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Abstract: This paper proposes an augmented speed control scheme of dual induction mo-

tors fed by a five-leg voltage source inverter (VSI) with a common/shared-leg. An addi-

tional control loop is proposed here and based on the mutual flux angle- the difference 

between flux angular positions of the IMs. The main purpose of this research is to minimize 

the energy losses in the common inverter leg by controlling the mutual flux angle, at equal 

angular speeds of both motors. Simulation and experimental studies were carried out and 

the effectiveness of the proposed control method was proven. The PLECS software pack-

age was used for the simulation tests. The laboratory prototype was prepared for the ex-

perimental validation. All results were provided and discussed in this paper. 

Key words: dual-motor drive, induction motors (IMs), five-leg voltage source inverter 

(FLVSI), rotor angle control, sensorless control. 

 

 

 

1. Introduction 

 

In recent decades, there has been an intensified research focus on multiphase drive systems. 

Most published articles describe five- or six-phase drive systems, [1 – 6]. A six-phase machine 

is a combination of two three-phase machines and is therefore more widely studied, [4 – 6]. 

Such a solution is proposed for various industry branches, including electric vehicles (EVs), 

railway traction and the concept of a more-electric aircraft. The five-phase system, which 

consists of a five-phase motor and a corresponding voltage inverter, offers several advantages 

over three-phase motors. These advantages include a potential 15% increase in torque using 
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third harmonic injection, higher fault tolerance, and the ability to operate with a damaged phase, 

[1 – 3]. Various analyzes were proposed to validate and prove these features, [7, 8]. Alongside 

multiphase systems, a number of multimotor drive systems have also been presented, [9 – 14]. 

Multimotor drive systems are used in many industrial applications, such as paper or textile 

industry, railway traction, and EVs, [9]. Two three-phase motors can be fed using a six-phase 

inverter, a five-phase inverter with a common leg, or a five-phase inverter with a common 

neutral point in the dc-link, [13,14]. 

Research in the field of dual-motor drive systems initially focused on developing appropriate 

modulation algorithms for five-phase VSIs, such as Sinusoidal and Space Vector PWMs, [9 – 

11]. In [15], the authors note that it is possible to feed n-phase motors from a (2n+1)-phase 

inverter and propose a corresponding modulation algorithm. The next step was the development 

of a control system for such drives. Both modifications of the classic field-oriented control 

(FOC), direct torque control (DTC), and model predictive control (MPC) schemes were 

proposed for various combinations of motors, such as induction motors (IMs) and permanent 

magnet synchronous motors (PMSMs), [16 – 19]. Further research led to the development of 

new inverter topologies and corresponding modulation methods, [20, 21]. Despite the relative 

popularity of this topic, dual-drive systems continue to be actively researched, and in recent 

years, sophisticated control schemes and modulation techniques have been proposed, [22 – 24].  

The most popular version of the dual-drive system consists of two IMs and a five-phase inverter 

with a common/shared leg. In recent years several control and modulation techniques were 

proposed, [19 – 22, 24], and the drive system’s performance was discussed as well [25]. In this 

paper, one drive utilizes a conventional FOC scheme, while the second motor is controlled by a 

slightly modified FOC scheme. Moreover, an optimized SVPWM technique is used for both 

motors. In the SVPWM scheme used here, the initial stage of the modulation algorithm was 

modified, and the reference voltage vector position identification was removed from the 

algorithm. Comparison with the conventional SVPWM method shows that both approaches 

have similar performance in THD and dc-link voltage utilization. However, the optimized 

SVPWM technique offers a large improvement, up to 42%, in the processor usage time.     

This article aims to explore the additional possibilities that a dual-drive system provides. By 

adjusting the mutual flux angle between the two IMs, it is possible to reduce energy losses by 

around 20% or achieve a higher modulation index than using conventional control methods. 

