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Abstract 
 
This paper presents the design and dynamic simulation of a line-start, three-phase Interior Permanent 
Magnet Synchronous Motor (IPMSM) intended for pump applications in the oil and gas industry. The 
problem addressed in this paper pertains to the replacement of an existing induction motor (IM) in an 
oil and gas pump station with a more efficient and controllable solution, the IPMSM since IMs are 
known to be less efficient and IPMSM is easier to control. The chosen motor type employs a 
traditional salient-pole rotor with cage windings, known for its line-start capability, making it a 
feasible choice for constant-speed and pump applications. The dynamic simulation of the proposed 
IPMSM is carried out using MATLAB/Simulink, focusing on fundamental harmonic analysis in direct-
phase variables. The results demonstrate rapid startup to synchronous speed with minor deviations 
effectively dampened by the rotor's damper windings. Torque characteristics exhibit some pulsations 
caused by magneto-motive force (MMF) harmonics; a phenomenon captured by Finite Element 
Analysis (FEA). The performance results show that the proposed IPMSM with a salient-pole rotor is 
viable and a promising replacement for induction motors in oil and gas pump stations.  
 
Keywords: Mathematical modelling, Dynamic simulation, Direct-phase variables, Finite Element 
Analysis, Interior permanent magnet motor. 
 
 
1. Introduction 
 

The criteria are stringent, and the capacity of centrifugal submersible pumps increases as a 
result of the expansion of oil production from wells under challenging conditions, such as deep 
drilling, high reservoir fluid temperatures, etc. The design and implementation of a permanent 
magnet-assisted synchronous reluctance motor for pump application were presented in [1]. Also, the 
development of submersible pumps using permanent magnet motors, designed for the oil and gas 
industry was presented in [2]. The main reason for the choice of permanent magnet motors is because 
of their high power density, high power factor, high efficiency, and ability to work under high 
temperatures [3], [4]. Recently, several improvements have been made to the IPMSM; examples of 
such improvements are the use of multiple phases for fault-tolerant purposes and torque improvements 
[5], the use of dual-stator windings for power factor improvement [6], and rotor optimization [7], [8]. 

There are several methods of modelling electrical machines, such as the D-Q method [9], the 
magnetic equivalent circuit method [10], the direct-phase variable method [11]–[13], and also the use 
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of Finite Element Analysis (FEA) [14]. The method used in this study is the direct-phase variable 
method. The choice of this method is mainly because it avoids the use of complex mathematical 
transformations that are involved in the conventional D-Q method. Another advantage of this method 
over the D-Q is that spatial harmonics and saturation can be directly included in the mathematical 
modelling. Although the FEA method requires more machine information and takes a long time to 
simulate, it is deemed the most accurate as the results are close to the actual behaviour of the machine 
in real life. 

The rotors of IPMSM are mainly cylindrical rotors with permanent magnet bars inserted inside. 
Surface permanent magnet synchronous can be cylindrical or salient [6], [15]. The use of permanent 
magnets in improving rotor saliency of synchronous reluctance motors having axially and transversely 
laminated rotors is well known [16]. The salient pole rotor with cage windings was used in this study 
as opposed to complex rotor types such as the axially laminated rotor and the transversely laminated 
rotor, which are more difficult to model and manufacture with respect to their complex rotor design 
with flux barriers. The mathematical modelling of the salient pole rotor used in the study is similar to 
what was presented in [17]. 

The growing demands of centrifugal submersible pumps, driven by the expansion of oil 
production under challenging conditions, such as deep drilling and high reservoir fluid temperatures, 
require efficient and robust motor solutions. The paper presents the design and dynamic simulation of 
a proposed line-start, three-phase Interior Permanent Magnet Synchronous Motor (IPMSM) intended 
for pump applications in the oil and gas industry. The chosen motor type employs a traditional salient-
pole rotor with cage windings, known for its line-start capability, making it a feasible choice for 
constant-speed and pump applications. The proposed IPMSM, if viable, is expected to replace popular 
induction motors used in oil and gas pump stations and also for deep drilling, since IPMSMs are more 
efficient and easier to control [2] – [4]. 

 
2. Methodology 
 

The proposed line-start, three-phase IPMSM consists of a conventional 36-slot distributed stator 
winding and a 4-pole dumbbell rotor with damper windings to dampen low-frequency oscillations. 
The parameters and dimensions of the proposed machine were derived from the conventional 
distributed SynRM and IPMSM [17], [18], and are presented in Table 1, with the inclusion of 
neodymium-iron-boron magnets placed inside the dumbbell rotor. Figure 1 shows the interior 
permanent magnet, the stator windings, and the rotor damper windings of the IPMSM. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Stator winding and rotor of the IPMSM 
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Table 1. The machine circuit parameters and dimensions  
 

Parameter Value Machine dimensions Value 

Frequency, F 50 Hz  Stator outer radius                                     105.2mm 

