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ABSTRACT 

 
 This paper focuses on the modelling, simulation and analysis of the behaviour of the electromagnetic shaft 

synchronization system with two identical single-phase induction motors. Motors speed-control and their 

synchronization are achieved by this electromagnetic shaft. A mathematical model has been suggested to 

describe this synchronization system. The traditional electromagnetic shaft synchronization system has 

been modified by adding an adjustable air-gap within the core of the three-phase inductive rheostat 

element in the common rotor circuit. The length of this air-gap is adjustable. This makes the use of the 

electromagnetic shaft more flexible. This makes it possible to control the speeds of the motors and regulate 

the synchronization capability or the recovery time of the system response (quality indicators). The quality 

indicators of the proposed synchronization system have been analysed. The suggested system has been 

mathematically modelled and simulated using MATLAB/Simulink. The proposed system has been tested for 

various load conditions. Results of the steady state and dynamics of the electromagnetic shaft 

synchronization system have been illustrated. 
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I. INTRODUCTION  
 

Multi-motor systems in different applications have become a very attractive in industries 

replacing the traditional mechanical coupling between different motors. Multi-motor techniques 

are used where matching the speeds is required between at least two motors during starting, 

acceleration, deceleration and changes in loads [1]-[3]. Such systems may be found in textile 

industry, paper machines, cranes, drug production lines, offset printing, reel machines, computer 

numerical control machines and other applications [4]-[20]. The most popular among the 

traditional speed synchronization systems are synchronization systems with electromagnetic shaft 

[4], [5]. The electromagnetic shaft system consists mainly of two identical motors connected 

together by a common additional external three-phase inductive rheostat element (RL-element) in 

the rotor circuits as shown in Fig. 1. 
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Fig. 1. Electromagnetic s

 

The operation of such synchronization systems is based on the principle of electromagnetic 

transformation of energy. Each of the two motors, in this system, is connected to three

wounded coils on a soft-iron ferromagnetic cylindrical cores, which are very similar to the 

transformer connection. One group of these coils (the primary coils) is connected to the rotor 

circuit of one motor and the other group (the secondary coils) is connected to the rotor

other motor [2], [4] and [5]. 
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coils fall under a correspondent and continuous influence of the power. Therefore, the change in 

one rotor current of one motor leads to a change in the rotor current of the other motor. So, the 

rotor currents flowing through the additional three

loads on both motors are equal. And the electromagnetic fields generated in this t

element are equal in magnitude and opposite in direction, so the motors are operating as 

individual induction motors. If the loads are different, then the rotor currents and the produced 
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Fig. 1. Electromagnetic shaft system with single-phase induction motors 

The operation of such synchronization systems is based on the principle of electromagnetic 

transformation of energy. Each of the two motors, in this system, is connected to three

iron ferromagnetic cylindrical cores, which are very similar to the 

transformer connection. One group of these coils (the primary coils) is connected to the rotor 

circuit of one motor and the other group (the secondary coils) is connected to the rotor
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electromagnetic fields will also change. Then the rotor current of the heavily loaded motor will be 

greater than the rotor current of the lightly loaded motor. Consequently, the produced 

electromagnetic fields in the three-phase RL-element will be opposite in direction and different in 

the magnetic field of the motor with higher load will penetrate the RL

element side, connected to the lightly loaded motor, and will induce in it counter electro

force. This will slow down the lightly loaded motor until the speeds of both motors wi
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paying attention to the application of adjustable speed induction motor drives for gantry cranes. 
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phase induction motors [1], [11], [14], [15]. 
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The operation of such synchronization systems is based on the principle of electromagnetic 
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In this paper, a mathematical model is suggested to describe the synchronization system with two 

identical single-phase induction motors. It represents a synchronization drive with 

electromagnetic system by using a three-phase inductive rheostat element (RL-element) with 

variable air-gap within its core (Fig. 2). This air-gap will serve as a control element of the speed 

in order to enhance the system performance. Therefore, by changing the length of this air gap, the 

electromagnetic coupling between the two motors will be affected, and consequently, their speeds 

also. 

