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1. Introduction  

In industrial applications, typically each 

electric motor is driven by an inverter. With the 

rapid development of industries, the 

conventional single motor-single inverter system 

cannot meet the requirements of industrial 

applications such as electric railways and high-

power drive systems. On the other hand, a multi-

motor drive system can simultaneously and 

synchronously drive multiple motors. 

Nowadays, with the growing trend of 

electrification in the railway industry, multiple 

motors are used for various functions in the 

traction system, including traction, braking, and 

suspension. The single-input, multiple-output 

inverter architecture for power inverters, with 

reduced components and centralized control, 

provides a promising solution [1,2].  The 

structure and control method of a multi-motor 

drive system depend on its application, as well 

as its performance requirements in terms of 

speed and accuracy [3]. For applications that do 

not require very high dynamic performance, a 

multi-motor drive system with multiple inverters 

using a V/f control strategy is described in [4]. 

Another control method based on the V/f 

strategy for modular CSI (current source 

inverter) drives for medium voltage multi-motor 

drives is presented in [5]. The idea of using an 

inverter to control two induction motors for a 
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With the growing trend of electrification in the rail transportation industry, 

the control system of electric motors plays a crucial role. Typically, each 

metro train consists of multiple wagons, and each wagon is equipped with 

several electric motors. In the conventional transportation system, each 

electric motor of the train is powered by a three-phase inverter, which 

increases the cost of the drive system and requires more space. 

Alternatively, another method involves using a three-phase inverter to 

control multiple electric motors, but this approach cannot independently 

control each motor. This paper provides a comprehensive review along 

with a comparative analysis of single-input multiple-output inverter 

topologies, along with some suggestions for selecting suitable 

configurations for electric transportation applications, particularly electric 

railways, to achieve independent control of each electric motor. Modern 

railway systems utilize multiple electric motors/drives for various 

functions such as traction, braking, steering, and suspension. As the 

number of electric motors in a train increases, challenges and issues arise 

in terms of cost, space, reliability, control, and energy management. This 

paper presents various architectures for power inverters to reduce the 

number of components and achieve centralized control in train bogies, 

different methods of motor synchronization in multi-motor drive systems, 

control algorithms for single-motor drive systems, and their extensions to 

various multi-motor drive structures. 
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locomotive was first introduced in 1984 [6], 

where two induction motors in the locomotive 

structure were connected in parallel, but 

independent control of the motors was not 

possible. In a subsequent paper in 2009 [7], the 

use of a dual-output inverter, a key element for 

supplying two AC consumers, was proposed. 

The single inverter drive system is widely used 

in electric traction systems such as railways, and 

its advantages include lower cost, reduced 

weight, compact structure, and fewer power 

switches [8]. However, the difference in radius 

and wheel slip in each bogie severely limits the 

development of this traction system due to safety 

concerns and the decreased performance of 

induction motors [9]. The authors in [10,11] 

have also proposed a weighted vector voltage 

control (WVVC) strategy for controlling the slip 

of two electric motors. A systematic review of 

multi-motor drives based on coupling and 

mutual influence has been presented in [12], 

where drives are classified based on the degree 

of mechanical coupling between the machines. 

Multi-phase induction machines and multi-

motor drives powered by an inverter have also 

been extensively studied in [13]. With the 

additional degrees of freedom available in such 

machines, it is possible to obtain independent 

control for each machine with series or parallel 

connections. Control schemes for multi-motor 

drives using a three-leg inverter can generally be 

classified as average control and master-slave 

control. Both cases can also be considered 

weighted average control with equal weights of 

0.5 and 0.5 for the average control method and 0 

and 1 for the master-slave control method, where 

in this case, 1 is assigned to the controlled 

machine and 0 is assigned to the machine 

connected in parallel to the main machine [3]. 

Recently, researchers have focused on the 

control of multi-leg inverters (MLI) and control 

algorithms for multi-motor systems in the field 

of single inverter drives. In the control of multi-

leg inverters, commonly used structures include 

five-leg, four-leg, and nine-switch inverters for 

driving two electric motors [14-16]. 

Furthermore, in a multi-motor drive system, it is 

possible to add sensorless speed control methods 

to the algorithms. For example, in [17], the 

researcher introduced a sensorless speed control 

method in the vector control model of dual-

induction motor drives. Additionally, when an 

inverter is used to control two loads, fault 

detection in the inverter becomes crucial. 

Therefore, any malfunction in the inverter circuit 

should not affect the system's downtime [18]. In 

[19], two motors are controlled by separate 3-leg 

inverters. However, if an error occurs in one of 

the legs, it is detected by a block consisting of 12 

thyristor switches. Then, the faulty leg is 

removed from the circuit, and the two 3-leg 

inverters are converted into a 5-leg inverter to 

simultaneously control both motors. 

