively 

complicates the overall control structure. MPC has 

outstanding tracking competencies where it can 

forecast future system behavior by employing a 

predictive model [9]. The smooth and accurate 

monitoring of reference signals is made possible by 

this predictive capability, which also efficiently 

rejects disturbances. This contributes to superior 

motor performance and stability[10]. Nevertheless, it 

is model dependent that may lead to poor control 

performance when the system parameters deviate 

from their nominal values. Iterative learning control 

(ILC) [7] has lately gained popularity due to its 

potential to improve overall control performance by 

revising the control commands by stored data. As a 

consequence, the ILC is extensively employed in a 

range of industrial applications where perturbations 

occur on a regular basis. Unfortunately, if the IPMSM 

drives are exposed to large parameter fluctuations, 

this control technique can be adversely deteriorated. 

To keep appropriate control effectiveness of the ILC 

approaches, an adaptive control regulation can be 

included to correct for system mismatch.  

This research work designs a hybrid control 

approach for IPMSM drives. It combines the great 

features of the adaptive control to tackle the system 

uncertainties by compensating for the parameter 

variation and the attractive characteristics of ILC to 

enhance the dynamic response. The adaptive control 

is activated during steady-state so it can ensure low 

THD, minimized steady-state error, etc., while the 

ILC is activated during the dynamic response so it 

can confirm fast-tracking capability with less 
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overshoot. The observed findings obtained verify the 

superiority of the proposed control strategy over the 

conventional one. 

II. PROPOSED HYBRID CURRENT CONTROL 

FOR PMSM DRIVES 

This section describes the dynamic model of IPMSM 

and the control design of the proposed method.  

A. Dynamical Model of IPMSM 

The model of the IPMSM drives in the rotating dq 

reference frame can be regarded in form of 

continuous-time domain as follows [4], [12]: 
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where , TL, ids, iqs, uds, uqs, dd, and dq are the rotor 

speed, load torque, dq-axis stator currents, the dq-axis 

stator voltages; p, m, Ld and Lq, J, Rs, and B represent 

the number of poles, magnetic flux linkage, stator 

inductances, the rotor inertia, stator resistance, and 

friction coefficient, respectively.  

B. Design of Improved Hybrid Control for 

IPMSM Drives  

The overall proposed hybrid current control can be 

deduced as follows: 
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where it combines three control terms, feedback 

control terms (, adaptive terms, and ILC terms, i.e., 

fb_T, Adap_T, and ILC_T, respectively.  

Then these terms are designed as follows:  

First, the feedback terms can be expressed as given 

below: 
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where gpd, gId, gpq, and gIq are the feedback control 

gains while eids and eiqs are the current state errors 

that can be defined as follows: 
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where idsr and iqsr are the dq-axis reference currents 

where iqsr can be set manually while the iqsr is 

calculate from iqsr as follows: 
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Then, the adaptive terms are designed utilizing the 

well-known Lyapunov control law as follows: 
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where Gids and Giqs are the adaptive control gains. 

Last, the ILC terms are designed as follows: 
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where M is the ILC gain.  

Then, the switching condition for the proposed 

hybrid current control can be given by  
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where ess = qsi , i.e., the maximum q-axis stator current 

error, and Uds,ILC, Uqs,ILC , Uds,adap , and Uqs,adap are 

command signal that generated from the adaptive control 

and ILC respectively, while the 15% of the iqsd to switch 

between the adaptive control and ILC is chosen by 

extensive simulation and experimental results. 

Fig. 1 describes the proposed method that has two 

objectives, i.e., adaptive control to ensure satisfactory 

steady-state performance while the ILC method 

provided a faster dynamic capability that is similar to 

that offered by the conventional method.  

 

Fig. 1: Proposed block diagram hybrid current control for IPMSM 

drives. 

Fig. 2 elaborates on the flowchart of the proposed hybrid 

current control for IPMSM drives. As can be observed 

from this figure, to establish the hybrid control method, the 

listed below step has to be done sequentially: 

a) Convert the continuous-time model into its discrete 

form to easily capture the stored data, i.e., preceding 

state current errors. 

b) Obtain the state errors eids and eiqs to be regulated either 

by the adaptive control law or by the ILC law. 
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c) Check the percentage of the steady-state error, i.e., 

ess, to decide the switching between the adaptive 

control law and ILC. 

d) If control performance (i.e., fast transient response 

and reduced THD) is acceptable, end the process, 

otherwise, repeat step c). 

 

Fig. 2: Flowchart of proposed hybrid current control for IPMSM drives. 

