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Abstract – This paper presents six reduced switch count 
ac drive systems. These configurations have been 
conceived to operate with a four-phase and a three-phase 
or with a four-phase and a two-phase induction machines 
in a series-connected scheme. The overall control of the 
drive system is presented, including the pulse width 
modulation techniques. The proposed two-motor drive 
systems are seen as a potentially feasible industrial 
solution for applications that demand one high-power 
and one low-power machine. Experimental results are 
presented.  

 
Keywords – Induction motor, Motor drive system, 

Reduced components, Series connected machines. 
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I. INTRODUCTION 

A standard ac machine drive system is constituted by an 
input rectifier, dc-bus capacitors, a voltage source inverter, 
an electrical machine and a microcomputer based control 
system. In industrial applications where it is required to drive 
multiple electrical machines, the direct solution consists in 
replicating such standard configuration. One of the first 
alternatives for reducing costs in this case is to use a 
common dc-bus for all machine drive systems installed in the 
shop-floor. A second alternative to further reduce the 
installation costs is to use converter topologies with a 
minimized number of power switching devices [1] - [12]. 

A different concept, that is an interesting approach to 
compose the reduced switch count ac drive systems, is based 
on utilization of multi-phase machines, because it utilizes a 
single inverter to supply all the motors. The idea stems from 
the fact that any n-phase ac machine requires only two 
currents (dq currents) for independent flux and torque 
control. Thus, in a multi-phase machine there are additional 
degrees of freedom, which can be used to control other 
machines [13], [14], [15], [19]. It has been shown that, by 
connecting multi-phase stator windings in series with an 
appropriate phase connection, it becomes possible to control 
independently all machines with the supply coming from a 
single multi-phase inverter.  

This paper presents six ac drive systems, comprising one 
four-phase and one three-phase or two-phase induction 
machines in a series-connected scheme. First topology, 
named Configuration A, the phase 3 of the three-phase 
machine is connected to the dc-bus mid-point [see Fig. 1]. 
Other five possible configurations are shown in Fig. 2, in 
these topologies one four-phase machine is connected with a 
three-phase machine [see Fig. 2 (a)], or one four-phase 
machine is connected with a two-phase machine [see Fig. 2 
(b) - Fig. 2 (e)]. This paper will study in details one of the 
proposed configurations (Fig. 1) and the other ones can be 
derived directly from Configuration A. The Configuration A 
has been chosen due to it has the best ratings (such as voltage 
capability and capacitor current) in comparison with other 
ones. Moreover the three-phase machine is more popular 
than the two-phase machine.  

Although a single supply source is used, it is shown that a 
truly independent and decoupled control of the two machines 
is obtained. The two-motor drive system of the proposed 
structure is seen as a potentially feasible industrial solution 
for applications requiring one high-power (four-phase 
machine) and one low-power (three-phase or two-phase 
machine) machine. For example, such configurations can be 
useful for supplying traction and compression machines in 
automotive applications [16], [17]. 
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II. MACHINE DYNAMIC MODEL 

The machines used in this work are a four-phase 
symmetric machine and a typical three-phase (or two-phase) 
machine. The four-phase machine is composed by four 
windings π/2 rad away from each other. Adopting a 
stationary reference frame, the mathematical model that 
describes the dynamic behavior of the four-phase machine is 
given by (1)-(7) while for the three-phase machine the model 
is given by (1)-(4) and (7) since the homopolar current (o) is 
null. 

sdqsdqssdq dt
dirv φ+=

 
(1) 

rdqrrdqrdqrrdq j
dt
dirv φωφ −+=

 
(2) 

rdqsrsdqssdq ilil +=φ
 (3) 

rdqrsdqsrrdq ilil +=φ
 (4) 

solssosso i
dt
dlirv +=

 
(5) 
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Fig. 1. Proposed ac drive system using reduced four-leg inverter supplying independently two machines - Configuration A. 
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(e) 
Fig. 2. Other possible ac drive systems using reduced four-leg inverter supplying independently two machines: (a) Configuration B, (b) 