 

2. Motor-Inverter Connection Topologies 

Generally, two topologies can be considered: 

• Parallel Connected Motor (PCM) 

Topologies; and 

• Serial Connected Motor (SCM) Topologies. 

Parallel-connected motors (PCM) are the 

simplest available topology. As the name 

suggests, the motors are connected in parallel to 

each other and to a three-phase inverter. In this 

method, a single inverter is used, regardless of 

the number of motors. The most obvious 

drawback of this method is that all motors must 

operate at the same voltage and frequency, 

although they can have different loads, torques, 

and even different currents [1,20,21]. 
Connecting motors in parallel to one inverter is 

often used in several industrial applications, such 

as railway applications, because it is a more cost-

effective system compared to a conventional 

single-motor single-inverter drive [5,20]. 

Similar to the parallel connection topology, in 

the serial connection topology, a voltage source 

inverter (VSI) is used. However, in this method, 

all motors are connected in series. In this 

configuration, the motors will have the same 

current, so the load torques must be equal. 

However, the voltages of each motor can be 

different, and different speeds can also be 

achieved using this method [1]. Of course, it is 

important to note that in three-phase machines, 

the lack of additional degrees of freedom does 

not allow series connections [22]. 

 

2.1. Comparison of Motor-Inverter 

Connection Topologies 

In the series-connected motor topology, due to 

limited controllability, reduced output voltage, 

and decreased motor efficiency, they are not 

suitable for power drive applications. However, 

this topology can provide cost reductions in 

industrial multi-motor drive systems where 
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efficiency is not a primary concern. On the other 

hand, although the parallel motor topology has 

many of the mentioned drawbacks, it does not 

suffer from reduced output voltage and can be 

used for standard motors. Therefore, it can offer 

a cost-effective solution for applications where 

the speed and torque requirements are the same 

for all motors [1]. 

 

3. Inverter Configurations Used in Multi-

Motor Drive Systems 

     In the multi-motor drive system, a 3-leg 

inverter [23] or multi-leg inverters such as 4 legs, 

5 legs, and 9 switches can be used to drive two 

electric motors [24-26]. In the multi-leg inverter 

structure, the voltage vector of both motors is 

controlled to improve the performance of the 

drive system. The most common method among 

multi-leg inverter structures is to use a five-leg 

inverter to control the drive system, which is 

reviewed in [27]. However, it goes without 

saying that the multi-leg inverter increases the 

number of capacitors in some cases [28]. 

3.1. Three-Leg Inverter 

      In multi-motor drive systems, the number of 

power electronic switches is of great importance. 

To optimize the system, sharing each leg of the 

inverter between two parallel-connected motor 

phases can result in a reduction in the number of 

switches. In such a system, the DC bus voltage 

remains constant, so both motors need to operate 

at a fixed speed. 

 

Figure 1. Parallel connection of two motors to a 3-

leg inverter [24]. 

     Therefore, generally speaking, this method 

has the advantages of fewer switches, lower cost, 

and smaller dimensions. The main drawback of 

this method is the inability to independently 

control each motor. For this inverter, two control 

algorithms are used: averaging and the master-

slave method [24,29]. For example, in the 

master-slave control method for controlling 

permanent magnet synchronous motors with a 3-

phase inverter, vector control is applied to the 

main motor while open-loop control is used for 

the slave motor. If the loads of the two motors 

are different, oscillations in the speed of the 

slave motor occur due to differences in rotor 

positions [30,31]. In the averaging method, an 

additional block is added to the drive control 

algorithm that measures the required values of 

the motors and calculates their average; in this 

case, all motors are considered one motor [32-

34]. The choice of control strategy significantly 

affects the torque response for machines with 

lower power compared to machines with higher 

power, resulting in faster torque dynamic 

responses. Therefore, it can be concluded that 

averaging control has better overall dynamic 

response compared to master-slave control, 

especially for machines with lower power and 

large load differences [35]. 

 

3.2. Four-Leg Inverter 

     This method is also used to reduce the 

number of power switches and the size of the 

drive system. As evidenced in Figure (2), one 

phase of both motors is connected to the 

capacitor leg of the inverter. Therefore, this type 

of inverter requires two capacitors to divide the 

phase voltage of one inverter into two parts [25]. 

Moreover, a 4-leg voltage inverter can produce 

eight active voltage vectors and one zero voltage 

vector [36]. 

 

Figure 2. Four-Leg Inverter Configuration [25]. 

     Some advantages of this inverter include 

fewer power switches compared to separate 

drives for each motor, smaller dimensions, the 

ability to independently control the speed of each 

motor separately, and independent control of the 
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position of each motor separately. One of the 

disadvantages of this structure is that in the case 

of capacitor imbalance, motor balancing and, 

consequently, motor control may not be 

performed correctly [25,37]. 