Moment of inertia, J 0.0412 kg/m2    Stator inner radius 67.99mm 

Permanent magnet flux 
linkage 

0.4 Wb turn Rotor radius 67.69mm 

Rated power, Prated 5.5 kW  Effective stack length 160.22mm 

Rated Speed 1500 rpm Airgap length at pole face, g1                     0.4mm 

Rated Torque, Trated 35 Nm Airgap length between poles, g2                 21.3mm 

Phase Voltage, Vph 370V Stator slot depth 18mm 

Stator resistance, Rs 1.504  Ratio of pole arc to pole pitch                2/3 

Stator leakage 
inductance, Lls 

0.453 mH Number of Pole pairs                                    2 

Rotor d-axis leakage 
inductance, Lldr 

2.5 mH Number of winding layers                            1 

Rotor q-axis leakage 
inductance, Llqr 

3.2 mH Number of slots 36 

Rotor d-axis resistance, 
Rdr 

0.12  Number of turns 32 

Rotor q-axis resistance, 
Rqr 

0.25  Winding connection Y 

 
2.1. Voltage equations in direct-phase variables (Direct Phase Variable Model) 

 
The voltage equation for IPMSM can be written as the synchronous machine equations without 

the damper winding and constant field dynamics. Therefore, the voltages in the stator reference frame 
can be expressed regarding instantaneous currents and flux linkages as follows; 

 
                                                                                                    (1) 

                                                                                                                      (2) 

where, 

                                                                                                           (3) 
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The “s” subscript denotes variables and parameters associated with the stator variables. The 
operator “p” represents the differentiating operation d/dt. For a magnetic linear system, the flux 
linkages can be calculated as presented in [19]. 

 
                                             (4) 

where, 

                                                                                                                (5) 

                                                                                                       (6) 

 
The stator self and mutual inductances are expressed in equations (7) and (8), respectively. 
 

                                                                                  (7) 

                                                                           (8) 

 
In the above equations, Lls is the stator leakage inductance, L0  and Lms are the magnetising 

inductance components of the stator windings, λm is the flux linkage established by the rotor magnets.  
The leakage inductance is the inductance that does not contribute to the transfer of power 

through the air gap. It should be noted that the magnetising inductance components are functions of 
the rotor position, and the coefficient Lms is negative, while L0  is positive in the case of IPMSMs due 
to their unique rotor structure. Therefore, the quadrature-axis magnetising inductance  Lmq is larger 
than the direct-axis magnetising inductance Lmd of IPMSM, which is opposite to general salient-pole 
synchronous machines. The flux linkage equation in (4) can be extended to the form of 

 

                                                                    (9) 

The inductances are a function of the rotor position θr and therefore a function of the rotor speed 
ωr. 
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                                                                                                                                        (10) 

The mutual inductances between the stator windings and the rotor cage winding in the q-axis 
and d-axis are stated as 

                                                                                           (11)                                     

                                                                                            (12)                                                                         

where,  

                                                                                                                  (13)   

                                                                                                                  (14)   

 

where Lmd  and  Lmq  are the fictitious d-q axis magnetizing inductances,  and k is the harmonic order. 

Flux linkage can be stated in terms of rotor variables to stator windings as presented in (15). 
 

                                                                               (15) 

 
Therefore, inductance referred to the rotor parameter is given in (16) as: 

                                                                                         (16) 

 
Referring the self-inductances of the rotor cage windings to the stator will give equation (17), 

                                                                                         (17)      

      
 

The electromagnetic torque of the proposed IPMSM is presented in (18)                                                       

                                                                      (18) 

 
The relationship between the electromagnetic torque of the machine (Tem) and rotor speed (ωr) is 

given in the mechanical dynamic equation while ignoring the effect of friction:           

                                                                                                      (19) 
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where J is the total inertia of the rotating mass, TL is the load torque, and pr is the number of rotor pole 
pairs. The constant Bm is a damping coefficient that is generally small and often neglected. 
 
2.2. Dynamic simulation of the IPMSM 

 
The dynamic simulation of the three-phase line-start IPMSM was realized using 

MATLAB/Simulink. The simulation was done in direct-phase variables (DPV) using only the 
fundamental harmonic. The motor’s circuit specifications and machine dimensions used for the 
simulation are presented in Table 1. The magnetizing d-q inductances of the motor windings used for 
the simulation were calculated as Lmq = 7.88 mH and Lmd =2.99 mH. The procedure used for the 
calculation was similar to what was presented in [20]. The line-start IPMSM’s initial transient and 
dynamic behaviour were observed. At 1 second, a load torque of 25 Nm, about (70% of rated torque) 
was applied to evaluate the dynamic behaviour of the DPV model. 

 
2.3. Finite element analysis of the IPMSM 
 

The finite element method (FEM) is a numerical technique that breaks a large problem space 
down into smaller spaces, known as finite elements, through the use of meshes. The FEA mesh plot is 
shown in Figure 2. Using FEA in the analysis of electrical machines, the electric and magnetic fields 
of the machines are determined [21]. 
 