III. PERFORMANCE VERIFICATION RESULTS 

To verify the efficacy of the proposed method, first, the 

iqsr is stepped changed from 1 to 5 A at a constant speed 

300 RPM (Scenario 1). Next, the iqsr is stepped changed 

from 3 to 12 A at a constant speed 1000 RPM (Scenario 2). 

Note that all scenarios are test while the system is 

subjected to parameter variation, i.e., +60% of the stator 

resistance and 20% of both the stator inductances Ld and 

Lq. It can be observed from the simulation results of 

scenarios (1) and (2), i.e., Figs. 3 and 4.  

Fig. 3 demonstrates the comprehensive control block 

diagram to regulate the stator currents and generates the 

control signals that drive the three-level inverter that fed 

the IPMSM. Meanwhile, Table I lists the system 

parameters for the simulation and experimental validation 

while Table II provides the summary of the observed 

results.  

The performance criteria (i.e., settling time, overshoot, 

steady-state error, and THD) observed by simulation and 

experimental results for the conventional method are (0.5, 

no overshoot, 3.8%, and 2.5%) and (0.6, no overshoot, 

3.9%, and 2.6%), respectively, while the observed findings 

offered by the proposed method are (0.47, no overshoot, 

0.8%, and 1.5%) and (0.48, no overshoot, 0.9%, and 

1.4%), respectively. To this end, the proposed method 

ensured better control performance over the traditional 

method.  

TABLE I 

SYSTEM PARAMETERS FOR SIMULATIONS AND EXPERIMENTS 

System Parameters Values 

Rated power  5[kW] 

Rated torque  27.3 [N·m] 

Rated current 17.23 [A] 

Rated speed 1750 [r/min] 

Sampling time 100 [s] 

Switching frequency 10 [kHz] 

Rs 0.158 [Ω] 

p 8 

Lds 0.00729 [H] 

Lqs 0.00725 [H] 

m 0.264 [Wb] 

J 
0.0066 

[kgm2] 

 

 
 
Fig. 3. Comprehensive control block diagram.  

 

To ensure the potency of the proposed method, the 

proposed method is experimentally tested by IPMSM test 

rig fed by three-level inverter. It can be disclosed from Fig. 

5 the conventional method displays a poor control 

performance (i.e., settling time of 1.67 ms, no overshoot, 

steady-state error of 6.5%, and THD of 3%) while the 

proposed method exhibits accepted transient and steady-

state performance (i.e., settling time of 1.65 ms, no 

overshoot, steady-state error of 2%, and THD of 1.8%). 

This concluded the influence of the proposed method on 

offering improved control criteria compared to the 

classical method in both the transient and steady-state 

performance owing to the compensating for system 

uncertainty during the steady state while maintaining a 

faster tracking capability at the transient state. This is can 

be achieved by smoothly switching between the adaptive 

control law and ILC law, respectively. 
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(a) 

               

(b) 

Fig. 4: Simulation performance verification when iqsr is stepped changed from 1 to 5 A at a constant speed 300 RPM (Scenario 1). (a) Conventional method. 

(b) Hybrid current control. 
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(a) 

        
(b) 

Fig. 5: Simulation performance verification when iqsr is stepped changed from 1 to 7 A at a constant speed 1050 RPM (Scenario 2). (a) Conventional 

method. (b) Hybrid current control. 

 

(a)                                                                                                      (b) 

Fig.6: Experimental performance verification. (a) Conventional method. (b) Hybrid current control. 
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TABLE II 

SIMULATION/EXPERIMENTAL OBSERVATIONS 

Control Method 
Settling Time 

 (ms) 
Overshoot (%) THD (%) 

Steady-State 

Error (%) 

Conventional Simulations 0.5 No 3.8 2.5 

Conventional Experiments 1.67 No 6.5 3 

Proposed Simulation 0.47 No 0.8 1.5 

Proposed Experiments 1.65 No 2 1.8 

 

IV. CONCLUSION 

This paper designed a hybrid control approach for 

IPMSM where it is subjected to internal/external 

disturbances. The proposed method has two 

functionalities, i.e., adaptive control which is activated at 

the steady-state condition and ILC which is activated at the 

transient condition. As a result, the proposed hybrid 

control integrates the adaptive control's resilience against 

system uncertainty with the ILC's tracking capability, 

resulting in better dynamic and steady-state control 

performance independent of changing disturbances. In 

contrast to the conventional method, the proposed method 

retains acceptable control performance by stabilizing the 

state errors and compensating for model parameter 

variations. The simulation/experimental results ensured 

the effectiveness of the proposed method over the 

conventional one. 