 

3.3. Nine Switch Inverter 

     In theory, a nine-switch inverter (NSI) can 

independently control two AC loads. The main 

advantage of using a nine-switch inverter is the 

reduction in the number of semiconductor 

switches. In a conventional approach, two 

parallel voltage source inverters require 12 

semiconductor switches. In contrast, a nine-

switch inverter only requires nine switches, 

resulting in a 25% reduction in the overall 

amount of switching devices and associated 

driver circuits. Additionally, a typical system 

requires six active gate drivers and six inactive 

gate drivers. On the other hand, a nine-switch 

inverter requires six active gate drivers and three 

inactive gate drivers. This feature significantly 

reduces the weight and size of the drive system 

and improves reliability since fewer switches are 

involved [26]. On the other hand, in this type of 

inverter, the torque and current ripple are high 

due to the presence of three common switches 

between the two motors [38]. 

 

Figure 3. Nine Switch Inverter [38]. 

 

3.4. Five-leg inverter 

   The five-leg inverter structure has a simpler 

design compared to other structures, which is 

why it is used for separately controlling two 

electric motors. As shown in Figure (4), one 

phase of each motor is commonly connected to 

one leg of this inverter. Consequently, this 

structure saves the use of two power electronic 

switches. 

 

Figure 4. Powering two electric motors by a 5-leg 

inverter [27]. 

In this structure, it should be noted that the 

common leg must have the capability to 

withstand higher currents as well. This structure 

possesses all the advantages of the previous 

structures and can be used in a fault-tolerant 

mode [27]. Another important point in this 

structure is that the switches on one leg should 

not be turned on at the same time Because it 

leads to a short circuit of the DC source. 

Similarly, the switches on each leg cannot be 

turned off together either to avoid undefined 

modes in the inverter [18]. 

3.5. Comparison of Inverter Configurations 

     Table (1) provides a comparison of inverter 

losses and switch capacity between two voltage 

source three-leg inverters (2-VSI), a five-leg 

inverter (FLI), and a nine-switch inverter (NSI) 

when driving both motors independently. Each 

value in the table is normalized with respect to 

the value of the 2-VSI. 

Table 1. Comparison of Inverter Configurations 

[39]. 

  Double 3-

leg 

inverter 

5-leg 

inverter 

9-switch 

inverter 

 Number of 

Switches 

12 10 9 

 Inverter Losses 1 1 1.25 

A Voltage 1 1 1 

 Current 1 1 1 

 Dc link voltage 1 2 2 

 Inverter Losses 1 2 2.5 

B Voltage 1 0.5 0.5 

 Current 1 2 2 

 Dc link voltage 1 1 1 

 Switch Capacity 1 2 2.5 

 [
 D

O
I:

 1
0.

22
06

8/
ijr

ar
e.

32
4 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
ra

re
.iu

st
.a

c.
ir

 o
n 

20
24

-0
7-

16
 ]

 

                             4 / 16

http://dx.doi.org/10.22068/ijrare.324
http://ijrare.iust.ac.ir/article-1-324-en.html


 Ghaderi Talkhab et al. 

                                                                     International Journal of Railway Research (IJRARE)       49 
 

Table (1) displays the voltage and current values 

necessary to achieve maximum output. 

• In the FLI configuration, the maximum 

current flowing through the common leg 

is twice that of the current flowing 

through all switches on the 2-VSI or 

through the switches on the other legs of 

the FLI. 

• In the NSI configuration, the maximum 

amplitude of the current flowing through 

all switches is twice that of the current 

flowing through all switches on the 2-

VSI. 

• Compared to the 2-VSI, both the FLI 

and the NSI exhibit increased inverter 

losses and switch capacity. Although the 

2-VSI has the highest number of 

switches, it experiences the most 

significant decrease in inverter losses 

and switch capacity. 

• The NSI offers the advantage of 

reducing the number of switches 

compared to the 2-VSI and FLI 

configurations. However, this reduction 

in the number of switches results in 

increased inverter losses and switch 

capacity for the NSI configuration [39]. 

 

4. Methods of synchronizing motors in a 

multi-motor drive system 

    A successful synchronization technique in a 

multi-motor system should involve the control of 

two mechanical motor variables, namely speed 

and torque. The methods used in single-input-

single-output systems may provide stability at 

static operating points. However, they cannot 

guarantee desirable control of output values in 

dynamic states. Additionally, an additional issue 

that often arises in multi-motor control systems 

is the significant delay of control signals and the 

presence of disruptive signals. 

    The classification of multi-motor control 

strategies can be divided into three main 

categories: classical control strategy, modern 

control strategy, and intelligent control [40,41]. 

 

4.1. Classical Control Strategies in Multi-

Motor Control 

    Classical control strategies in multi-motor 

control are based on PI (Proportional-Integral) or 

PID (Proportional-Integral-Derivative) 

controllers. They can be divided into parallel 

control, master-slave control, and cross-coupling 

control. 