Configuration C, (c) Configuration D, (d) Configuration E and (e) Configuration F.
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rolrrorro i
dt
dlirv +=

 
(6) 

( ).rqsdrdsqsre iiiiPlT −=
 (7) 

Where sqsdsdq jvvv += , sqsdsdq jiii +=  and 

sqsdsdq jφφφ +=  are the voltage, current, and flux dq vectors 

of the stator, respectively; soshsho jvvv += , soshsho jiii +=  

and soshsho jφφφ +=  are voltage, current and flux ho  

homopolar no-torque vectors of the stator, respectively (the 
equivalent rotor variables are obtained by replacing the 
subscript s by r); eT  is the electromagnetic torque; rω  is the 
angular frequency of the rotor; sr  and rr  are the stator and 
rotor resistances; sl , lsl , rl  and lrl  are the self and leakage 
inductance of the stator and rotor, respectively; srl  is the 
mutual inductance and P is the number of pole pairs. 

The dqho stator variables of the four-phase machine can 
be determined from the 1234 variables, similarly for the 
three-phase machine dqo stator variables can be determined 
from the 123 variables by using the transformation given,  
respectively by 

dqhoss wAw 41234 =  (8) 

dqoss wAw 3123 =  (9) 
with T

sssss wwwww ],,,[ 43211234 = , ,,,[ shsqsdsdqho wwww =  
T

sow ] , T
ssss wwww ],,[ 321123 =  and ,,[ sqsdsdqo www =  

T
sow ] , A4 and A3 can be obtained from [22], [23], [24] and 

[3], respectively. 
Vectors 1234sw , sdqhow , 123sw  and sdqow  can be voltage, or 

current, or flux vectors. 
The two-phase equivalent dq motor model is also given 

by (1) - (4) and (7). 

III. SYSTEM MODEL 

The configuration shown in Fig. 1 comprises four-leg 
(eight switches), dc-bus capacitors, and one three-phase, and 
one four-phase machines. The converter is composed by 
switches 1q , 1q , 2q , 2q , 3q , 3q , 4q  and 4q . The switch-
pairs ( )11, qq , ( )22 ,qq , ( )33 , qq  and ( )44 ,qq  are 
complementary. The conduction state of all switches is 
represented by a homonymous binary variable 1q , 2q , 3q , 
and 4q , where 1=q  indicates a closed switch while 0=q  
indicates an open one. 

The converter pole voltages can be written as a function of 
phase voltage of the three-phase and four-phase machines, or 
as a function of conduction state of the switches, as follow 

( ) 211113110 1 ccls vqvqvvv −−=+=  (10) 
( ) 221223220 1 ccls vqvqvvv −−=+=  (11) 
( ) 231313330 1 ccls vqvqvvv −−=+=  (12) 
( ) 241423440 1 ccls vqvqvvv −−=+=  (13) 

where siv  (i = 1 to 4) and ljv  (j = 1 to 3) are phase voltages 
of the four-phase and the three-phase machines, respectively; 

3113 lll vvv −=  and 3223 lll vvv −= . 
Considering (10) - (13), the phase voltage of the four-

phase machine, can be obtained as follows 
31101 ls vvv +=  (14) 

32202 ls vvv +=  (15) 

31303 ls vvv +=  (16) 

32404 ls vvv += . (17) 
Note that the phase voltages of the four-phase machine 

depend on the 321 ,, lll vvv  (three-phase machine voltages), 
due to the series-connected machines scheme. Summing (14) 
- (17) can be obtained 

3231

4

1
0

4

1
22 ll

j
sj

j
sj vvvv ++= ∑∑

==

 (18) 

By assuming 0321 =++ lll vvv , (18) can be write as follow 

⎥
⎦

⎤
⎢
⎣

⎡
+=⇒+= ∑∑∑∑

====

4

1
0

4

1
33

4

1
0

4

1 6
16

j
sj

j
sjll

j
sj

j
sj vvvvvv  (19) 

writing the homopolar voltage as a function of phase 

voltages [using (8)], i.e., ∑
=

=
4

12
1

j
sjso vv  (19) becomes  

( )
36

40302010
3

so
l

vvvvvv +
+++

−=  (20) 

the other three-phase machine voltages can be obtained 
substituting (20) in (18) and following the same steps as 
done for 3lv  

( ) ( )
6263

40203010
1

sosh
l

vvvvvvv −−
+

−
+

=  (21) 

( ) ( )
6236

40203010
2

sosh
l

vvvvvvv −+
+

+
+

−=  (22) 

Note that for the three-phase machine, the phase voltages 
depend on the homopolar voltages of the four-phase 
machine, i.e., as expected there is a coupling between both 
machines, as shown in (14) - (17) and (20) - (22). 

