
Bulletin of Electrical Engineering and Informatics 

Vol. 15, No. 3, June 2026, pp. 2853~2872 

ISSN: 2302-9285, DOI: 10.11591/eei.v15i3.11565      2853  

 

Journal homepage: http://beei.org 

Comparative analysis of switching frequency in DTC-CBSVM 

and FOC of three-level NPC PMSM drive for EV applications 
 

 

Rakesh Shriwastava1,2, Balajee Maram1, Yogesh S. Pawar3, Jyoti P. Rothe4, Dinesh S. Wankhede4, 

Hema Kale5 

1Department of Computer Science and Artificial Intelligence, SR University, Warangal, India 
2Department of Electrical Engineering, Govindrao Wanjari College of Engineering and Technology, Nagpur, India 

3Department of Electrical Engineering, Loknete Gopinathaji Munde Institute of Engineering Education and Research, Nashik, India 
4Department of Electrical Engineering, St. Vincent Pallotti College of Engineering and Technology, Nagpur, India 

5Department of Electronics and Telecommunication, St. Vincent Pallotti College of Engineering and Technology, Nagpur, India 

 

 

Article Info  ABSTRACT 

Article history: 

Received Oct 8, 2025 

Revised Apr 9, 2026 

Accepted Apr 19, 2026 

 

 This paper presents a comparative analysis of switching frequency 

performance in direct torque control with carrier-based space vector 

modulation (DTC-CBSVM) and field-oriented control (FOC) of permanent 

magnet synchronous motor (PMSM) drives fed by a three-level neutral point 

clamped (NPC) inverter. PMSM drives are widely utilized in electric 

vehicles (EVs) due to their high efficiency, torque density, and reliability. 

However, the selection of an appropriate control strategy significantly 

influences inverter switching frequency, system efficiency, and overall drive 

performance. The DTC-CBSVM approach provides fast torque response and 

reduced torque ripple, whereas the FOC technique ensures precise control of 

flux and torque with smoother operation. In this study, both methods are 

implemented and evaluated under identical operating conditions. Simulation 

results highlight the trade-offs between dynamic response, switching 

frequency, and harmonic performance. The findings serve as a reference for 

selecting optimal control strategies for efficient PMSM-based NPC inverter 

drives in EV applications. 
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1. INTRODUCTION 

Permanent magnet synchronous motors (PMSMs) are rapidly becoming the preferred choice for 

electric vehicle (EV) propulsion systems, owing to their high power density, high efficiency, and excellent 

torque-to-inertia ratio [1], [2]. To realize these advantages, the motor drive and control strategy are critical, 

particularly the choice of inverter topology and control algorithm [3], [4]. Three-level neutral point clamped 

(NPC) inverters offer several benefits over traditional two-level inverters: lower voltage stress on power 

switching devices, reduced harmonic distortion in output voltage, improved voltage quality, and lower 

switching losses for a given DC link voltage [5], [6]. These features are especially important in high-power 

EV inverters, where efficiency, thermal stress, and reliability are all decisive [7], [8]. Among the various 

control schemes, field-oriented control (FOC) and direct torque control (DTC) are two leading contenders 

[9], [10]. FOC uses pulse width modulation (PWM) or space vector pulse width modulation (SVPWM) to 

generate voltage commands based on transformed d–q axis current references, delivering smooth torque, 

good steady-state performance, and predictable switching frequency [11], [12]. On the other hand, DTC, 

https://creativecommons.org/licenses/by-sa/4.0/
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especially when augmented with carrier-based space vector modulation (CBSVM), offers faster dynamic 

torque response, and a simpler control structure, but often at the cost of variable switching frequency and 

increased torque ripple [13], [14]. 

Switching frequency is an important design parameter in EV drives, as it impacts inverter switching 

losses, thermal loading, electromagnetic interference (EMI), acoustic noise, filter design, and the overall 

efficiency and reliability of the power electronics [15], [16]. Given that FOC tends to employ fixed or quasi-

fixed switching frequency through PWM/SVPWM techniques, while DTC-CBSVM can lead to more 

variable switching behavior, a comparative study under identical operating conditions is essential to 

determine which control strategy better balances dynamic performance and efficiency in practical EV 

inverter designs [17], [18]. Several studies have highlighted the influence of switching frequency on 

harmonic distortion, inverter losses, and torque quality in PMSM drive systems [19], [20]. Moreover, the 

adoption of multilevel inverter topologies in EV applications has increased due to their capability to enhance 

power quality and reduce device stress [21], [22]. 