However, this feature is valid only in a limited operation range when both motors operate at the 

same speed. To achieve the set goals, the amplitude of the current in the common leg changes 

due to the mutual flux angle. The proposed control scheme differs from solutions described in 

the literature [19, 22, 24] by providing control over the mutual flux angle and minimizing the 

difference in angular speeds when the control signal is injected from an angle controller. 

Summarizing, the possible scenario of the proposed algorithm usage includes an analysis of the 

current operation conditions, to decide when the mutual angle control loop should be activated; 

depending on the control system objectives the extended modulation range or higher efficiency, 

by decreasing the total losses, can be achieved. For the operation points, when conditions do not 

fit within the limitations, the proposed mutual angle control loop will be inactive and the system 

behavior will be the same as in conventional solutions.  
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This paper is organized as follows: Section 2 describes the control algorithm, Sections 3 and 4 

present the results of simulation and experimental studies, respectively, and Section 5 contains 

the conclusions.   

 

 

2. Proposed control scheme 

 

The power circuit of the five-phase VSI is shown in Fig. 1. The common leg (phase “a” from 

Fig. 1.) is connected to the two IMs, and the independent control of two three-phase loads is 

possible. Conventional solutions, proposed for this dual-drive configuration, utilize the same 

control scheme for all operational conditions. Additional components in the control system can 

be used to increase the effectiveness of the drive system when both motors operate at the same 

speed. In [22], it was noticed that energy losses can be reduced by around 20%, by decreasing 

the amplitude of the common phase current. Nevertheless, the maximum modulation index for 

both motors is M1=M2=0.577. This paper proposes an improved control scheme, where losses 

can be reduced or the maximum modulation index can be increased up to M1=M2=1.15, 

depending on the needs for a specific application. Moreover, when the mutual flux angle control 

gets involved, the difference in angular speeds begins to rise, so the d-axis current correction 

unit minimizes this difference, as shown in this paper. The common leg current amplitude and 

the relation between the modulation index and the value of the mutual flux angle are shown in 

Fig. 2. (a) and (b), respectively.  

 

Fig. 1. Electrical connections of the five-leg VSI with a common leg and two three-phase motors. 
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(a) 

 
(b) 

Fig. 2. The impact of the mutual angle on: the amplitude of the common leg current, shown as the 

ratio to the other phases (a); maximum modulation index for each motor M (b). 

The proposed control scheme is based on the FOC scheme, so two FOC control systems were 

initially implemented. Sensorless control was also implemented for both, so two speed observer 

blocks were used in the control system. The FOC control scheme was modified for one of the 

motors, to inject an additional signal from the mutual angle controller. The mutual angle control 

and d-axis current correction unit were implemented as well. An optimized SVPWM technique 

was used here, as noted previously. The whole structure of the proposed control system is shown 

in Fig. 3. 
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Fig. 3. The structure of the proposed control system. 

 

The structure of the angle control block contains the angle calculation block, where the current 

value for each motor, ,I II   , is calculated, and the mutual angle PI controller. The controller 

output signal is added to the modified FOC scheme before q–axis current controller. At the same 

time, the d-axis current correction unit creates an additional control signal to minimize the rotor 

speed difference and keep the same dynamic for both motors. To obtain a proper d-axis current 

correction the control signal should be calculated based on the impact provided by the signal 

injection from the mutual angle controller. The mutual angle control structure interacts only 

with FOC control system II, so the FOC control system I remains unchanged. Moreover, the 

parameters of the FOC controllers are the same for both control schemes.  
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The induction motor model in d – q coordinates, is given:  

 1 2 4
sd

sd rd r sd sd

di
a i a i a u

dt
 =  +  +  +  , (1) 

 1 3 4

sq
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 5 6
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where:  

Rs, Ls are the stator resistance and inductance respectively, 

Rr, Lr are the rotor resistance and inductance respectively, 

Lm is the mutual inductance, 

a1- a6 are the induction motor model coefficients, defined as follows: 
2 2
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2
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where: σ is the total leakage coefficient of the motor. 