In spite of the phase voltages of both machines have 
connection on the each other, will be shown that the dq 
voltage of the four-phase machine is independent. This is 
important issue because the torque of the machines is 
dependent on the dq variables [see (7)]. 

Next, the dq and homopolar variables will be obtained for 
both machines. By using (14) - (17) and (8) the dqho 
voltages of the four-phase machine are given by 

( )30102
2 vvvsd −=  (23) 

( )40202
2 vvvsq −=  (24) 

( ) 21403020102
1

lsh vvvvvv +−+−=  (25) 

3

4

1
0 3

2
1

l
j

jso vvv += ∑
=

 (26) 
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where 1221 lll vvv −= . 
By using (20) – (22) and (9) the dq voltages of the three-

phase machine are given by 

⎥
⎦

⎤
⎢
⎣

⎡
−−⎟

⎠
⎞

⎜
⎝
⎛ +

−⎟
⎠
⎞

⎜
⎝
⎛ +

=
44

3
423

2 40203010 sosh
ld

vvvvvvv  (27) 

.
2222

1 4020
⎥
⎦

⎤
⎢
⎣

⎡
−+⎟

⎠
⎞

⎜
⎝
⎛ +

= sosh
lq

vvvvv  (28) 

For the four-phase machine only variables ho depend on 
321 ,, lll vvv , while variables dq can be obtained 

independently. Note that, for the three-phase machine, the dq 
model is coupled with voltages of the four-phase machine. 
To make explicit that the ho voltages of the four-phase 
machine depend on the phase voltages of the three-phase 
machine and the dq voltages of the three-phase machine 
depend on the ho voltage of the four-phase machine, new 
variables ''oh  and ''qd  were introduced, such 

12
'

lshsh vvv += , 3
' 3 lsoso vvv −= , += ldld vv '  

sosh vv 4/14/3 +  and soshlqlq vvvv 2/12/1' +−= . In this 
case, the terms depending on three-phase machine voltages 
are incorporated into the stator ho model (5), which becomes 

lssholsshossho vi
dt
dlirv ++='  (29) 

slldqldqsldq e
dt
dirv ++= λ'  (30) 

where 
312 3 lllsolshls vjvjvvv −=+=  (31) 

lsolshsl jeee +=  (32) 
( )soshsosh vvjvv 2/12/14/14/3 +−++=  (33) 

The models for topologies shown in Fig. 2(a) - Fig. 2(e) 
can be derived as done for Configuration A.  

The motor phase current (four-phase machine) sji  (j = 1 to 
4) are given by 

 =    += 1; jiii shojsdqjsj  to 4 (34) 

where 2/31 sdsdqsdq iii =−=  and 2/42 sqsdqsdq iii =−=  

[obtained from (8) with 0== sosh ii ]; also 

2/2/31 soshshosho iii +==  and 2/42 shshosho iii −=−=  

2/soi+  [obtained from (8) with 0== sqsd ii ]. 

Since 131 lss iii =+  and 242 lss iii =+  it follows that 

soshlsoshl iiiiii +−=         += 21 ;  (35) 
or 

2
;

2
2121 ll

so
ll

sh
iiiiii +

=         
−

=  (36) 

By using (36) and the previous expression for 1sdqi  to 4sdqi  

and 1shoi  to 4shoi , (34) becomes 

2/2/ 11 lsds iii +=  (37) 

2/2/ 22 lsqs iii +=  (38) 

2/2/ 13 lsds iii +−=  (39) 

2/2/ 24 lsqs iii +−=  (40) 
As a result of such analysis, model diagram for the dq and 

ho variables can be defined as depicted in Fig. 3 (a). Note 
that these two models are decoupled and only the ho model is 
coupled with voltages of the three-phase machine. While the 
model diagram for the dq variables, for the three-phase 
machine, can be defined as depicted in Fig. 3 (b). 