     In the parallel control strategy, as shown in 

Figure (5a), a reference signal is sent in parallel 

to all drive units. This control strategy is simple 

but lacks feedback signals, so in the event of a 

disturbance, the simultaneous operation of the 

drive units is compromised. 

 

 

Figure 5. Classical multi-motor control strategies: (a) 

parallel control, (b) master-slave control, (c) cross-

coupling control [40]. 

     In the master-slave control strategy, as shown 

in Figure (5b), the speed of one drive becomes 

the reference signal for the next drive unit. In this 

way, the speed of the slave motor always tracks 

the speed changes of the preceding motor. 

However, in the event of disturbances in the 

slave drive unit, the synchronization of the 

motors cannot be maintained because there is no 

feedback from the slave units, and the preceding 

motors also do not track the speed changes. After 

such a disturbance, the speed of all motors will 

eventually equalize after a certain delay, but 

synchronization does not imply a recoverable 

position. 

     The cross-coupling control strategy, depicted 

in Figure (5c), establishes coupling relationships 

between all motor units in the system. This 

approach ensures high control accuracy and 
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tracking performance, and in the event of 

disturbances, the coordination between the 

motors will be maintained. However, the 

complexity of this strategy significantly 

increases with the number of controlled drive 

units, and as mentioned, it may lead to system 

instability in cases that require high 

synchronization accuracy [40]. 

 

4.2. Modern Strategies for Multi-Motor 

Control 

     Modern strategies for multi-motor control 

can be divided into the following categories: 

1. Ring Coupling Control Strategy;  

2. Relative Coupling Control Strategy; 

3. Adjacent Coupling Control Strategy; 

4. Combined Cross-Coupling Error 

Control Strategy; and  

5. Coordinated Coupling Control Strategy 

[40]. 

 

4.2.1. Ring Coupling Control Strategy 

     The ring coupling control strategy combines 

the principles of classical multi-motor control 

strategies to ensure the synchronization of 

motors in the presence of disturbances at any 

point in the system while keeping the control 

structure relatively simple. Similar to the parallel 

control strategy, this approach utilizes only one 

reference speed signal. Additionally, the speed 

of each motor is compared with the speed of the 

next motor and then adjusted by a compensator 

that generates an additional input signal in the 

drive unit. The speed of the last motor is 

compared with the speed of the first motor in the 

system, ensuring synchronization of all motors 

regardless of the location of the disturbance. 

This ultimately leads to the conclusion that 

controlling n motors requires 2*n controllers 

[40,42]. 

 

4.2.2. Relative Coupling Control 

    The relative coupling control strategy 

addresses the synchronization problem of the 

system during disturbances by considering all 

speed feedbacks to obtain additional control 

signals for each drive unit. The advantage of this 

approach is that all motor speed feedbacks are 

equally important, and the algorithm used to 

obtain additional control signals is relatively 

simple [40]. Moreover, the traditional coupling 

control structure can be improved with an 

additional speed controller so that all motors in 

the system can be considered entities. It also 

considers the importance of the speed of each 

motor in the processes of speed feedback and 

synchronous speed compensation [43]. 

 

4.2.3. Adjacent Coupling Control Strategy 

     In the adjacent coupling tracking strategy, 

both a speed tracking controller and a speed 

synchronization controller are required for each 

motor. The speed tracking controller generates a 

control signal to track the reference speed value, 

while the speed synchronization controller is 

used to synchronize the speed between the 

controlled motor and its two neighboring motors. 

The outputs of these controllers are summarized 

in a motor torque command [40]. 

 

4.2.4. Combined Cross-Coupling Error 

Control 

     A new control strategy is proposed for 

complex multi-motor systems that involve a 

larger number of actuator units. The suggested 

strategy divides the complex multi-motor system 

into subsystems. There exists a main drive unit 

in the system that serves as the reference for 

synchronizing the subsystems, following a 

master-slave control strategy. Within each 

subsystem, there is a primary drive unit that 

serves as the main unit, and the coupling loop 

strategy is employed for synchronizing the 

drives within the subsystem. [40,44]. 

 

4.2.5. Coordinated Coupling Control Strategy 

     In the coordinated coupling control strategy, 

alongside the main reference speed controllers 

and speed controllers in each drive unit, a 

coordinated controller is introduced, similar to 

the classical parallel control strategy. As 

mentioned, the coordinated controller is 

designed to quickly compensate for motor speed 

with the highest relative error while maintaining 

the stability of other motors. This controller 

needs to act quickly. Thus, coordinated 

controllers are often based on artificial 

intelligence techniques such as neural networks 

and fuzzy algorithms. Additionally, fuzzy logic 

control has been recognized as the most suitable 

technique for designing coordinated controllers 
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based on existing research. Examples of fuzzy 

algorithm-based coordinated control strategies 

will be discussed in the next section [40]. 

 

4.3. Intelligent Control Strategies 

     In classical and modern control strategies, the 

process of designing a control system requires 

the creation of precise mathematical models. 