Therefore, this paper aims to perform a comparative analysis of switching frequency behavior 

between DTC-CBSVM and FOC control strategies for a PMSM powered through a three-level NPC inverter 

under various operating conditions relevant to EV applications, such as speed variations, load disturbances, 

and transient operating conditions [23], [24]. The analysis investigates not only the average switching 

frequency but also its variation and impact on torque ripple, harmonic distortion, switching losses, and overall 

drive efficiency to assist designers in selecting the optimal control strategy for EV drive applications [25]. 

This paper is organized as follows: section 1 presents the introduction. Section 2 describes the 

analysis and modeling of the PMSM. Section 3 explains the proposed method. Section 4 present the 

simulation and hardware results, respectively. Finally, section 5 concludes the paper. 

 

 

2. PERMANENT MAGNET SYNCHRONOUS MOTOR MODEL ANALYSIS 

The direct-axis winding induced voltage is given by: 

 

𝑢𝑑 = 𝑅𝑑𝑖𝑑 +
𝑑𝜆𝑑

𝑑𝑡
− 𝜔𝑟𝜆𝑞 (1) 

 

In (1), 𝑅𝑑  are the stator resistance and id are the stator current of direct-axis. 

The quadrature-axis winding induced voltage is given by: 

 

𝑢𝑑 = 𝑅𝑞𝑖𝑞 +
𝑑𝜆𝑑

𝑑𝑡
− 𝜔𝑟𝜆𝑑 (2) 

 

In (2), 𝑅𝑞 are the stator resistance and 𝑖𝑞 are the stator current of quadrature-axis: 

 

𝜆𝑑 = 𝐿𝑞𝑖𝑞 + 𝜆𝑚 (3) 

 

In (3), 𝜆𝑑 are the flux-linkage of stator direct-axis and 𝜆𝑚 is the rotor flux: 

 

𝜆𝑞 = 𝐿𝑞𝑖𝑞 (4) 

 

In (4), 𝜆𝑞 are the flux-linkage of stator quadrature -axis and 𝜆𝑚 is absent: 

 

𝐿𝑑 = 𝐿𝑞 (5) 

 

In (6), PMSM torque equation is: 

 

𝑇𝑒 =
 3

2

𝑝

2
(𝜆𝑑𝑖𝑞 − 𝜆𝑞𝑖𝑑) (6) 

 

Put the value of (3) and (4) in (6). 

 

𝑇𝑒 =
 3

2

𝑝

2
[(𝜆𝑑𝑖𝑑 + 𝜆𝑚)𝑖𝑞 − 𝐿𝑞𝑖𝑞𝑖𝑑] (7) 

 

𝑇𝑒 =
 3

2

𝑝

2
[(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞+𝜆𝑚𝑖𝑞] (8) 
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From (8) has two different components shown in (9) and (10): 

 

𝑅𝑒𝑙𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑡𝑜𝑟𝑞𝑢𝑒 =
 3

2

𝑝

2
(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞] (9) 

 

𝐹𝑖𝑒𝑙𝑑 𝑡𝑜𝑟𝑞𝑢𝑒 =
 3

2

𝑝

2
𝜆𝑚𝑖𝑞 (10) 

 

Due to PM flux linkage, 𝜆𝑚 the electromagnetic torque is (6). 

 

𝑇𝑒 =
 3

2

𝑝

2
𝜆𝑚𝑖𝑞 (11) 

 

The constant parameters are rotor flux-linkage and number of poles in round-rotor PMSM. 

The electromagnetic torque equation is: 

 

𝑇𝑒 = 𝐾𝑡 𝑖𝑞  (12) 

 

𝐾𝑡  is torque constant: 

 

𝐾𝑡 = 𝐾
 3

2

𝑝

2
𝜆𝑚  

 

Therefore, mechanical torque is given by (13): 

 

𝑇𝑒 =  𝑇𝑖 + 𝐵𝜔𝑚+ȷ
𝑑𝜔𝑚

𝑑𝑡
  (13) 

 

𝜔𝑚 and 𝜔𝑟 are the rotor’s mechanical and electrical speed. 