The complete model for other configurations (see Fig. 2) 
can be obtained directly as done for Configuration A. 

IV. PWM CONTROL 

From now on the desired machine phase voltages are 
specified by *

3
*
2

*
1 ,, sss vvv  and *

4sv  (four-phase machine), and 
*
2

*
1, ll vv  and *

3lv  (three-phase machine). Therefore, from (10) 
- (13) the reference mid-point voltages can be expressed as 

*
3

*
1

*
1

*
10 lls vvvv −+=  (41) 

*
3

*
2

*
2

*
20 lls vvvv −+=  (42) 

*
3

*
1

*
3

*
30 lls vvvv −+=  (43) 

*
3

*
2

*
4

*
40 lls vvvv −+=  (44) 

Writing (41) - (44) in terms of dqho voltages (for the four-
phase machine) and in terms of dq voltages (for the three-
phase machine), the reference mid-point voltages can be 
expressed as 

'*'***
10 2

2
2
6

2
2

lqldsd vvvv ++=  (45) 

'***
20 2

2
2

lqsq vvv +=  (46) 

'*'***
30 2

2
2
6

2
2

lqldsd vvvv ++−=  (47) 

'***
40 2

2
2

lqsq vvv +−=  (48) 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 3. Diagram models: (a) Four-phase machine drive system. (b) 
Three-phase machine drive system. 
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where shodldld vvv += *'*  and shoqlqlq vvv += *'*  with 

soshshod vvv
4
1

4
3

−−=  and  soshoq vv
2
1

−=  (49) 

Based on (5) and (36) the homopolar voltages ( shodv  and 

shoqv ) can be obtained as a function of three-phase machine  
current, as follow 

⎟
⎠
⎞

⎜
⎝
⎛ −+⎟

⎠
⎞

⎜
⎝
⎛ −= 1

2
1

2

2222 l
lls

l
ls

shod ii
dt
dliirv  (50) 

( ) ( )2121 44 ll
ls

ll
s

shoq ii
dt
dliirv +−+−=  (51) 

The amplitude of shodv  and shoqv  should be small since 
the homopolar impedance is small. 

In the PWM control strategy is more interesting to use 
(45) - (48) than (41) - (44) because the output torque control 
defines the dq voltages for both machines, as will be shown 
in the Section V (Control Strategy). 

Once the mid-point voltage ( *
10v  to *

40v ) have been 
determined, pulse widths τ1 to τ4 are calculated by using 

*
02 jj v

E
TT

⎟
⎠
⎞

⎜
⎝
⎛ +=τ      for    j=1 to 4 (52) 

where *
cvE =  (total dc-bus voltage), T is the switching 

period and gating signals (τ1 to τ4) are generated with 
programmable timers. Alternatively, gating signals can be 
generated comparing modulating reference signals *

10v  to *
40v  

with a high frequency triangular carrier signal. 
On the other hand, to eliminate the error due to the 

capacitor unbalance resultant from the capacitor midpoint 
connection, the expression (52) is no longer valid, because 
this one uses the reference value of the dc-bus voltage.  To 
compensate the capacitor unbalanced, pulse widths must be 
computed by using (53). The new expression for τ1 to τ4 is 
given by 

( )
21

2
*

0
cc

cjj vv
Tvv
+

+=τ    for  j=1 to 4 (53) 

Note that it is necessary to measure vc1 and vc2. This 
expression was obtained in [21]. 

The PWM control strategy for configurations shown in 
Fig. 2 can be obtained as done for Configuration A. 

 

V. CONTROL STRATEGY 

The dq variables of the four-phase and three-phase 
machine can be controlled independently. The torque control 
law for both machines, which includes a flux control law, 
can be achieved by controlling the dq currents (e.g., field 
oriented or the dq volts/hertz control). The homopolar 
variables of the four-phase machine are defined by the 
control law of the three-phase machine. 

