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Abstract: Dynamic modeling of permanent magnet synchronous machines has preoccupied electrical machines 

analysis for a long time, as evidenced by the existence of various types of models. This paper presents a 

dynamic model of an interior permanent magnet synchronous motor (IPMSM) with two independent stator 

windings using rotor reference frame. The comprehensive mathematical model using Park’s transformation 

equation to define the performance characteristics of the proposed motor winding configuration is presented. A 

d-q equivalent circuit of the motor suitable for dynamic analysis is deduced from the mathematical model in 

machine variables. Simulation of the dynamic model of the motor winding configuration is performed on a 2.98 

kW, 4-pole, 415 V, 50 Hz IPMSM in MATLAB/Simulink environment and results presented.   
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I. Introduction 
The concept of dual stator winding machine applications can be found in some papers published as 

early as the beginning of 20th century [1]. However, high performance control of these machines was difficult 

due to the absence of power electronic converters and the incomplete analysis of the machines due to the 

immaturity of machine theory, numerical simulation and analytical methodologies. Recently, dual winding 

machines of various types are being considered for various motoring and generating applications, since two sets 

of stator windings offer the possibility of more flexible energy conversion and control [2]. For example, energy 

can be transferred not only between stator and rotor like what is obtainable in single winding machines, but also 

indirectly between the two sets of stator windings.   

Generally, in terms of the stator winding, dual winding machines are categorized as split-wound and 

self-cascaded machines [3]. The split-wound dual winding machine was introduced in 1930’s as means of 

increasing the total power capability of large synchronous generators. Since then, this concept has been utilized 

in many other applications ranging from synchronous machines with AC and DC outputs as part of 

uninterrupted power supplies [4]. The split-wound synchronous machine with either round or salient-pole rotor 

structure has two sets of similar but separate three-phase windings wound for the same number of poles. The 

squirrel-cage machine version also has two symmetric but separate three-phase stator winding sets having the 

same pole number. Since the two sets of windings have the same pole number, they are coupled together 

resulting in significant circulating currents in the presence of unavoidable unbalances in the supply voltages [5].  

The second type of dual winding machines, which is referred to as the “self-cascaded machine” has two sets of 

stator windings with different pole numbers but the same number of phases and sharing the same stator core. 

This requires a special rotor structure that has nested loops to incorporate the effects of cascade connection [5, 

6]. Due to the difference in rotor structures, the brushless doubly-fed machine can be further categorized into 

brushless doubly-fed induction machines and brushless doubly-fed synchronous reluctance machines. The 

special rotor structure increases the cost of the machine, the efficiency is relatively low, but has potential utility 

in drive applications with a narrow speed range.   

The steady state performance analysis of a connection scheme that improved the power factor and 

torque with a lower magnetizing current for a line-start synchronous reluctance motor was presented elsewhere  

[7]. The paper reported the machine stator winding, which was split into two equal halves with one connected to 

the mains and the other connected to a balanced capacitor. There was an improved performance of the machine 

when the capacitor value was such that the winding to which it was connected, operated at or very close to 

resonance in the d-axis. Currents in both windings contributed positively to torque production and external 

control circuitry was not required. Steady-state equations derived from the d-q model gave a direct insight on 

the operating limits and how the capacitance aided the machine torque and power factor by boosting its direct 
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axis reactance. However, the quadrature axis reactance remained fairly constant. An equivalent circuit was also 

deduced from the steady state equations, from which an explicit expression for input impedance of the new 

machine can be derived. The paper further examined the conditions for unity-power factor at varying load 

conditions. A comparison with conventional single-winding synchronous reluctance motor was given. Finally, 

the author concluded that such comparison was fair because both machines had equal amount of copper and 

iron. 

Experimental results were provided to validate the analytical results. In this paper, the winding adopted 

is similar to the one utilized in the paper [7] but applied to interior permanent magnet synchronous motor.  