 

 

3. PROPOSED METHOD 

The proposed work focuses on the comparative analysis of switching frequency performance 

between direct torque control with carrier-based space vector modulation (DTC-CBSVM) and FOC of a 

PMSM fed by an NPC inverter for EV applications. The methodology consists of system modeling, 

implementation of control strategies, simulation environment, performance evaluation, and comparative 

analysis. 

In system modeling, the mathematical model of a surface-mounted PMSM is developed in the d–q 

reference frame, including stator voltage equations, flux linkages, and electromagnetic torque equations. A 

three-level NPC inverter is also modeled with appropriate switching states and voltage vectors to interface 

with the PMSM. 

In the implementation of the first control strategy, FOC employs Clarke and Park transformations to 

decouple torque and flux components. Reference currents for the d–q axes are generated using proportional–

integral (PI) controllers, and SVPWM is used for gate pulse generation, ensuring fixed switching frequency 

operation. 

In the implementation of the second control strategy, DTC-CBSVM estimates stator flux and torque 

using real-time voltage and current measurements. Hysteresis controllers are employed to regulate flux and 

torque within reference bands. Carrier-based SVM is used instead of conventional lookup tables to reduce 

torque ripple and achieve a quasi-constant switching frequency. 

In the simulation environment, both control schemes are implemented in MATLAB/Simulink under 

identical operating conditions, such as constant speed, variable load torque, and transient acceleration. 

Identical PMSM and inverter parameters are applied to ensure a fair comparison. 

For performance evaluation, switching frequency behavior, including mean value, variation range, 

and frequency spectrum, is measured. Dynamic torque response, total harmonic distortion (THD), inverter 

losses, and torque ripple are compared for both DTC-CBSVM and FOC. The impact of switching behavior 

on drive efficiency and suitability for EV applications is also assessed. 

Finally, the comparative analysis examines the trade-offs between FOC, which offers fixed 

switching frequency and smoother operation but slower dynamic response, and DTC-CBSVM, which 

provides faster response and improved dynamic performance with quasi-constant switching frequency using 

CBSVM. Quantitative results are presented through tables, graphs, and time-domain waveforms for direct 

comparison. Figure 1 shows the block schematic of the proposed DTC-CBSVM method, while Figure 2 

shows the block schematic of the proposed FOC-SVPWM method. 
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Figure 1. Block schematic of novel DTC–CBSVM 
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Figure 2. Block schematic of novel FOC-CBSVM 

 

 

4. SIMULATIONS RESULTS ANALYSIS 

DTC-CBSVM-based twelve-switch NPC inverter (NPCI) PMSM drive performance at variable 

switching frequency has been analyzed in MATLAB. The DC-link voltage is maintained at 380 V with a step 

input reference speed varying from 1200 rpm to 1500 rpm. Figure 3 shows the inverter voltage and current 

analysis at different inverter switching frequencies, while Figure 4 presents the PMSM motor speed response. 

 

 

 
 

Figure 3. Inverter voltage and current analysis at constant inverter switching frequencies 
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Figure 4. PMSM motor speed analysis 

 

 

Figure 5 (in Appendix) presents the overall PMSM motor model analysis at 1500 rpm for the  

DTC-CBSVM PMSM drive operating under constant inverter switching frequency conditions. Figure 5(a) 

illustrates the motor torque analysis, showing the dynamic torque response and ripple characteristics.  

Figure 5(b) presents the stator current analysis of the PMSM drive. Figure 5(c) shows the stator voltage 

analysis under the same operating conditions. Similarly, Figures 6(a) to (c) (in Appendix) presents the 

PMSM motor model analysis at 1500 rpm for the FOC-CBSVM PMSM drive operating at constant inverter 

switching frequencies. 

 

4.1.  DTC–CBSVM PMSM drive analysis at constant inverter switching frequencies 

This subsection presents the analysis of the DTC–CBSVM-controlled PMSM drive operating at 

constant inverter switching frequencies for EV applications. The purpose of this study is to evaluate the 

dynamic and steady-state performance of the proposed control strategy using a three-level twelve-switch NPC 

inverter fed PMSM drive. The analysis includes important performance parameters such as motor speed 

response, electromagnetic torque, stator current, stator voltage, switching frequency behavior, and harmonic 

performance under different operating conditions. The simulation is carried out in MATLAB/Simulink with a 

DC-link voltage of 380 V and reference speed variation from 1200 rpm to 1500 rpm to examine both transient 

and steady-state characteristics. The obtained results demonstrate that the DTC–CBSVM method provides 

improved torque response, reduced torque ripple, better voltage quality, and more controlled switching 

frequency characteristics, making it suitable for high-performance and efficient EV drive applications. 