The rotor flux components in d-q coordinates for FOC scheme:  

 
;

,

0

rd r

rq

 



=

=
 (6) 

From (1) and (6) the relation between the d-axis current  and the q-axis current, in steady state, 

can be obtained:  
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where: 
6

5

,sd
r m sd

a i
L i

a



= − =   and 

r s

r

r

m q

r

r

R L i

L
 


=

 
+ .  

Considering these dependencies, the final equation takes the form of:  
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2

2 2 2

( )

( )

r sd r sq r s m

sd

s s r r r s m

L u R i L L L
i

R L L L L L

  −
= −

 −

+  

−  +  
, (8) 

The q-axis current impact on the d-axis current is small, due to the motor parameters and eq. 

(8). So a proportional controller should be added before an additional signal injection to the d-

axis current control loop. Utilizing the output signal from the mutual angle controller as the q-

axis current in (8) and with proportional controller implementation the additional signal 

injection to the d-axis current can be calculated as follows:  

 

* 2

*

2 2 2

(
.

)

( )

r sd r sq r s m

sd p

s s r r r s m

L u R i L L L
i k

R L L L L L

  +   
 −  −  +    

−
=

−
 (9) 

where: pk  is the gain of the P controller, and 
*

sqi  is the output signal from the mutual flux angle 

controller. 

 

 

3. Simulation results 

 

The PLECS software package was used for simulation studies. During these studies, the main 

focus was set on the drive system behavior investigation. Initially, the idea of decreasing the 

common leg current amplitude was verified, and then several working points were tested to 

prove the reliability of the curve presented in Fig. 2. Next, the ability to utilize higher modulation 

indexes was verified. Finally, the loss analysis was provided and the possibility of total energy 

loss reduction was shown. 
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Fig. 4. Machines’ rotor speeds, inverter currents (common leg and in one of the other phases), the 

mutual flux angle and the rotor speed difference under a step change in the mutual flux angle 

(from 0 to 175), and under a step change in rotor speed, from 1 to -0.5 (the angle is 175 

degrees). 

 

Figure 4 shows the system response to a step change in the mutual flux angle, from 0 to 180 

degrees, at the moment of 0.6 s. The system response to a step change in the rotor speed, from 

1 to -0.5, is shown as well. System behavior in the dynamic and stable state modes is presented. 

Various mutual flux angle values were investigated and the results shown in Fig. 5. The mutual 

flux angle value was changed from 0 to 30, then to 120, 150, and finally to 180 degrees. As 

might be noticed the current amplitude in the common phase decreases, so the losses are reduced 

simultaneously. The rotor speeds, inverter output currents, the value of the mutual flux angle, 

and rotor speed difference are shown in Fig. 4 and Fig. 5. As shown in the obtained results, the 

rotor speed difference does not exceed 0.5% in stable-mode and 2% in dynamic-mode operation. 
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Fig. 5. Machines’ rotor speeds, inverter currents (common leg and in one of the other phases), the 

mutual flux angle and the rotors’ speed difference under a step change in mutual flux angle 

(from 0 to 30, then to 120, to 150 and to 175 degrees). 

 

Figure 6 shows the dynamic system response to a step change in the rotor speed, from 1 to 2 

and then to 1.5. The rotor speeds, inverter output currents, the mutual flux angle, and the 

minimal zero time are shown. The minimal zero time shows the current time reserve before the 

SVPWM algorithm will cross into the overmodulation zone. The closer the zero time is to the 

value of 0 the smaller time reserve is available. In Fig. 6 the system works in the overmodulation 

zone (the duration of zero vector is equal or close to zero) during the speed change from 1 to 2, 

at the time interval of 1.177 – 1.251 s. However, when the rotor speeds are set to 2, the 

modulation indexes in the stable-state mode are M1=M2=1. 

