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Abstract: This paper describes the decoupled torque and flux control of a two series connected five-phase 
Induction Machine (IM) drive that is supplied by a three-level five phase SVPWM inverter, using a well 
known phase transposition in the series connection. At the first, the decoupled torque and flux controller is 
developed based on variable-structure control (VSC). Then, a sliding-mode (SM) flux observer in employed 
to estimate the stator flux; that uses a two reference frames which result in eliminating the speed adaptation. 
Moreover simple control strategy is introduced for three-level SVPWM voltage source inverter (VSI) that can 
be easily implemented in practice for a two-series five phase IM drive. Finally, the effectiveness and 
capability of the proposed control method is verified by computer simulation. 
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1. Introduction 

In electrical drive applications, three-phase drives are 
widely used for their convenience. However, high-ph- 
ase number drives possess several advantages over 
conventional three-phase drives such as: reducing the 
amplitude and increasing the frequency of torque puls- 
ations, reducing the rotor harmonic currents, reducing the 
current per phase without increasing the voltage per 
phase, and lowering the dc-link current harmonics and 
higher reliability. By increasing the number of phases, it 
is also possible to increase the torque per rms ampere for 
the same volume machine [1]. 

Multi-phase machines have found wide applications in 
transport, textile manufacturing and aerospace since few 
years [2–14]. The recent research works on multi- 
phase machines can be categorized into multi-phase 
pulse width modulation (PWM) techniques for multi- 
phase machines [2–14], harmonic injection to produce 
more torque and to achieve better stability [5], fault 
tolerant issues of multi-phase motor drives [6], series/ 
parallel connected multi-phase machines [7–14]. 

Applications involving high power may require 
multiphase systems, in order to reduce stress on the 
switching devices. There are two approaches to 
supplying high power systems; one approach is the use 
of multilevel inverters supplying three-phase mac- 
hines and the other approach is multileg inverters sup- 

plying multiphase machines. Much more work has 
been done on multilevel inverters. It is interesting to 
note the similarity in switching schemes between the 
two approaches: for the multilevel inverter the 
additional switching devices increase the number of 
voltage levels, while for the multileg inverter, the 
additional number of switching devices increases the 
number of phases [15]. 

In [16], Kelly et al. also verified that an n-phase 
space vector PWM (SVPWM) scheme can be described 
in terms of the applying times of available switching 
vectors on the basis of the space vector concept. How- 
ever, the paper only focuses on how to realize a sinu- 
soidal phase voltage. As is widely known, most multi- 
phase motors are designed to have the nonsinusoidal 
back-EMF voltage. 

Hamid A. Toliyat have made much research on control 
method and running performance aim at five-phase drive 
[1], but their subject investigated is the system feeding 
with two level inverter. Another research work has been 
done in [17] on a multiphase two level nonsinusoidal 
SVPWM. 

The power rating of the converter should meet the 
required level for the machine and driven load. However, 
the converter ratings can not be increased over a certain 
range due to the limitation on the power rating of 
semiconductor devices. One solution to this problem is 
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Figure 1. Two five-phase machine drive supplied by a single 
inverter 
 
using multi-level inverter where switches of reduced 
rating are employed to develop high power level 
converters. The advent of inverter fed motor drives 
also removed the limits of the number of motor phases. 
This fact made it possible to design machine with more 
than three phases and brought about the increasing 
investigation and applications of multi-phase motor 
drives [18,19]. 

In [20], Qingguo Song, introduced a method to 
supply a single five-phase permanent magnetism syn- 
chronous motor (PMSM) with a three level SVPWM 
VSI. But the method is not capable to control more 
series connected multiphase machines or producing 
nonsinusoidal voltages. 

Space-vector modulation (SVM) is an advanced 
technique for the generation of output voltages or cur- 
rents in inverters based on the spatial visualization of 
their variables. In the conventional approach of this 
technique, the inverter is understood as a whole, allow- 
ing full control over the switching sequences of the swit- 
ches and achieving maximum use of the dc-link voltage. 

The five-phase induction motor drives have many 
more space voltage vectors than the three-phase induc- 
tion motor drives. The increased number of vectors 
allows the generation of a more elaborate switching 
vector table in which the selection of the voltage vectors 
is made based on the real-time values of the stator flux 
and torque variations. 

In this paper, a five-phase 3 level SVPWM algorithm 
is developed to control a two series IM drive system. 
Recognizing the VSC merits and the advantages of using 
the SVM, this paper presents a VSC-DTC solution for 
series-connected induction motor drives. Direct torque 
and flux control is achieved by means of VSC. 

2. Description and Modeling of the Drive 
System 

The drive consists of two five-phase squirrel cage induc- 
tion machines. Referring to Figure 1 the five-phase stator 
windings of the two machines are connected in series, 
with an appropriate phase transposition [19]. The two- 
motor drive system is supplied from a single five-phase 
VSI. 