However, in many industrial cases involving 

complex systems, developing accurate 

mathematical models can be challenging. To 

address such difficulties, intelligent control 

technology is employed to design controllers 

that can handle complex mathematical models. 

Synchronization control based on fuzzy 

controllers and neural networks is widely used in 

intelligent control strategies [41]. 

 

4.3.1. Synchronization based on Fuzzy 

Controllers 

    Fuzzy control theory considers the operator's 

experience as a criterion and examines and 

controls complex mathematical models. In this 

approach, the fuzzy mathematical model is 

expressed linguistically, and its structure is 

shown in Figure (6). 

 

Figure 6. Improvement of the multi-motor  control 

system based on fuzzy control [41]. 

    In this system, the coupling relationship 

between the output speeds of different motors 

depends on the fuzzy controller and the speed-

compensating feedback. The fundamental 

principle of the fuzzy controller is based on the 

speed error and the differential speed error to 

develop fuzzy control rules. It then compares the 

actual speed with the desired speed. In this 

method, a processor is used to evaluate the 

comparison result, and a speed-compensating 

feedback actuator is employed [41]. 

 

4.3.2. Synchronization Control based on 

Neural Network 

     Neural network control is a pioneering topic 

in the field of automatic control that emerged in 

the late 1980s. It represents a new branch of 

intelligent control that provides a novel approach 

to solving control problems in complex 

nonlinear systems. Neural network control 

mainly consists of three components: neural 

network structure, neuron model, and network 

learning. The neuron model can be considered as 

a multi-input and single-output model. The 

neural network control method can ensure 

precise load control based on the assurance of 

speed synchronization between two electric 

motors. Additionally, this method separately 

controls the speed and load, and it also exhibits 

the good dynamic performance of the system 

[41,45]. 

 

4.4. Comparison of Multi-Motor Control 

Strategies 

    Each control strategy presented in the 

previous sections has its advantages and 

disadvantages. The most suitable control 

strategy for a multi-motor system should be 

selected based on the specific requirements of 

the system and the characteristics of the control 

strategy. A detailed comparison of 

synchronization strategies is provided in Table 

(2). 

For example, in continuous production lines, it is 

often more important for a specific motor to 

follow the speed of the previous motor in the 

system until it reaches the desired reference 

speed. In this case, the master-slave control can 

be a good option for continuous lines without the 

need for position synchronization. However, if 

the continuous line is a highly complex system 

that requires synchronized positioning of certain 

subsystems, a combined error control approach 

may be a suitable choice. On the other hand, 

these two methods are not optimal for robotics 

applications. Therefore, in robotics, coordinated 

control is often preferred due to its simple 

control structure and minimal control signal 

delay, which are essential for robotics to achieve 

precise and responsive movements [40]. 
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5. Control Algorithms for Drive Systems 

    Currently, high-performance speed and torque 

control techniques are classified into two main 

categories: 

• Vector Control (VC or FOC); and 

• Direct Torque Control (DTC). 

     Vector control provides better motor 

response over a wide range of speeds, including 

high torque at zero speed, which is a crucial 

characteristic for transportation drive systems. 

The performance of this method depends on 

accurately determining the magnitude and angle 

of the instantaneous flux linkage vector during 

operation. However, incorrect determination of 

the magnitude and angle may make it impossible 

to separate the machine torque and flux, 

resulting in unstable conditions and improper 

transient performance. Both direct and indirect 

vector control methods are almost equally 

suitable for transportation applications, but the 

main difference lies between VC and DTC. 

     In the inverter keying of the DTC algorithm, 

the electromagnetic torque and momentary flux 

are maintained within a hysteresis band to 

achieve fast torque response, low harmonic 

losses, and low inverter switching frequency. 

However, the DTC electric drive system suffers 

from the estimation and control of low-speed 

flux and torque, high current, and high torque 

ripples. These torque ripples create vibrations. 

For traction drives used in electric vehicles, 

which drive the electric vehicle in both dynamic 

and steady-state conditions, DTC is not a 

preferred choice due to its torque ripples, and the 

VC algorithm is more suitable [46-49]. 

 

6. Analysis of Dual Motors and Multi-

Motor Drive Systems 

     In this section, the dual-motor drive system 

with different inverter structures and different 

control algorithms will be studied more fully. 

6.1. Dual motors drive system with FOC 

control and a 3-leg inverter  

    In this method, a DC power source and 

SVPWM modulation are used along with a 

voltage inverter. This system is suitable for 

applications that require compactness, 

lightweight, and cost-effectiveness. 

 

Figure 7. Block diagram of Fuzzy control of the 

speed of two induction motors by a 3-phase inverter 

[50]. 

    This algorithm determines the slip angular 

velocity, stator flux angle, and rotor angular 

velocity by calculation. Additionally, the motor 

Table 2. Comparison of multi-motor synchronization strategies [40]. 