 

4.2.  FOC–CBSVM PMSM drive analysis at constant inverter switching frequencies 

This subsection presents the analysis of the FOC–CBSVM-controlled PMSM drive operating at 

constant inverter switching frequencies for EV applications. The purpose of this analysis is to evaluate the 

steady-state and dynamic performance of the proposed control strategy using a three-level twelve-switch 

NPC inverter fed PMSM drive. The study investigates important performance parameters such as motor 

speed response, electromagnetic torque, stator current, stator voltage, switching frequency characteristics, 

and harmonic performance under various operating conditions. The simulation is carried out in 

MATLAB/Simulink with a DC-link voltage of 380 V and reference speed variation from 1200 rpm to  

1500 rpm to analyze both transient and steady-state responses of the drive system. The results demonstrate 

that the FOC–CBSVM method provides smooth speed control, reduced torque ripple, stable current 

characteristics, and fixed switching frequency operation, resulting in improved efficiency and reliable 

performance for EV drive applications. 

 

4.3.  Experimental model analysis 

4.3.1. Direct torque control with carrier-based space vector modulation analysis 

The hardware implementation of the proposed DTC–CBSVM PMSM drive consists of a 12 V 

power adapter, USB-to-UART bridge cable, TMEL motor control board, three-phase PMSM, and Atmel 

ATxmega16D4 processor board. The ATxmega16D4 provides sensorless DTC control using a back-EMF 
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phase-locked loop (PLL) for parameter tuning and motor control. Tables 1 and 2 present the comparative 

analysis of THD and torque ripple for DTC–NPCI and FOC–NPCI PMSM drives.  

 

 

Table 1. Comparison of THD analysis 
THD DTC–NPCI PMSM (%) FOC–NPCI PMSM (%) 

Voltage 10.04 10.89 
Current 2.33 2.41 

 

 

Table 2. Torque ripple analysis 
Controller speed (rpm) DTC–NPCI PMSM (%) FOC –NPCI PMSM (%) 

1500 16.35 16.157 

 

 

The results show that the proposed DTC–CBSVM method achieves lower harmonic distortion and 

reduced torque ripple, resulting in improved waveform quality and smoother motor operation.  

Figures 7(a) and (b) and 8(a) and (b) illustrate the voltage and current THD responses, confirming better 

harmonic performance of the proposed method. Figures 9 and 10 show the block schematic and experimental 

setup of the proposed twelve-switch NPCI PMSM drive. 

 

 

 
(a) 

 

 
(b) 

 

Figure 7. THD voltage response; (a) DTC–NPCI PMSM drive and (b) FOC –NPCI PMSM drive 

 

 

Experimental results at 500 rpm, 1500 rpm, and 3000 rpm are presented in Figures 11–13, 

demonstrating stable speed tracking and good dynamic response over a wide operating range.  

Figures 14(a) and (b) and Tables 3–5 summarize the THD, motor speed, torque, current, DC-link voltage, 

and ripple analysis. The results indicate that as motor speed increases, motor current and torque decrease 

while the DC-link voltage remains constant, confirming efficient high-speed operation and improved drive 

performance for EV applications. 
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(a) 

 

 
(b) 

 

Figure 8. THD current response; (a) DTC–NPCI PMSM drive and (b) FOC–NPCI PMSM drive 
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Figure 9. Block schematic of novel DTC-CBSVM twelve switch PCI PMSM drive 
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Figure 10. Experimental design of DTC-CBSVM twelve switch NPCI PMSM drive 

 

 

 
 

Figure 11. DTC-CBSVM twelve switch NPCI PMSM drive output at 500 rpm 
 
 

 
 

Figure 12. DTC-CBSVM twelve switch NPCI PMSM drive output at 1500 rpm 
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Figure 13. DTC-CBSVM twelve switch NPCI PMSM drive output at 3000 rpm 

 

 

 
(a) 

 

 
(b) 

 

Figure 14.THD analysis of twelve switch NPCI; (a) voltage THD and (b) current THD 
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Table 3. Motor speed, torque current, and DC voltage variation 
Motor speed 