From Figure 1 the relationship between voltage and 

currents are given as: 
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Each machine is supposed to have its own parameters. 
Using the decoupling Clark’s transformation, the original 
phase variables are correlated to new (  ) variable as 

Cf f abcde  , where C is the power-invariant 

transformation matrix: 
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The ( ,  ) and ( x , y ) voltages and currents of the 

five-phase VSI are obtained as: 
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Figure 2. Five-phase IM equivalent circuits of one machine 
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The torque equations of the two series-connected 
machines are given as follow 

( )i i i iT P Lek k mk rk sk rk sk          (5) 

here k=1,2 and P k  are pole pairs. 

From these equations and (4), one can note that the 
torque production currents of the first motor ( ,1 1i is s  ) 

are equal to none producing torque currents of the second 
motor ( ,2 2i ixs ys ). As a result, the two motors can be 
controlled independently through a single VSI. 

The stator voltage equations of each machine are 
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where k=1,2. 
The rotor voltage equations of each machine are 
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where k=1,2. 
In Figure 2 the five-phase IM equivalent circuits of 

one machine is shown. 

3. Sliding-Mode Controller 

Block diagram of the variable-structure direct torque 
controlled drive (VSC-DTC) under consideration is 
shown in Figure 3. As can be seen from this figure, for 
each motor the control quantities are the stator flux 
magnitude and torque. 

A reference stator voltage, * * *

s ds qs
jv v v  , is obtained 

at the output of the VSC, where *

dsv  is generated by the 

flux control law and 
*

qsv  by the torque control law. The 

 
Figure 3. Block diagram of the VSC-DTC 

 
control law is of the “Relays with constant gains” type 
[21], 

* 1
( )sgn( )
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* 1
( ) sgn( ) ˆˆ

s
PT ITqs q ssv SK K              (9) 

where s=d/dt, sgn is the signum function, ,
PK   

IK 
,

PTK and 
ITK are the PI controller gains, 

 
d q

jS S S  is the sliding surface, and superscript “ ^ ” 

stands for estimated quantities. In order to accelerate the 
voltage response during speed transients, the torque 
control law contains a feedforward compensation for the 
dynamic electromotive force (EMF). The PI controllers 
help to reduce the chattering associated with VSC and 
define the system’s behavior when it is not in the sliding 
mode (during the reaching phase). The sliding surface is 
designed so as to enforce SM operation with first-order 
dynamics, 

( )
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where 
* ˆ

s
s se     and * ˆ

e
e eTe T T  ; s

c  and eTc are 
design constants.  

In the sliding mode, the control law (8) and (9) restrict 
the system state onto the surface , and its behavior is 
exclusively governed by 0S   [21]. 

4. Sliding-Mode Observer 

In [21,22], an inherently sensorless SM observer has 
been developed. It uses two reference frames allows 
eliminating the speed adaptation. This feature is 
significant in drives that do not need the speed estimation 
for control (torque-controlled drives) and it is expected 
to produce better results than conventional observers. 

An SM observer for IM is 

1
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In order to eliminate the rotor speed adaptation, the 
stator Equation (11) is implemented in stator reference 



N. R. ABJADI  ET  AL. 

Copyright © 2010 SciRes                                                                                  EPE 

13 

 
Figure 4. Scheme of a five-phase three-level inverter 

 

 

Figure 5. The switching vectors on α-β and x-y planes 
 
frame, and the rotor Equation (12) is implemented in 

rotor flux frame (superscript “ r ”), which rotates with 

rotor flux speed, 
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Taking into consideration that the rotor flux is aligned 
with the reference frame, the rotor model (15) turns out 
to be simple: 
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It can be shown that the observer is stable if its gains 
are large enough [21]. 

5. Three Level Space Vector Pwm 

In [20], a technique of vector space control of three-level 
voltage source inverter fed five-phase machines was 
presented.  

Using the same idea described in [20], in this paper a 
SVPWM voltage source is developed which is capable of 
supplying the two motor drive system with different rotor 
speeds. The SVPWM scheme is designed to generate an 
arbitrary reference voltage space vector which consti- 
tutes the motors main frequencies 1  and 2 . 

Figure 4 shows the scheme of a five-phase three-level 
inverter. There are 243(35) voltage vectors; the mag- 
nitude and distributing of voltage vectors are far more 
complex than five-phase two-level inverter. However, 
not all of vectors are suitable to vector synthesizing. 

Consider voltage vectors with magnitude V L   
0.6472V DC , 0.6156V VM DC , 0.3236V VS DC  

and zero voltage vectors as efficient working vectors. 
There are 43 efficient vectors in each plane, including 30 
non-zero vectors, 10 redundant and 3 zero vectors, as 
shown in Figure 5. 

The decimal numbers in Figure 5 denote the switching 
modes. When each decimal number is converted to a five 
digit number in base 3, the 2's in this number indicate 
that the two upper switches in the corresponding 
switching arms are “on” and the 1's in this number 
indicate that the two middle switches are “on”, while the 
0's indicate the “on” state of the lower switches. The 
MSB (most significant bit) of the number represents the 
switching state of phase a, the second MSB for phase b, 
and so on. As shown in Figure 5, selected working 
voltage vectors equally divide the decagon into ten sec- 
tions 1, 2, ..., 10. 