Control Strategy Speed 

Synchronization after 

Disturbances 

Position 

Synchronization after 

Disturbances 

Number 

of 

 Controllers 

Control Structure 

Complexity 

Control 

Algorithm 

Complexity 

Parallel control No No n* simple simple 

Master-Slave control Yes No n Simple simple 

Cross-coupling control Yes Yes 2n+(n(n-3))/2 Very simple simple 

Ring coupling control Yes Yes 2n Rather simple simple 

Relative coupling control Yes Yes 2n complex Rather simple 

Adjacent coupling control Yes Yes 2n Rather simple Rather simple 

Combine cross-coupling 

control 

Yes No/Yes 2n-1 Rather simple Rather simple 

Coordinated coupling 

control 

Yes Yes n+1 simple complex 

n* denotes the number of electrical motors. 
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speeds are also determined using sensors, and in 

the speed control loop of these motors, a fuzzy 

controller or PI controller is employed. 

     In a control system of two motors driven by a 

three-leg inverter, the two existing motors are 

transformed into a virtual average motor through 

averaging. Therefore, the averages of the 

measured variables of the motors, namely the 

currents (Is1, Is2) and the speeds, are obtained 

from equation (1). 

1 2

1 2

2

2

s S
s

I I
I

+
=

 +
 =

                                                   (1) 

    Furthermore, since both motors are 

transformed into a single motor using the 

averaging method, the rest of the algorithm is the 

same as the single-motor drive algorithm 

[32,50]. 

 

6.2. Dual motors drive system with FOC 

control and a 5-leg inverter 

      From the block diagram in Figure (8), it is 

evident that for a dual-motor drive, there are two 

separate three-phase algorithms that are exactly 

similar to the mentioned single motor algorithm, 

with the difference that there is a block in the 

final stages of the diagram responsible for 

merging these two algorithms and commanding 

the 5-leg inverter. 

 

Figure 8. Block diagram of dual-motor drive by 

FOC method [51]. 

 

6.2.1. SVM modulation for 5-leg inverter 

    In this method, two separate SVM modulators 

are used for the two motors. The reference of 

each machine is transformed into 0dq domain 

vectors with different positions in one of the six 

sectors. 

    The generated outputs from the three-phase 

inverter with the switching cycle and switching 

period are represented for each inverter leg. By 

simply adding up the generated switching cycles 

of each modulator, five different switching 

cycles can be determined for the five inverter 

legs. The duty cycle of each phase inverter can 

be described by equation (2): 

δA = δa1+ δc2, δB = δb1+ δc2, δc = δc1+ δc2, 

δD = δa2+ δc1, δE = δb2+ δc1                                                     (2) 

 

 

Figure 9. SVM modulation for dual motor control 

[52]. 

     In Figure (9), part (a), a desired voltage vector 

1 1 0.3 45d q dcV V

− =      is selected for the first 

motor, and a vector 
2 2 0.2 140d q dcV V

− =   is 

selected for the second motor. The sequences 

and duty cycles of active switching vectors are 

shown inside the highlighted boxes in parts (b) 

and (c) of Figure 9. 

     In part (d), it can be observed that when 

applying this principle to a five-leg inverter, the 
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sequences of the two previous parts are still 

preserved. Additionally, it can be seen from part 

(d) that the zero vector switching time for both 

motors in the five-leg mode is different from the 

two previous parts, while the total number of 

zero vector switchings is the same in all parts. 

     Furthermore, part (d) shows that there are 

moments during the switching period where both 

machines receive their active vectors 

simultaneously. 

     In this modulator, D and E refer to phases “a” 

and “b” of the second machine, respectively. C 

is the common phase between the two machines, 

connected in parallel to each other. Therefore, 

the reference vectors of each machine are 

complements of the other machine, and the 

modulator is capable of simultaneously meeting 

the needs of both motors. Additionally, from part 

(d), it can be observed that in the remaining 

states, the reference vector sv for one of the 

machines is a zero vector, so in these states, the 

needs of one machine are fulfilled while the 

second machine receives a zero vector [51,52]. 

 

6.3. Dual motors drive system with DTC 

control and a 5-leg inverter 

     To enhance the reliability of dual-motor drive 

systems, an improved Direct Torque Control 

(DTC) scheme is proposed for five-leg dual-

PMSM drive systems. This scheme employs a 

master-slave selection principle to minimize 

system errors. 

     Obviously, since the inverter here is a five-

leg inverter, five switching states are required, 

whereas there are normally six switching states. 

As mentioned earlier, the issue lies with phase C, 

which is the common leg. If the switching state 

of phase C is the same for both motors, no 

problem arises. However, if they differ, it leads 

to an implementation challenge since the 

switching of the common leg cannot be changed 

during one switching cycle. The purpose of this 

scheme is to address this implementation issue. 