 
 

 
 

 
 
 
 
 
 
 
 

 
 

Figure 2. FEA Mesh plot of the IPMSM 
 
The dynamic simulation of the proposed IPMSM was carried out in Ansys Maxwell Electronics 

Desktop FEA software for validation. The design parameters given in Table 1 for validation of the 
motor model were used for this analysis. The IPMSM was also simulated as a line-start with a supply 
voltage of 370 V at a frequency of 50 Hz. A simulation time of 2 seconds was used, and a 25 Nm load 
torque was introduced after 1 second. The speed, torque, phase currents, self and inductances, and 
torque-speed performance characteristics of the machine were then observed and presented alongside 
the results obtained from the DPV model. 
 
3. Results and discussion 

 
The performance characteristics of the IPMSM in direct-phase variables and FEA are presented 

in this section. In Figure 3, the speed characteristics of the DPV model and FEA were presented. 
According to the DPV model speed plot in Figure 4, the IPMSM took roughly 0.25 seconds to reach a 
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synchronous speed of 1500 rpm following an initial speed transient surge of 1844 rpm at start-up. A 
transient speed rise of 1544 rpm was recorded for the FEA model at start-up after 1 second, which 
later settled at a synchronous speed of 1501 rpm at 0.08 seconds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. IPMSM rotor speed 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. IPMSM speed transient at start-up 

 
The results show minor deviations from synchronism that is dampened after a short amount of 

time due to the damper windings on the rotor, as seen in Figure 4. The torque characteristic of the 
DPV model shown in Figures 5 - 7 exhibited slight evidence of torque pulsations induced by MMF of 
the concentrated non-overlapping winding stator. At start-up, an initial torque rise of 179.5 Nm settled 
with ripples at about 0.3 seconds. The torque ripple plot in Figure 6 was extrapolated from the torque 
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performance plots in Figure 5. In Figure 6, the extrapolation was done before the introduction of load 
torque. The maximum and minimum torque ripple values are seen on the extrapolated plots. Figure 7 
presents the torque ripple values at the introduction of load. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. IPMSM torque against time 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. IPMSM torque transient at start-up 
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Figure 7. IPMSM torque ripples at the introduction of load 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 8. IPMSM stator phase current 
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The Stator phase A currents of both DPV and FEA models are presented in Figure 8. The NVM 
current plot shows the stator winding phase A current, similar to the currents obtained in phases B and 
C, with a starting transient current of 300 A and later settling at 190 A. The stator phase current of the 
FEA plot was observed as 371 A (RMS). Both plots were quite similar and in good agreement. 
The torque-speed characteristics represent the correlation between the speed and torque of the machine 
during the operation phases, from start to full load speed. In Figure 9, the torque-speed plots revealed 
that an initial settling torque value of 0 Nm was attained at synchronous speed. When a load was 
applied, the torque value rose from 0 Nm to a settling value of 25 Nm, indicating full load torque at 
full load speed. The effects of MMF harmonics were very visible in the torque-speed plot of the FEA 
model, which was not seen in the DPV model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9. IPMSM torque-speed characteristic 

 
The field plots of the IPMSM are presented in Figures 10 and 11. At a rotor position of 225.72°, 

the magnetic flux density of the model presented in Figure 10 had a maximum magnetic flux density 
of 2.716T. The magnetic vector potential in Figure 11 was 0.0414 Wb/m at its maximum and -0.0414 
Wb/m at its minimum. 

Maxwell’s equations derived the field plots in ANSYS [22]. The plot is not possible in 
MATLAB/Simulink using the DPV method. The magnetic flux densities and magnetic flux line 
distributions of the IPMSM are visible in the plots. The field plot revealed increased magnetic flux 
density and flux distribution on the motor’s stator laminations as well as on the rotor pole face 
between the cage windings. 
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Figure 10. IPMSM FEA magnetic flux density 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 11. IPMSM FEA magnetic vector potential showing flux lines 
 
 

4. Conclusion 
 
The direct phase variable (DPV) model was used to simulate the proposed IPMSM and was 

validated using finite element analysis (FEA). In the DPV and FEA models, the proposed IPMSM was 
simulated as a line-start with a three-phase voltage supply of 370 V. The FEA torque plots revealed 
more torque ripple caused by the MMF harmonics of the stator winding and the rotor design, which 
would not be visible in the DPV model. Although the FEA model validated that the IPMSM is 
implementable and also showed evidence of MMF harmonics in its results, meaning it is more 
accurate, it does not invalidate the results from the DPV model as both results are in good agreement. 

The IPMSM with a traditional salient-pole rotor with cage windings has an advantage over 
other rotor types due to its line-start capability. Hence, the proposed motor is feasible and can be used 
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in constant-speed applications and also for pump applications in the oil and gas industry. The DPV 
model can also be used in other AC machine analyses because it provides some form and accuracy 
without requiring complex transformations, as seen in the popular conventional d-q model. 
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