ACKNOWLEDGMENT 

This work was supported by the Korea Institute of 

Energy Technology Evaluation and Planning(KETEP) and 

the Ministry of Trade, Industry & Energy(MOTIE) of the 

Republic of Korea (No. 20225500000110). 

REFERENCES 

[1] J. Sopanen, V. Ruuskanen, J. Nerg, and J. Pyrhonen, 

“Dynamic torque analysis of a wind turbine drive train including 

a direct-driven permanent-magnet generator,” IEEE Trans. Ind. 

Electron., vol. 58, no. 9, pp. 3859–3867, Sep. 2011.  

[2] J. H. Moon and D.W. Kang, “Torque ripple and cogging 

torque reduction method of IPMSM using asymmetric shoe of 

stator and notch in stator,” J. Electr. Eng. Technol. vol. 17, pp. 

3465–3471, 2022 

[3] H. A. G. Al-kaf, S. S. Hakami and K. -B. Lee, “Hybrid current 

controller for permanent-magnet synchronous motors using 

robust switching techniques,” IEEE Trans. Power Electron., vol. 

38, no. 3, pp. 3711-3724, Mar. 2023. 

[4] B. Sarsembayev, K. Suleimenov and T. D. Do, "High order 

disturbance observer based PI-PI control system with tracking 

anti-windup technique for improvement of transient performance 

of PMSM," IEEE Access, vol. 9, pp. 66323-66334, 2021. 

[5] H. Yang, Y. Zhang, J. Liang, B. Xia, P. D. Walker and N. 

Zhang, "Deadbeat control based on a multipurpose disturbance 

observer for permanent magnet synchronous motors", IET Electr. 

Power Appl., vol. 12, pp. 708-716, 2018. 

[6] S. Agoro and I. Husain, “Robust Deadbeat Finite-Set 

Predictive Current Control With Torque Oscillation and Noise 

Reduction for PMSM drives,” IEEE Trans. Ind. Appl., vol. 58, 

no. 1, pp. 365–374, Jan. 2022 

[7] C. Wang and Z. Q. Zhu, "Fuzzy logic speed control of 

permanent magnet synchronous machine and feedback voltage 

ripple reduction in flux-weakening operation region," IEEE 

Trans. Ind. Appl., vol. 56, no. 2, pp. 1505-1517, March-April 

2020 

[8] Z. Li, Z. Zhang, S. Feng, J. Wang, X. Guo and H. Sun, 

"Design of model-free speed regulation system for permanent 

magnet synchronous linear motor based on adaptive observer," 

IEEE Access, vol. 10, pp. 68545-68556, 2022 

[9] H. Chaoui, M. Khayamy, and A. A. Aljarboua, “Adaptive 

interval type-2 fuzzy logic control for PMSM drives with a 

modified reference frame,” IEEE Trans. Ind. Electron., vol. 64, 

no. 5, pp. 3786–3797, May 2017. 

[10] M. Aguirre, S. Kouro, C. A. Rojas, and S. Vazquez, 

“Enhanced switching frequency control in FCS-MPC for power 

converters,” IEEE Trans. Ind. Electron., vol. 68, no. 3, pp. 2470–

2479, Mar. 2021. 

[11] G. Liu, C. Song, and Q. Chen, “FCS-MPC-based fault-

tolerant control of five-phase IPMSM for MTPA operation,” 

IEEE Trans. Power Electron., vol. 35, no. 3, pp. 2882–2894, 

Mar. 2020. 

[12] S. A. Q. Mohammed, H. H. Choi and J. -W. Jung, "Improved 

iterative learning direct torque control for torque ripple 

minimization of surface-mounted permanent magnet 

synchronous motor drives," IEEE Trans Industr. Inform., vol. 17, 

no. 11, pp. 7291-7303, Nov. 2021 

[13] S. A. Q. Mohammed and K.-B. Lee, “Improved adaptive 

iterative learning current control approach for IPMSM drives,” J. 

Power Electron., vol. 23, no. 2, pp. 284–295, Feb. 2023 

[14] S. A. Q. Mohammed, A. T. Nguyen, H. H. Choi, and J.-W. 

Jung, “Improved Iterative Learning Control Strategy for Surface-

Mounted Permanent Magnet Synchronous Motor Drives,” IEEE 

Trans. Ind. Electron., vol. 67, no. 12, pp. 10134–10144, Dec. 

2020. 
 

 

 