Investigating different switching states: 

To clarify the analysis, the switching vector U is 

defined as Equation (3): 

U10i+j = (Vi,Vj), I = 0….7, j = 0…7                     (3)                                                         

Given equation (3), there are a total of 64 

different keying vectors, as shown in Table 10. 

The keying vector is divided into three 

conditions: 

1- First condition: Kc1 is equal to Kc2 (the 

keying of the common shaft of the two motors is 

equal). 

2- Second condition: Kc1 is not equal to Kc2, but 

one of the keying vectors is zero. 

3- Third condition: Kc1 is not equal to Kc2, and 

both keying vectors are active. 

Table 3. Classification Of switching vectors [53]. 

Vj 

Vi 

0 1 2 3 4 5 6 7 

0 I I I I II II II II 

1 I I I I III III III II 

2 I 1 1 I III III III II 

3 I I I I III III III II 

4 II III III III I I I I 

5 II III III III I I I I 

6 II III III III I I I I 

7 II II II II I I I I 

     As it is clear from Table (3), in the first case, 

there are 32 switching modes, and since the third 

leg switching is equal, there is no problem in 

implementing this method. In the second case, 

there are 14 switching states, one of which 

includes zero vectors, i.e., V0 and V7. Since 

these two vectors have the same control effects, 

each of them can be replaced by the other. 

     However, in the third case, both switching 

vectors are active, and there is no zero switching 

vector available. It is obvious that in this case, at 

least one active switching vector needs to be 

modified to solve the implementation problem. 

This means that in this case, both motors can no 

longer be controlled simultaneously, and the 

performance of one motor will be affected. The 

principles of solving this problem are addressed 

in the next section. 

 

6.3.1. Master-Slave Selection Method 

In the third case, since it is not possible to avoid 

changing the vector, one of the vectors is 

modified to reduce the performance degradation. 
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To evaluate the performance degradation, the 

error of the PMSM system with dual motors is 

defined by Equation (4). 

Ferr1 = (
𝛥𝑇𝑒1

𝑇𝑟𝑎𝑡𝑒𝑑1
)2 + 𝜆(

𝛥𝜓𝑚1

𝜓𝑓1
)2                              (4) 

Ferr2 = (
𝛥𝑇𝑒2

𝑇𝑟𝑎𝑡𝑒𝑑2
)2 + 𝜆(

𝛥𝜓𝑚2

𝜓𝑓2
)2                           (5) 

     In Equation (4), λ represents a constant 

coefficient, Ferr1 and Ferr2 are the system errors of 

motor 1 and motor 2, Trated1 and Trated2 are the 

rated torques of motor 1 and motor 2, and 
1f

and 
2f are the magnetic fluxes of motor 1 and 

motor 2. 

     From Equation (4), it can be understood that 

the system errors are relative values that take into 

account the differences in parameters between 

motor 1 and motor 2. In other words, the new 

method can be used for two identical PMSM 

motors or two different motors. 

     In this method, the motor with a larger system 

error is defined as the main motor, and its 

switching vector is defined as the main switching 

vector, or the master. Similarly, the switching 

vector of the other motor with a smaller system 

error is selected as the secondary vector, or the 

slave. 

      In Table (3), it can be observed that in the 

single-motor DTC method, an appropriate 

switching vector is selected to minimize the 

absolute value of electromagnetic torque error 

and flux error, and this principle also applies in 

this case. If the selected switching vector is not 

applied, it causes an increase in system errors. 

       Ignoring the stator resistance, the stator flux 

vector Ψs remains unchanged. Now, if a zero 

switching vector is executed, according to Table 

(3), the active switching vector is only selected 

when ΔTe is positive.  

If the selected switching vector is replaced by a 

zero vector, |ΔTe| becomes larger, and the 

system error also increases. However, when the 

system error of the slave motor becomes larger 

than the system error of the main motor, their 

roles are immediately swapped. Therefore, one 

motor cannot always be the slave. 

 

6.3.2. Control Method 

      The control flowchart for the dual-motor 

control is provided in Figure (10). Initially, each 

of the motors is operated using the single-motor 

control method, and then the switching mode for 

the phases is determined according to the 

following steps. 

 

Figure 10. Control flowchart [53]. 

Flowchart Explanation: 

Step 1: If KC1 is equal to KC2, the switching 

modes for the five-leg inverter are determined 

as follows, and it then proceeds to the final 

step: 

S1=ka1, S2= kb1, S3=kc1, S4=kb2, S5=ka2            (6) 

Step 2: If Kabc1 (switching vector of the first 

motor) is the zero switching vector (V0 or V1), 

the switching modes are as follows, and it then 

proceeds to the final step: 

S1=kc2, S2= kc2, S3=kc2, S4=kb2, S5=ka2            (7) 

Step 3: If Kabc2 (the switching vector of the 

second motor) is the zero switching vector (V0 

or V1), the switching modes are as follows, and 

it then proceeds to the final step: 

 S1=ka1, S2= kb1, S3=kc1, S4=kc1, S5=kc1            (8)   

Step 4: When the Ferr1 is greater than Ferr2, the 

first motor is selected as the master and the 

second motor is selected as the slave. In this 

case, the switching modes are the same as in Step 

3. Conversely, if the system error of the second 
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motor is greater, then the switching modes 

follow the same pattern as in Step 2. 