 
 

Fig. 2. Three-phase inductive rheostat element (RL-element) 

 

Fig. 2 shows the three-phase inductive rheostat element (RL-element). The three cylindrical 

ferromagnetic cores (three arms) are located at the same distance from each other (La). Therefore, 

their base and top make a triangle shape, as shown in the lower part of the Fig. 2. These three 

arms have a length of (Lc). Each arm is divided into two equal parts, each of (h0) length. The two 

parts are separated by an air gap (dx). This air gap is variable and may be adjusted to get better 

performance of the system. Two groups, Y-connected three-phase coils are wounded around the 

ferromagnetic cylindrical cores, which are very similar to the transformer connections. One group 

of these coils is connected to the rotor circuit of one motor and the other group is connected to the 

other motor. These three-phase coils create the mutual inductance between the two motors. These 

windings are responsible of the synchronization capability of the system. 

 

II. EQUIVALENT CIRCUITS AND SYSTEM MODELING 
 

In order to analyze the suggested system, a mathematical model is proposed. The additional three-

phase RL-element in the common rotor circuit of both motors, the forward and backward 

sequence circuits are considered in the proposed mathematical model [4], [5]. Considering the 

first motor as master motor and the second motor as slave, the forward and backward equivalent 

circuits can be designed as shown in Fig. 3, where: EF2, EB2 are the forward and backward 

induced voltages in the rotors of the motors respectively; I11F, I21F are the forward currents in 

the stator circuits; I21F, I22F are the forward currents in the rotor circuits; I11B, I12B are the 

backward currents in the stator circuits; I21B, I22B are the backward currents in the rotor circuits; 

R1, X1 are the resistance and inductive reactance of the stator winding of both motors; Rµ, Xµ 

are the resistance and inductive reactance of the magnetization branch of the motors respectively; 

RK, XK are the resistance and inductive reactance of the common rotor respectively; XC is the 

capacitive reactance of the starting capacitor in the stator circuit; RM, XM are the resistance and 

inductive reactance of the RL-element respectively; ∆α=α1-α2 is the angular position between the 

stator and rotor winding of the motors respectively; S is the slip of the motor. In the given 
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equivalent circuit of the system both reactances of the two groups of coils are considered as 

XM=XM1±XM2, Where XM1 is a natural effect of the mutual inductance between the two coils 

on the same rod and the XM2 is the mutual inductance effect, which is related with changes in the 

value of dx. 

 

 
Fig. 3. The equivalent circuits: a) forward sequence, b) backward sequence 

 

The balance equations for the phase voltages of the rotor of forward equivalent circuit can be 

calculated as follows: 
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Where 
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( ) ( )( )SXJSRZ MMC // +=  
 

A difference in speeds of the syatem motors causes a difference in phase angles between the stator 

and rotor windings (α1, α2). Therefore, it is possible to represent the difference in loads by the 

differences in phase angles. At equal loads, the phase angles will be equal too (α1=α2), and ∆α=[2][3]. 
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If the first motor is considered as master and the second motor as slave, then: 
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By considering R1=X1=0, according to [12], [15], [16] and after some mathematical 

manipulations, the final value of the forward current of the first motor may be found as: 
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Based on the backward equivalent circuit, if the first motor is considered as master and the 

second motor as slave, the backward current of the first motor can be determined, similarly to the 

first motor, as: 
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The total torque of the first motor may be calculated by the following formula [12], [13]: 
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I2F(act), I2B(act) are the active part of the forward and backward rotor currents respectively. 

If the second motor is considered as master and the first motor as slave, the forward and 

backward currents of the second motor can be determined similarly to the first motor. The total 

torque of the second motor will be: 
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III. RESULTS AND ANALYSES 
 

The proposed mathematical model has realized using MATLAB/Simulink. Fig. 4 illustrates the 

speed curves of the motors of the electromagnetic synchronization system. These curves show the 

system response with different values of the factor Km=0.6, 0.7, and 0.8 [2] and with chaotic 

change in motors load of a maximum difference in loads of motors by 40%. This factor Km 

depends on the value Rm, which is the main factor of determination of the electromagnetic 

element (RL-element) dimensions. It is clear from these curves that the system goes into 

synchronism in all the three cases. At Km=0.6 the system reached synchronism with short 

transient time (recovery time) which is about 3.5s. At Km=0.7 the system reached synchronism 

with shorter recovery time, which is about 2s only. At Km=0.8 the system reached synchronism 

within about 4s, but in this case the speeds of the motors are oscillating about each other, as they 

have some overshoots and undershoots. The last response is not desirable, especially in 

applications with repetitive starting of the system. Therefore, if the value of factor Km exceeds the 

optimum value for synchronization, it will have a negative effect on the system response. The 

optimum value of the factor Km (and consequently, the dimensions of the RL-element) depends on 

the maximum possible difference in loads of the two motors, which is in the studied case is 40% 

with Km=0.7, and in general it depends on the application. 