(actual) (rpm) 
Motor speed 

(measured) (rpm) 
Motor current 

(actual) (A) 
Motor current 

(measured) (A) 
Motor direct voltage 

(actual) (V) 
Motor torque 

ripple% 
500 499.17 0.24 0.19 25.8 0.09 

1500 1496.9 0.03 0.12 25.8 0.07 
3000 3000 0.02 0.05 25.8 0.03 

 

 

Table 4. THD analysis 
Parameter THD (%) 
Voltage 10.04 
Current 0.73 

 

 

Table 5. Torque and current ripple analysis 
FOC 1150 rpm 1250 rpm 1550 rpm 

Motor torque 0.52 Nm 0.49 Nm 0.46 Nm 
Motor current 8.4 mA 7.8 mA 7.5 mA 

 

 

4.3.2. FOC–CBSVM analysis 

The experimental setup of the proposed DTC–CBSVM PMSM drive consists of an AVR 

microcontroller, 4N35 optocoupler, FGA15N120AN IGBT drivers, and port B and port C interfacing 

circuits. Figure 15 shows the schematic diagram of the DTC–CBSVM PMSM drive, while Figure 16 presents 

the developed experimental hardware setup.  

 

 

 
 

Figure 15. Schematic of FOC–CBSVM PMSM drive 

 

 

The hardware output responses of the PMSM drive are shown in Figures 17 and 18 (in Appendix), 

validating the practical implementation of the proposed control strategy. Figure 17 shows the inverter line 

voltage responses for a resistive load at different operating frequencies. Figure 17(a) presents the line voltage 

response at 40 Hz, Figure 17(b) shows the response at 45 Hz, and Figure 17(c) illustrates the response at  

50 Hz. The results demonstrate stable inverter voltage performance and improved waveform quality under 

varying frequency conditions.  

Figure 18 shows the inverter phase voltage responses for an inductive load at different operating 

frequencies. Figure 18(a) presents the phase voltage response at 40 Hz, Figure 18(b) shows the response at 45 

Hz, and Figure 18(c) illustrates the response at 50 Hz. The results indicate that the proposed DTC–CBSVM, 

method maintains stable voltage waveforms with improved output quality at different frequency conditions. 

Figure 19 presents the output current response of the DTC–CBSVM PMSM drive, which demonstrates 

smooth current characteristics with reduced ripple content.  
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Figure 16. FOC–CBSVM experimental design 

 

 

 

 

Figure 19. Output current response for motor FOC–CBSVM analysis 

 

 

Figure 20 illustrates the load–speed variation at; 40 Hz (Figure 20(a)), 45 Hz (Figure 20(b)), and  

50 Hz (Figure 20(c)), showing that the proposed drive maintains stable speed performance under varying 

load conditions. Figure 21 presents the torque versus load power characteristics, indicating improved torque 

capability and efficient power transfer at different operating frequencies.  

Figure 22 shows the speed versus load power characteristics, confirming stable motor operation and 

better speed regulation as load changes. Figure 23 presents the speed versus torque characteristics, 

demonstrating that the proposed DTC–CBSVM method provides good torque production with stable speed 

response over a wide operating range. The obtained experimental results highlight the effectiveness of the 

proposed control strategy in reducing ripple, improving dynamic response, and enhancing the overall 

performance of PMSM drives for EV applications. 
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(a) (b) (c) 

 

Figure 20. Load-speed variation at; (a) 40 Hz, (b) 45 Hz, and (c) 50 Hz 

 

 

 

 

Figure 21. Torque versus load power characteristics at 40 Hz, 45 Hz, and 50 Hz 

 

 

 
 

Figure 22. Speed versus load power characteristics at 40 Hz, 45 Hz, and 50 Hz 

 

 

 
 

Figure 23. Speed versus torque characteristics at 40 Hz, 45 Hz, and 50 Hz 

 

 

Table 6 shows speed variation with load at 40 Hz for motor and Table 7 shows speed variation with 

load at 45 Hz for motor. Table 8 shows variation in motor speed as a configuration of load at 50 Hz. The 

following are the hardware specification. Inverter DC link voltage=380 V, fundamental harmonic frequency 

fsw=50 Hz, switching frequency=2.5 kHz, and three-phase load power=1.5 KVA at unity power factor. 
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Table 6. Motor speed-load variation (40 Hz) 
Weight Voltage Current Power Measured torque Actual speed Calculative speed 

