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ABSTRACT 

The interest in multiphase machines for high performance applications has been growing in recent years due to their potential 
advantages over three-phase machines.  

One of the possibilities of taking advantage of the additional degrees of freedom that exist in multiphase machines is the series 
connection of several multiphase machines, with the supply coming from a single multiphase inverter.  

This paper discusses the possibility of connecting in series the stator windings of a six-phase and three-phase induction machines 
in an appropriate manner. This enables full decoupling of the dynamics of the two machines by means of vector control. 
Mathematical derivations and simulation proof of independent vector control, achievable with this system, are provided for the series 
connection of six-phase induction machine and a three-phase induction machine. The existence of the independent control of the 
machines is fully verified both in torque and speed mode using indirect rotor-flux oriented control principles.  
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1. INTRODUCTION 
 

Multiphase machines offer a number of advantages 
when compared to three-phase machines. The most 
important ones are the possibility of achieving a higher 
torque density through injection of higher stator current 
harmonics and utilisation of higher spatial field 
harmonics, fail-safe operation in redundancy mode, and 
reduction of the required per-phase inverter rating for the 
same output power [1], [2]. It should be noted that the first 
two advantages of multiphase machines will not exist in 
the multiphase multimotor drive system elaborated in this 
paper. This is so since the additional degrees of freedom, 
which exist in multiphase-machines and can be used to 
increase torque density and for fail-safe operation, will be 
used here for the control of other machines of the 
multimotor group. The basic idea behind the concept 
presented in the paper relies on the fact that, regardless of 
the number of phases, only two stator currents are 
required for decoupled dynamic flux and torque control 
(vector control) of an n-phase ac machine. This means that 
the remaining currents can be used to control the other 
machines, provided that the stator windings of all the 
machines are connected in series. However, in order to 
enable decoupled flux/torque control of one machine from 
all the other machines in the group, it is necessary that 
flux/torque producing currents of one machine do not 
produce a rotating field in all the other machines. This 
requires introduction of an appropriate phase transposition 
in the series connection of stator windings. The concept of 
the multiphase multimotor drive system developed in 
detail in this paper was for the first time proposed in [3], 
where the idea was introduced for a two-motor five-phase 
drive using the notion of an n dimensional space for an n-
phase machine. An entirely different approach, based on 
the general theory of electrical machines [4], [5], is 
adopted here. The rules for establishing the necessary 

connection diagram within a multimotor group are 
developed by analysing the properties of the decoupling 
(Clark’s) transformation matrix. The flux/torque 
producing currents of one machine do not produce flux 
and torque in the other machines when the appropriate 
phase transposition is introduced in the series connection. 

 
 2. MODELLING OF THE TWO-MOTOR DRIVE 
 

The two-motor drive system under consideration is 
shown in Fig.1. It consists of a six-phase source, one six-
phase and one three-phase ac machine. The two machines 
are connected in series according to the diagram in Fig.1. 
The six-phase machine has the spacial displacement 
between any two consecutive stator phases equal to 60° 
(i.e. α=2π/6).  The type of machine is induction machine 
since the connection of fig.1 can used with both induction 
and synchronous (all type) machines. The only 
requirement is that the mmf distribution in the air-gap is 
sinusoidal [3], [6]. Both machines are taken here as 
induction machines for the modelling purposes. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  A six-phase series-connected  
two-motor drive. 
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According to the connection diagram of Fig.1, source 
phase to neutral voltages are determined with: 
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Where indices 1 and 2 identify the two machines in 

Fig.1. Relationship between source currents and 
individual stator phase currents of the two motors is 
governed with: 
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The electrical sub-system’s model of the drive in Fig.1 

is of the 15th order. It can be given in matrix form with: 
 

dt
LIdRIV ][][][ +=                                 (4) 

 
Matrix equation of the voltage equilibrium (4) can be 

further given as : 
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Where 
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Application of the transformations matrix (7) and (8) 

in conjunction with the first  row of (5) lead to the 
decoupled model of the six-phase two-motor drive system. 

Source voltage equations that include equations of the 
two stator windings connected in series can be given as: 
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where 
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The torques equation takes the form: 
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Fig. 2  Indirect rotor flux oriented controller for the two-motor drive. 
 
 

According to (6)-(10), flux/torque producing stator 
currents of the six-phase machine are the source α-β 
current components, while the flux/torque producing 
stator currents of the three-phase machine are the source 
x-y current components. This indicates the possibility of 
independent vector control of two machines. 
 
3. VECTOR CONTROL OF THE TWO-MOTOR 

DRIVE 
 
As the model (6)–(10) indicates, the two series-

connected machines can be controlled independently 
using rotor-flux-oriented control principles. Flux and 
torque of the six-phase machine are controllable by 
inverter d-q axis current components, while flux and 
torque of the three-phase machine can be controlled using 
inverter x-y current components. Indirect (feedforward) 
rotor-flux-oriented control is considered and current 
control in the stationary reference frame is assumed and 
exercised upon the inverter phase currents [7]-[11]. 
 