A. Control Block Diagram  
Fig. 4 shows the control block diagram for Configuration 

A. The torque control law defines the voltages *
sdqv  (four-

phase machine) and *
ldqv  (three-phase machine). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Control system block diagram for Configuration A. 

If the torque control of three-phase machine is 
implemented in open loop (for example, volts/hertz control) 
it is necessary to determine shodv  and shoqv ; in this case 

shodv  and shoqv  can be calculated by using 1li  and 2li   as 
shown in (50) and (51).  

When a closed loop torque control or a closed loop current 
control are employed it is not necessary to determine shodv  

and shoqv , the controller supplies indirectly these voltages.  
The PWM strategy is implemented by using the method 

introduced in Section IV. The capacitor voltage is a function 
of the input grid voltage, since has been used a diode 
rectifier. 

Similar control block diagram can be obtained for other 
configurations (see Fig. 2). 

B. Voltage Analysis 
The voltage limits can be determined by considering that 

all voltages are purely sinusoidal. Since 2/*
0 Ev j ≤  (j = 1 to 

4), the dc-bus voltage necessary for each configuration is 
determined as following 

( )ldqshosdq VVVE 22 ++≥  (54) 
where sdqV , ldqV  are the amplitude of the dq voltages for the 

four-phase and three-phase machines, respectively; shoV   is a 
reduced voltage associated to the drop voltage across the ho 
impedance. 

C. Capacitor Current 
The average value (over the switching period T) of the 

current flowing though the shared-leg and the upper side   
capacitor  ( cupi )  of the capacitor bank is an important issue 
for the proposed configurations. This current is given by 

( )32
1

lcup ii −=  (55) 
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Then, the capacitor currents reduce with decreasing of the 
three-phase current. 

VI. EXPERIMENTAL RESULTS 

The topology presented in Fig. 1 has been implemented 
experimentally in the laboratory. All experimental results 
shown is referent to Configuration A. 

The set-up (Fig. 5) used in the experimental tests is based 
on a microcomputer (PC-Pentium) equipped with appropriate 
plug-in boards and sensors. 

Fig. 6 shows a transient created by increase of the 
amplitude of the reference dq current of the three-phase 
machine. As expected the independent control was obtained. 

Fig. 7 and Fig. 8 present experimental results employing 
the system shown in Fig. 1. These results presents the phase 
currents ( 4321 ,,, ssss iiii  - Four-phase machine) [see Fig. 
7(a)], dq currents ( sqsd ii , ) [see Fig. 7(b)];   phase  currents 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 5. Experimental set-up. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Experimental results with transient. dq currents of the three-
phase machine (top). dq currents of the four-phase machine 

(bottom). 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 

Fig. 7. Experimental results of four-phase machine operating at 
10Hz: (a) phase currents and (b) dq currents. 

 
( 321 ,, lll iii  - Three-phase machine) [see Fig. 8(a)], and dq 
currents ( lqld ii ,  - Three-phase machine) [see Fig. 8(b)]. It is 
worthwhile to note that dq currents are balanced, for both 
machines, which means that an effective torque control can 
be achieved despite of distorted phase currents in four-phase 
machine. 

 

VII. CONCLUSIONS 

This paper has presented six reduced switch count ac 
drive systems. Full details of Configuration A have been 
presented; the other configurations (Fig. 2) can be derived 
directly from Configuration A. The configurations were 
conceived to operate with combining a four-phase and a 
three-phase (or two-phase) induction machines in a series-
connected scheme.  
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    (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   (b) 
 

Fig. 8. Experimental results with transient. dq currents of the three-
phase machine (top). dq currents of the four-phase machine 

(bottom). 

Independent control for both machines can be achieved. 
The results have demonstrated the feasibility of the 
Configuration A. 

These drive systems are very suitable for applications 
where the size of the system is a critical factor. In fact, each 
configuration is an optimized monolithic system constituted 
by the converter and dedicated motors. 
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