 

II. Material and Methods 
2.1 Machine Description 

The proposed interior permanent magnet synchronous motor is modeled as a dual stator winding 

interior permanent magnet synchronous motor having two independent stator windings. The two independent 

stator windings are magnetically coupled through the stator core but electrically isolated. For the purposes of 

distinction, one of the two sets of three-phase stator windings is referred to as the main winding and is 

connected to the three-phase mains supply. The main winding is designated as ABC. The second set of the 

stator windings is referred to as the auxiliary winding, represented as abc and connected to a balanced set of 

capacitors for leading current injection. The injection of leading current will enhance the electromagnetic torque 

of the machine. The machine winding configuration as adopted in this paper is as depicted in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Machine Winding arrangement of Main and Auxiliary Windings 

 

2.2 Model of the Machine 

In order to develop the mathematical model that defines the characteristics of the type of motor winding 

configuration adopted in this paper, certain simplifying assumptions and approximations are made, which 

include: 

i) The set of three-phase stator winding is symmetrical. 

ii) The two sets of stator windings ABC and abc are magnetically coupled through the stator core but 

electrically isolated. 

iii) The two sets of stator windings are identical and wound for the same number of poles. 

iv) There is no displacement between the two sets of stator windings. 

v) Saturation effects are neglected. 

 

The performance characteristics of the proposed IPMSM structure based on the simplified assumptions and 

approximations can be described by the electrical voltage equations expressed in machine variables as presented 

in equations (1) - (3). 

ABCsABCsABCsABCs pirV                                 (1) 

Cabcsabcsabcsabcs Vpir  0                                               (2) 

qdrqdrqdr pir 0           (3) 

where,  

  t

CsBsAsABCs VVVV   
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(5) 

 

 

 t

CcsCbsCasCabcs VVVV   

                   (6) 

 

 

 

Subscripts s  and r  in equations (1) - (6) represent variables related to the stator and rotor windings, while 

ABC and abc signify the main and auxiliary windings respectively.  

 

The flux linkage equations are also expressed by equations (7) - (9). 

mAqdrqdrABCabcsabcABCABCsABCsABCs iLiLiL           (7) 

maqdrqdrabcabcsabcsABCsABCabcabcs iLiLiL      (8) 

mqdrqdrqdrabcsabcqdrABCsABCqdrqdr iLiLiL      (9) 

 

2.3 Voltage Equations of the Proposed Motor in Rotor Reference Frame 

In order to eliminate the sinusoidal coupling in the modeled equations in machine variables, the stator 

and rotor equations are referred to a common reference. In this paper, the general equations are referred to the 

rotor reference frame, since time varying inductances of the synchronous machine are said to be eliminated 

once the inductances are fixed on the rotor [8, 9, 10]. From equations (4) and (6) - (8), which defined the stator 

variables and taking r  as the angular position of the rotor reference frame, the change of variable, which 

allows a transformation of the stator phase variables to rotor reference frame is in equation (10).  

  ABCsrqdos KTK                           (10) 

while the inverse is given by equation (11). 

   qdosrABCs KTK
1

                         (11) 

where 

 t

osdsqsqdos KKKK 
                         (12) 

and K can be current, voltage or flux linkage. 

The transformation matrix  rdqT 0  is given in equation (13) and the inverse defined by equation (14) [8, 11, 

12]. 
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When equations (10), (11) and (13) are applied in equations (1) – (3), the stator voltage equations in rotor 

reference frame are given by equations (15) and (16), while the rotor voltage equations are given in equation 

(17). 

 

 

(15)                                                                                                        
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20 Cdqrdd Vpir                                                                         (16) 

Rotor voltage equations: 

'''

'''

0

0

drdrdr

qrqrqr
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


                 (17) 

The corresponding flux linkage equations in rotor reference frame are given also by equations (18) - (20). 

 qrqqmqqlq iiiLiL  '

21111  

  '''

21111 mdrddmddld iiiLiL         (18) 

 ''
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The voltage equations of auxiliary winding are different from the main winding because no voltage is applied 

directly to the winding. Capacitors are rather connected to the auxiliary winding as in Figure 1. Thus, it is 

important to state the equations for a capacitor in the rotor reference frame as described in equation (21) [7]. 

'
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where,  
'

2

'

2 CqCd VandV are the capacitor direct and quadrature axes voltages respectively while r  is the 

synchronous angular frequency in radians per second  and C is the capacitance per phase. 

 

2.4 The Electromagnetic Torque Equation 

The electromagnetic torque of the proposed machine is obtained from the sum of the input power supplied to all 

the windings including the rotor cage as given in equation (22). The electromagnetic torque equation shows that 

both windings contribute positively to the torque production.  
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Since the proposed motor is an electromechanical device, there is need for an equation to describe the coupling 

nature of the electrical and mechanical systems which is given by equation (23). 