 

 
 

Fig. 4. Speed of the motors with L1=1.4L2: a) Km=0.6, b) Km=0.7 and c) Km=0.8 

 

The next analyses and simulation are by considering the maximum possible difference in motor's 

load to be 40% and by keeping the factor constant Km=0.7. Fig. 5 depicts the response of the 

motors of the studied system with Km=0.7, L1=1.4L2 and dx=0, 0.5 and 0.75mm. From the curves 

it is noticed that as the value of dx is increased as the recovery time is greater. This may be 

explained by the physics of changing the value of dx. By increasing dx the continuous magnetic 

coupling between the rotor circuits of the two motors becomes weaker. Because of this the 

synchronization capability of the system becomes weaker and the system needs greater recovery 

time to go into synchronism. Also, it is clear from the curves that the motors will operate with 

lower speeds as the value of the dx is higher, regardless the other operational conditions. At the 

same time this change in speed with dx change may be used to control the speed to get speeds 

under the speed with dx=0.  
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Fig. 5. Speed response of the motors with L1=1.4L2, Km=0.7: a) dx=0, b) dx=0.5 and c) dx=0.75mm 

 

Curves in Fig. 6 show the starting of the motors with difference in loads of: a) L1=1.4L2, b) 

L1=1.8L2 and c) L1=2.4L2. During the first four seconds the system goes into synchronism for all 

three cases with dx=0. At t=4s, the value of dx started to change gradually from zero up to 0.75mm 

by small steps each of 0.05mm. In Fig. 6a, the change of dx, with 40% difference in motor's loads, 

leads to smooth slowing down the speeds of both motors synchronously. In Fig. 6b, this change 

of dx, with 80% difference in motors loads, leads to slowing down the speeds of both motors, but 

at first the motors lose synchronism for a short time (about 2s), then they go back into 

synchronism at lower speed. This shows that the increase of dx decreases the synchronization 

capability of the system. The oscillation in speeds and losing the synchronism for some interval 

of time appear, in this case, because the difference in loads is bigger. Fig. 6c shows similar 

response as in in Fig. 6b, but in a stronger manner, that because the difference in motors loads is 

140%. From the curves in Fig. 6, it is noticed that this kind of adjustment of air gap in order to get 

some speed regulation and control is suitable for such systems with difference in loads up to 40%. 

While, for such systems with higher difference in loads, it will lead to some oscillations in motors 

speeds. The speed control that may be achieved by the proposed technique is applicable for lower 

speeds only.  

 
Fig. 6. The speed response of the motors by changing the dx=0–0.75mm at t=4s: a) L1=1.4L2, b) 

L1=1.8L2, and c) L1=2.4L2 
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Fig. 7 shows starting of the motors with difference in loads of L1=1.38L2, Km=0.7, and dx=0. After 

four seconds from starting as the system reached the steady-state conditions, the air gap dx has 

been increased gradually from zero up to 0.75mm within four second. Then dx has been reduced 

gradually back to zero. From Fig. 7, it is clear that for such systems with relatively low difference 

in loads (up to 40%) the suggested technique is suitable. The system has no oscillations, the 

motors stay in synchronism all the time and they operate at relatively high speed, which means 

that the slip is low and consequently the efficiency is high.  

 

 
 

Fig. 7. The speed response of the motors with L1=1.4L2 by increasing dx=0–0.75mm at t=4s then 

decreasing it back to zero 

 

IV. CONCLUSIONS 
 

Speed synchronization system of multiple single-phase induction motors can be achieved by 

using the traditional electromagnetic shaft synchronization system. The traditional 

electromagnetic shaft synchronization system has been modified by adding an adjustable air-gap 

within the core of the three-phase inductive rheostat element in the common rotor circuit. This 

makes it possible to control the speeds of the motors and regulate the synchronization capability 

or the recovery time of the system response (quality indicators). Analysis of the results shows that 

the suggested technique is suitable for systems with relatively low difference in the two motors 

loads. When the difference of the loads is up to 40%, the system has no oscillations, the motors 

remain in synchronism all the time and they operate at relatively high speed, which means that 

the slip is low and, consequently, high efficiency. While, for systems with higher difference in 

motors’ load, the air gap will lead to undesirable oscillations in the motors speeds. 
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