Figure 7 shows the dynamic system response to a step change in the mutual angle, from 0 to 

175 degrees and then to 5 degrees. The currents of machines 1 and 2 are given, and the shape of 

these currents’ waveforms is symmetrical. The machines’ rotor speeds and inverter output 

currents are shown as well. During a change in the value of the mutual flux angle, the common 

phase current was significantly reduced (when the angle value was 175 degrees). It causes 
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asymmetry in the inverter output currents, however, this asymmetry has no impact on the 

machines’ currents. 

 

Fig. 6. Machines’ rotor speeds, inverter currents (common leg and in one of the other phases), the 

mutual flux angle and the zero vector duration (Time_zero) under a step change in the rotor 

speed, from 1 to 2 and then to 1.5 (angle is 0 degree). 

 

The total energy losses are given in Fig. 8., where the total losses for all the inverter legs are 

given. Inverter total energy loss is shown, while the mutual angle was changed from 0 to 120 

and then to 175 degrees. To estimate the conductional and switching losses, the transistor model 

was taken from the list provided by PLECS software. These models were created using the 

datasheet parameters, provided by the manufacturer. The mutual angle of 175 degrees was 

chosen as the optimal working point. For this value, the estimated total energy loss is 18 W, for 

120 degrees the estimated total energy loss is 22 W, and for a mutual angle of 0 degrees the total 

energy loss increases to 26.7 W. In conventional solutions, the common leg current remains 

uncontrolled, and the mutual angle can take any value during the working cycle. In [22] the 

behavior of such systems is shown, where the amplitude of the common leg current can be two 

times higher than the current in other phases. The proposed solution allows to reduce the 

amplitude of the current in the common phase, as shown in Fig. 4 and 7.  
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To compare the proposed solution with the conventional control scheme three operation points 

were analyzed. In the analyzed points the mutual angle takes values of 0, 120 and 175 degrees 

under conventional control. With those angles the sum of energy losses in all inverter phases 

are 26.7 W, 22 W, and 18 W for the conventional scheme. The proposed method allows to control 

the common phase current and thus allows to reduce the common phase losses. The sum of 

losses with the proposed control is 18 W (the mutual angle is 175 degrees). Considering this 

data, the total loss can be reduced by 8.7 W, 4.7 W, and 0 W, at each of these operation points. 

Selected operation points show a loss reduction of 32.5%, 17.6% and 0% respectively. For 90 

degrees the total loss can be reduced by 6.1 W or 22%. 

 

Fig. 7. Machines currents, inverter output currents, the mutual flux angle and the machines rotor 

speeds under a step change in mutual angle, from 0 to 175 degrees and then to 5 degrees. 
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Fig. 8. Total energy loss at each phase individually, the total inverter losses and the mutual flux 

angle under a step change in the mutual angle, from 0 to 120 and then to 175 degrees.  

 

 

4. Experimental results 

 

The experimental studies were carried out using a five-leg VSI connected to a set of dual 

induction motor drives, as shown in Fig. 9. The experimental research consisted of the analysis 

of the system response in dynamic- and stable-states during the changes in the mutual flux angle 

and the angular speed of both motors. Figure 9 (a) describes the system response to the mutual 

flux angle change, when the mutual flux angle values were step-changed from 0 to 60 and then 

to 120 degrees. The amplitude of the common-leg current (ima from Fig. 10) is decreasing 

during changes in the value of the mutual flux angle, as expected. The small changes in the 

angular speed might be noticed, however, the speed difference between both motors does not 

exceed 1%. Figure 10 (b) shows the changes in system behavior under the mutual flux angle 

change from 120 to 150 and then to 175 degrees. The estimated rotor speeds, currents of the 

common-leg and one other phase, and the mutual flux angle values are shown in Fig. 10. The 

values of the mutual angle controller gains, Kp and Ki, are equal to 0.3 and 0.001, respectively. 
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Fig. 9. The experimental setup: dual-motor drive system and five-leg VSI. 