4.  ROTOR TIME CONSTANT ESTIMATION 

 
On-line estimation of the time constant Tri (i=1,2) is 

realized using a model reference adaptive corrector 
approach . As depicted in fig. 3, the adaptation scheme is 

based on the inferential variables F* and Fest representing 
the gap between Tri and Tri

est respectively. 
The reference variable F* is determined using the same 
dynamic model of the machine used for the computation 
of flux oriented control action. The estimated variable Fest 

is estimated based on the measured data of the current and 
tensions of the machines. Time constant estimation is the 
same for both machines and the one presented is for six 
phase machine.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Model Reference Adaptive Corrector scheme for 
estimation of time constant (I.F.O.C: Indirect Field Oriented 

Control). 
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The estimation algorithm is based on the calculation of 
the reactive power at steady state: 
 

sq1sd1sd1sq1r1 ivivQ −=                      (11) 
 

The Reference Model is represented by the function F* 
[8]: 
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Fest could be expressed function of the rotor fluxes as 

follows : 
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It can be noticed that the estimation algorithm depends 

also on the rotor inductance. Since we are interested only 
in studying the effect Tr1 variations, we will assume that 
the rotor inductance is known and constant. 

 
5.  SIMULATION RESULTS 

 
First, in order to test the performance of the adaptation 

scheme, simulation under full nominal load with six phase 
and three phase machines rotating respectively at 1500 
rpm and 750 rpm are performed. The results of  dynamic 
behaviour of the estimated time constants Tr1 and Tr2 after 
50% change of the rotor resistance at t=1 s and t=1.5 s 
respectively are depicted in figure 4. The simulation 
results show that the estimated time constants converged 
to the correct values. 

Next, different cases of simulation results 
demonstrating the decoupling and independent control of 
the two machines connected in series are shown in figures 
5-10. 

Case1: The three-phase induction machine is started at 
t=1.5 s after the acceleration transient time expired the 
speed settled at 500 rpm while the I.M(1) speed is 
maintained constant equal to 1000 rpm. Fig. 5 shows the 
speeds, torques and currents per phase. As can be noticed, 
I.M(1)’s speed and electromagnetic torque are not affected 
by the starting operation of the I.M(2). 

Case 2: The three-phase induction machine is rotated 
at constant speed equal to 500 rpm while the I.M(1) is 
started at t = 1.5 s to settle at speed of 1000 rpm at the end 
of acceleration transient time (Fig.6). As can be noticed, 
the speed and torque of the I.M(2) are not affected by the 
acceleration period of the I.M(1). 

Case 3: Effect of the change rotation direction one of 
the machines on system performance is investigated. 
Figs.(7), (8) shows the results when the speed of I.M(1) is 
changed from + 1000 rpm to -1000 rpm at t = 1.5s while 
the other I.M(2) direction is kept unchanged and vise 

versa (i.e. the direction of the I.M(2) is changed from 
+500 to -500 rpm while that of I.M(1) is kept unchanged). 
Simulation results show that the decoupled control is 
preserved and the characteristics of both machines are 
unaffected. 

Finally, time constant variation effect on the indirect 
vector control of the multimachines is investigated with 
and without the adaptation scheme. We noticed that the 
time constant variation affect the decoupling flux/torque, 
however the other machine decoupling flux/torque of is 
unaffected. To overcome this problem, the time constants 
Tr1 and Tr2 of both machines are estimated on-line using 
the adaptation scheme described above. Dynamic 
behaviour of the fluxes and torques of the system 
subjected to variation of time. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4(a)  Estimated time constant after 50 % change of the rotor 

resistance Rr1 at t =1 s. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4(b)  Estimated time constant after 50 % change of the rotor 

resistance Rr2 at t =1.5 s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Performance of indirect vector controlled system: 
Acceleration of I.M(2) from 0 to 500 rpm.
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Fig. 6  Performance of indirect vector controlled system: 

Acceleration of I.M(1) from 0 to 1000 rpm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Performance of indirect vector controlled system: The 
I.M(2) reverses from 500 to -500 rpm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Performance of indirect vector controlled system: The 
I.M(1) reverses from: 1000 to -1000 rpm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9 (a)  Sensitivity of indirect vector controlled system to 

Tr1variation (without updating of Tr1). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 9 (b)  Sensitivity of indirect vector controlled system to Tr1  
variation (with updating of Tr1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10(a). Sensitivity of indirect vector controlled system 

to  Tr2  variation (without updating of Tr2). 
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Fig. 10(b)  Sensitivity of indirect vector controlled system to Tr2  
variation (with updating of Tr2). 

 
 

6. CONCLUSION 
 

In this paper, extensive simulation studies of series-
connected multimachine drive supplied by a single 
inverter is presented. Modelling and simulation of the two 
motors drive and independent indirect vector control of 
the two machines has been considered. The results 
obtained demonstrate the possibility for independent 
control of both machines suing a single inverter. The 
sensitivity of the decoupling algorithm to change in the 
machine time constant has been analyzed. The results 
show that the effect of time constant variation is 
significantly eliminated by updating the time constants on-
line. 
 
APPENDIX 
 

Per-phase equivalent circuit parameters of the 50 Hz 6-
phase induction motor: 
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Inertia and number of pole pairs: J=0.03 Kgm2, p=2. 
Rated-per phase voltage and current (RMS) : 220 V, 3.6A. 
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