Lre Tp
P

JT 







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2
 (23) 

The derivative of the speed equation is expressed in equation (24). 

 
J

PTT
p Le

r
2


 (24) 

where, 

11111 drqqq pirV  

11111 qrddd pirV  
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J is moment of inertia, LT is  the load torque and r is the angular velocity of the rotor. 

 

2.4 D-q Equivalent Circuit of the Motor 

The equivalent circuit of the model configuration adopted can be developed by neglecting the mutual 

leakage inductance between the winding sets ABC and abc. Thus, the equations used for the development of d-q 

equivalent circuit of the proposed IPMSM with rotor cage are summarized in equations (15) - (20) while the q-

axis and d-axis equivalent circuits are presented in Figures 2 and 3 respectively 

 

 
Figure 2: Q-axis Equivalent Circuit of an IPMSM with two independent stator windings, Rotor Cage and 

Capacitance Injection 

 

 
Figure 3: D-axis Equivalent Circuit of an IPMSM with two independent stator windings, Rotor Cage and 

Capacitance Injection 

 

III. Result 
This section presents the dynamic performance of the proposed machine with the aid of computer 

model simulated in MATLAB/Simulink environment. The model is simulated using the derived mathematical 

equations of the line-start interior permanent magnet synchronous motor with two independent stator windings 

as provided in equations (15) - (24). Figure 4 shows the complete Simulink block diagram of the proposed 

model. The simulation was set to run for 10 s with the load torque applied at 5 s. Parameters of the 2.98 kW 

interior permanent magnet synchronous motor are shown in Table 1. 
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Table 1: Machine Parameters 

Frequency, f = 50 HzNo. of Poles, P  = 4                    

Stator leakage Inductance, lsL = 0.0028 Hq-axis Inductance , mqL = 0.0441 H 

Moment of inertia, J  = 0.42 Kgm
2  

              d-axis Inductance , mdL = 0.0206 H 

q-axis Cage Inductance , 
'

lkqL = 0.0057 H         d-axis Cage Inductance  , 
'

lkdL = 0.0057 H 

 Stator Resistance , sr =  0.301                       q-axis Cage Rotor Resistance , 
'

kqr
  = 

1.912  

d-axis Cage Rotor Resistance , 
'

kdr = 0.957 Permanent magnet   Flux linkage,  m =   0. 8 Wb turn 

 

 
Figure 4: Simulink Block Diagram for Dynamic Simulation of the Proposed Motor 

 

 
Figure 5: Rotor Speed Response of the Proposed Machine 
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Figure 6: Electromagnetic Torque of the Proposed Machine 

 

 
Figure 7: Main Winding Currents of the Proposed Machine 

 

 
Figure 8: Auxiliary Winding Currents of the Proposed Machine 

 

IV. Discussion 
Figure 5 shows the rotor speed response of the proposed machine in which initial transient and 

overshoot are observed before the motor reaches the synchronous speed within 0.94 s. Load application of 20 

Nm at 5 seconds caused transient and in this case, the motor goes into a shorter transient period and takes 0.4 s 

to reach steady-state 

Figure 6, which depicts the electromagnetic torque of the proposed machine, there was an initial torque 

build-up with a rise of 198.66 Nm in 0.029 seconds before settling at zero. On the application of a load of 20 

Nm at 5 s, a transient rise of 33.31 Nm was witnessed but settled to steady-state within 0.598 s 

The main winding current of the proposed machine is presented in Figure 7. From the figure, an initial 

current transient rise of 126.6 A in 0.031 s was observed at start-up but settled at 6.01 A after 3 s. After the 

introduction of a load of 20 Nm at 5 s, a current transient rise of 12.83 A was seen but returned to steady-state 

after 0.305 s. 

Figure 8 presents the current in the auxiliary winding of the proposed machine. At the start-up of the 

motor, an initial current transient of 20.99 A in 0.039 s was noticed but later settled at 5.178 A after 0.566 s. 
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V. Conclusion 
The paper presents a comprehensive dynamic mathematical model of an interior permanent magnet 

synchronous motor with two independent stator windings using rotor reference frame. The simulation results of 

the dynamic analysis showed that the injection of leading current into the auxiliary winding contributed 

significantly to reduction of high inrush current drawn by the machine. Furthermore, it is obvious from the 

speed response characteristic that the motor attained steady state mode within a short time interval after the high 

starting torque, which is better than the conventional permanent magnet synchronous motor. 
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