     In general, it should be noted that this dual-

motor control method is not specific to a 

particular phase or specific motor. Therefore, 

this method is a general approach for a dual-

motor drive using a five-leg inverter [53]. 

 

6.4. Hysteresis Current Control Method by a 

Five-Leg Inverter 

     In the hysteresis control method, there is no 

requirement for any machine parameters, which 

greatly increases the reliability of this method. 

The advantages of the hysteresis control (HCC) 

method include easy implementation, fast 

response, independent parameters, current 

limiting, and high accuracy. 

     Figure (11) displays the hysteresis band of a 

three-phase motor drive. As evident in the 

image, in this method, after generating the 

reference current for each phase, it is summed 

with the negative actual current of each phase, 

and then the response is sent to the hysteresis 

block. 

 

Figure 11. Measured current  and reference diagram 

in hysteresis method [54]. 

     To control a three-phase motor using a three-

level inverter through the hysteresis control 

method, the coefficient K is selected for the 

hysteresis band, which is defined by the 

following formula: 

𝐾𝑝 = {
1, 𝛥𝑖𝑝 > 𝐻

0, 𝛥𝑖𝑝 < −𝐻
                                              (9) 

     In Equation (8), pi , the phase current 

error is defined as the difference between the 

measured current and the reference current. 

Here, P represents each of the phases, and H 

denotes the hysteresis band. As the formula 

indicates, if the phase current exceeds the 

hysteresis band, the command to turn off the 

switch is issued at that moment. Conversely, 

at another point, if the difference between 

the reference current and the measured 

current becomes positive, the "one" state 

occurs, and the command to turn on the 

switch is issued. This way, the current is 

controlled. 

     Now, for the dual-motor drive, two three-

phase hysteresis blocks are combined to 

enable the switching of a five-level inverter. 

For this purpose, the reader is referred to the 

switching of each phase as described in 

Equation (9): 

S1=kA1, S2=kB1, S5=kA2, S4=kB2              (10) 

    In Equation (9), there is no mention of the 

third phase of the motors or the common leg of 

the inverter. Therefore, the following discussion 

is about the common leg, which will be 

examined as to how its switching is performed. 

Table 4. Hysteresis band modes for common leg 

[54]. 

 Freedom of Phase-C1 Freedom of Phase-

C1 

FC1 Free(|Δic1|<H) Unfree(|Δic2|>H) 

FC2 Unfree(|Δic1|>H) Free(|Δic2|<H) 

FC3 Unfree(|Δic1|>H) Unfree(|Δic2|>H) 

FC4 Free(|Δic1|<H) Free(|Δic2|<H) 

  

    In the first and second scenarios, one of the 

motors has a current difference within the 

hysteresis band, while the other motor has a 

current difference outside this band. In this case, 

the motor that has exceeded the hysteresis band 

is considered the primary motor, and its phase is 

applied as the primary phase to the common 

shaft. 

     However, in the third scenario, both motors 

have current differences outside the hysteresis 

band. In such cases, the absolute values of the 

currents of both motors are compared, and the 

motor with a higher value exceeding the band is 

selected as the primary motor. This strategy 

helps minimize the current error. 
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     In the third scenario, none of the motors have 

exceeded the hysteresis band, but tasks will still 

be operated according to the same strategy as in 

the third scenario mentioned above [54]. 

 

7. Conclusion 

     In conclusion, in electric railway industry 

applications, multiple bogies often require a 

variable-speed electric motor. In most cases, 

these multi-motor drive systems also require 

synchronous control of the motors. If  each 

motor were to be controlled separately in a 

conventional manner, it would require 

significant cost and space. In this paper, research 

efforts have been made to reduce the number of 

required power electronic devices in multi-motor 

drive systems to reduce overall complexity, 

required space, and consequently, the cost of the 

drive. Considering different control areas for the 

synchronous control of two motors, three control 

strategies including vector control, DTC, and 

hysteresis control for the dual-motor drive using 

5-Leg, 4-leg, and Nine switch inverters with 

PWM and SVM modulations have been 

proposed as reliable and practical solutions. In 

fact, by using a single inverter to control two 

motors, it is possible to reduce the number of 

power switches by at least 2 and up to 4 

compared to the conventional approach without 

compromising the independent control of each 

bogie's motors. Therefore, the methods 

mentioned in this paper offer an efficient and 

highly reliable approach to reducing the costs of 

electric motor control systems and increasing 

space in electric train bogies. 
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