 

 

Fig. 10. Rotor speeds, the rotors’ speed difference, inverter currents (common leg and in one of 

the other phases), the estimated mutual flux angle under a step change in the mutual flux angle, 

from 0 to 60 and then to 120 degrees (a), and from 120 to 150 and then to 175 degrees (b) 

 

Figure 11 shows the system response to step changes in the mutual flux angle, as in Fig. 10, 

however, the changes in the estimated flux value were also indicated. The dynamic system 

response to a speed change is shown in Fig. 12. Figure 12 (a) shows the speed values of both 

motors, the current of the common-leg, the flux component value, and the mutual flux angle 

under the increase in the angular speed. Figure 12 (b) represents the system behavior during the 

speed decrease. In the dynamic-state, the mutual flux angle controller tries to keep the value 

near the reference value. However, the nature of the proposed control scheme limits the 

regulation possibilities, to keep the dynamic characteristics. Due to this, the steady-state mode 

is preferable. During the speed change, the error in the mutual flux angle does not exceed 23.5%. 
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Fig. 11. Rotor speeds, the rotors’ speed difference, inverter common phase current, the estimated 

flux component and the mutual flux angle values under a step change in the mutual flux angle: 

from 0 to 60 and then to 120 degrees (a), and from 120 to 150 and then to 175 degrees (b) 

 

 

Fig. 12. Rotor speeds, inverter common phase current, the estimated flux component, the mutual 

flux angle error, and the mutual flux angle values under a step change in angular speed: from 

0.3 to 0.4 (a), and from 0.4 to 0.3 (b) 
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(a)  

 

 

 

(b) 

 

(c) 

 

Fig. 13. Common leg power quality analysis, the mutual flux angle is 0 (a) 120 (b) and 175 (c) 

degrees.  

 

The power quality analysis was carried out to verify the possibility of loss reduction under the 

proposed control scheme. The Tektronix oscilloscope with power analyzer module was used for 

analysis purposes. Figure 13 shows the true power values in the common leg for different mutual 

angle values of 0, 120 and 175 degrees. The true power in the common phase is 6.76W, 3.72W 

and 1.86W  for 0, 120 and 175 degrees, respectively. Therefore, the true power in the common 
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phase can be reduced by 72.5%, 45.0% and 0%, in comparison with the conventional control 

schemes. Simultaneously with the true power reduction, the conduction losses are reduced, 

confirming the correctness of the proposed control method. According to these results, we can 

estimate the total inverter power as 21.64W, 18.6W, and 16.74W for 0, 120 and 175 degrees, 

respectively. The corresponding total inverter power reduction is 22.7% for 175 degrees, 14% 

for 120 degrees, and 0% for 0 degrees.  

 

 

5. Conclusions 

 

The proposed control scheme proves the effectiveness of the idea of the mutual flux angle 

control while showing several limitations of this approach. Provided studies present the 

possibility of a decrease in energy losses by around 20% when the mutual flux angle value is 

set to 180 degrees. The error in the angular speed was sufficiently reduced by the d-axis current 

correction unit. However, some limitations of this method should be mentioned as well. The 

mutual flux angle control loop should be used in stable-state mode when the angular speeds of 

both motors are the same. The second limitation is each motor’s electromagnetic torque, as due 

to the nature of the mutual flux angle, for loss reduction the torques should be equal, as well. 

Summing up, the presented mutual flux angle control scheme should be considered as an 

additional part of the existing systems and should be used for a limited operation range. 

According to the possibilities and limitations of the proposed control scheme, the full spectrum 

of the industrial applications where dual-motor drive systems are used (EVs, railway traction, 

paper and textile industries, etc.) should be considered as a possible sphere of usage. Even if the 

operation conditions fit the requirements from time to time, when dual-motor drives operate 

with the same speed and torque, the proposed control scheme allows to achieve a higher system 

efficiency. Summarizing, the proposed control scheme would be able to control drives 

effectively and decrease the energy losses, during the life cycle of the drive system. 
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