From the average vector concept during one sampling 
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Figure 6. Reference vector and switching vectors in section 
1 of α-β plane 
 

 

Figure 7. Flowchart to realize reference voltage vectors 
 
period, the reference voltage vectors on the α-β and x-y 
planes can be realized by adjusting the applying times of 
3 vectors. Figure 6 shows each section can be divided 
into four smaller triangle regions, and the reference 
voltage vector is formed by three apical voltage vectors 
in this triangle [20]. For example if the reference vector 
is between vectors 218 and 216 in α-β plane (sector 1), 
and moreover it is located in region C, as shown in 
Figure 6, the active switching vectors are 217, 216, 108 
(or 229). 

To control 2 series-connected motor, in half of each 
switching period, the α-β reference vector, in α-β plane, 
is used as the reference vector and in half other, the x-y 
reference vector, in x-y plane, is used to determine the 
switching vectors. This strategy can be repeated in all of 
the sectors and shown in flowchart of Figure 7. It is 
worthwhile to note using the switching vectors for 
example in α-β plane, by above suggested method, the 
x-y components are negligible and vice versa. In this way, 
both α-β reference vector and x-y reference vector are 
realized. 

It is better to normalize vectors by 0.3236V VS DC , 

then each switching vector coordinate becomes integer as 

shown in Figure 6. 
From Figure 6, the coordinates of reference vector are 

obtained as follow 
*

(c )sin36
o

a n
tg ctgV V               (18) 

*sin

sin36
ob nV V


                     (19) 

where   is the angle between reference vector and 
a-axis in each section. The space vector PWM strategy is 
accomplished by the following equations 

E F G sEa Fa Ga a

E F G sEb Fb Gb b

E F G s

V V V VT T T T
V V V VT T T T

T T T T

  
   
   

         (20) 

where ET , FT  and GT are the apical switching vectors 

in each triangle region; and sT  is half of the switching 

period. 
For simplicity the switching times for all of the 

regions are calculated in Table 1. 

6. Simulation Results 

The proposed control scheme is implemented in a block 
diagram shown in Figure 8. In this figure, only control of 
IM1 is illustrated (some subscripts are omitted for the 
sake of brevity), the same can be applied to IM2. 

Notice that the SM controller and observer gains are 
obtained by trial and errors. Similarly the coefficients of 

sp eed PI controller are obtained as 10pk  , 1.1ik  . 
Simulation results are obtained for a two different five- 

phase squirrel cage IM with parameters shown in Table 2. 
The IMs speeds and stator fluxes control results are 

obtained and shown in Figure 9(a) and Figure 9(b) 
respectively. These results obtained for an exponential 
reference rotor speed from zero to 80 rad/s for machine 1 
and an exponential reference rotor speed from zero to 40 
rad/s for machine 2. The amplitudes of stator fluxes are  

Table 1. Calculation of switching times in each region 

Region A: V
( , ) (0,0)

( , ) (1,0)
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F sEa Eb a
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E s F GGa Gb
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V V T T T T
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( , ) (0,1) (1 )
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E sEa Eb a
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G s E FGa Gb

V V VT T
V V VT T
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Table 2. Im parameters 

Machine 1 [23]: 

Pn1 3hp f 50Hz 

1P  3 1sR  0.78   

1rR  0.66   1sL  33.15mH 

1rL  33.15mH 1mL  29.7mH 

Machine 2 [19]: 

Pn2 7.5hp f 50Hz 

2P  2 2sR  10   

2rR  6.3   2sL  460mH 

1rL  460mH 2mL  420mH 

 

 
Figure 8. Drive system block diagram 
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Figure 9. a) Rotor speeds; b) Stator fluxes; c) Estimated 
stator fluxes; d) Motors torques; e) Motors phase ‘a’ 
currents 

 
kept constant (0.4 Wb for both IMs). 
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The speeds and fluxes track their references with a 
good dynamics. It is evident from these Figs. that the 
flux of the IM2 remains unaffected during the transient 
of the speed of IM1 and vice versa, moreover the speeds 
are also almost unaffected. These results verify the 
ability of the proposed control and SVPWM technique 
during speed start up and speed reversal. 

In addition, the motors stator flux estimated results are 
shown in Figure 9(c). 

Finally the torque and phase a current of IMs are 
shown in Figures 9(d) and 9(e) respectively. The inverter 
phase ‘a’ current ( 1ias ) includes two frequencies to run 

both IMs. 

7. Conclusions 

This paper has discussed a two five-phase series-connec- 
ted IM drive which is supplied by a 3 level five-phase 
SPWM VSI. 

An SM controller is used that is capable of controlling 
the stator flux and torque of each motor separately. 

The proposed controller in this paper is capable to 
track the speed reference and the flux reference in spite 
of motor resistances mismatching. In addition, the 
transient dynamic of the motors stator fluxes and torques 
is precisely regulated by the design of SM controller. 
Moreover an algorithm is suggested to produce α-β and 
x-y voltage components with a 3 level SVPWM VSI. 

The effectiveness and validity of the proposed control 
method is verified by simulation results. 
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