0.51 260 1.23 320 2.48 1200 1240 
.2 260 1.26 330 2.56 1200 1240 

1.5 260 1.3 340 2.64 1200 1240 

2.5 260 1.34 350 2.71 1200 1240 
2.7 260 1.38 360 2.79 1200 1240 

3.5 260 1.42 370 2.87 1200 1240 

 

 

Table 7. Motor speed-load variation (45 Hz) 
Weight Voltage Current Power Measured torque Actual speed Calculative speed 

0.51 264 1.13 300 2.08 1350 1380 

1.2 264 1.13 300 2.08 1350 1380 

1.5 264 1.17 310 2.15 1350 1380 
2.5 264 1.21 320 2.22 1350 1380 

2.7 264 1.25 330 2.29 1350 1380 

3.5 264 1.25 330 2.29 1350 1380 

 

 

Table 8. Motor speed-load variation (50 Hz) 
Weight Voltage Current Power Measured torque Actual speed Calculative speed 

0.51 270 1.03 280 1.78 1500 1540 
1.2 270 1.11 300 1.91 1500 1540 

1.5 270 1.14 310 1.97 1500 1540 

2.5 270 1.22 330 2.1 1500 1540 
2.7 270 1.29 350 2.22 1500 1540 

3.5 270 1.37 370 2.35 1500 1540 

 

 

Table 9 presents the variation in motor speed-load characteristics of the proposed DTC–CBSVM 

PMSM drive at 50 Hz. The results show that the supply voltage remains constant at 275 V, while the motor 

current, load power, and torque gradually increase with increasing load conditions. The torque increases from 

1.7 Nm to 2.78 Nm as the load increases, indicating effective torque production and stable drive 

performance. The expected speed remains constant at 1510 rpm, while the measured speed is maintained at 

1545 rpm under all loading conditions, demonstrating good speed regulation and stable dynamic response. 

These results confirm that the proposed DTC–CBSVM twelve-switch NPC inverter drive can maintain stable 

operation and efficient performance under varying load conditions, making it suitable for EV applications. 

 

 

Table 9. Variation in motor speed-load (50 Hz) 
Sr. No. Load Volt Current Load power Torque Expected speed Measured speed 

1 0.51 275 1.25 275 1.7 1510 1545 
2 1.2 275 1.35 298 1.91 1510 1545 

3 1.5 275 1.40 315 1.95 1510 1545 

4 2.5 275 1.45 335 2.51 1510 1545 
5 2.7 275 1.50 355 2.65 1510 1545 

6 3.5 275 1.55 375 2.78 1510 1545 

 

 

5. CONCLUSION 

The comparative analysis of DTC-CBSVM and FOC for a PMSM fed by a three-level NPC inverter 

reveals that DTC-CBSVM provides faster torque response, reduced torque ripple, and improved dynamic 

performance, while FOC ensures stable switching frequency and higher steady-state efficiency. The three-level 

NPC inverter enhances both methods by minimizing THD and improving voltage utilization. Hence,  

DTC-CBSVM is ideal for dynamic EV operations, and FOC suits energy-efficient driving. Future research may 

focus on hybrid control strategies, intelligent optimization, and system integration to further enhance  

PMSM-based EV drive performance. 
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APPENDIX 

 

 

 
(a) 

 

 
(b) 

 

Figure 5. PMSM motor model analysis at 1500 rpm; (a) PMSM motor torque analysis and (b) PMSM motor 

stator currents analysis 
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(c) 

 

Figure 5. PMSM motor model analysis at 1500 rpm; (c) PMSM motor stator voltage analysis (continued) 
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(b) 

 

Figure 6. PMSM motor model analysis at 1500 rpm; (a) PMSM motor torque analysis and (b) PMSM motor 

currents analysis  
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(c) 

 

Figure 6. PMSM motor model analysis at 1500 rpm; (c) PMSM motor voltage analysis (continued) 

 

 

 
(a) 

 

 
(b) 

 

Figure 17. Inverter line voltages response of resistive load at; (a) 40 Hz and (b) 45 Hz  
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(c) 

 

Figure 17. Inverter line voltages response of resistive load at; (c) 50 Hz (continued) 

 

 

 
(a) 

 

 
(b) 

 

Figure 18. Inverter phase voltages response for inductive load at; (a) 40 Hz and (b) 45 Hz 
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(c) 

 

Figure 18. Inverter phase voltages response for inductive load at; (c) 50 Hz (continued) 
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