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ΦAbstract - The use of rotary assembly platforms is 
common in several automation applications, such as in 
bottle filling and capping systems. One of the problems 
that designers has to address is how to supply the electric 
actuators, sensors and process controllers located on the 
rotating disk of the machine. The traditional solution is to 
use slip-ring contacts. However, they suffer from aging 
and thus a scheduled maintenance program is required. In 
this paper, the motion of the platform and the contact-less 
energy transfer to the auxiliary loads located on the 
rotating disk is obtained through a direct drive wound-
rotor five-phase induction motor. The experimental tests 
on a scaled prototype demonstrate the practical potential 
of the machine. 
 

Index Terms - Variable speed drives, Induction motors, 
Inductive power transmission. 

I.   INTRODUCTION 
owadays mass production of goods is based on highly 
automated assembly lines. In some cases, to perform 

bottling and capping tasks, the products are loaded on a 
rotating disk and driven through sequential machining and 
assembly stations. Some examples of industrial rotary 
assembly platforms are shown in Fig. 1. The processes are 
generally carried out by actuators and tools positioned on the 
fixed frame of the machine. Therefore, the primary role of the 
disk is the angular positioning of the products. In complex 
production lines, however, the disk has not only a passive 
role. Additional processing can be carried out by actuators 
located on the rotating platform. In these cases, it is necessary 
to transfer energy from the fixed frame to the rotating one. 
The most straightforward and robust approach is to use 
mechanical actuators powered by cams. This solution is not 
flexible and becomes impractical in case of advanced 
machining. A more flexible alternative is to use pneumatic 
actuators, whose fluid is transferred to the platform through 
pneumatic or hydraulic rotary joints. However, both solutions 
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are inadequate if the production process requires the presence 
of sensors and electronic control systems on the rotating disk. 
In this case, the approach usually adopted is to transfer 
electrical energy and control signals to the rotating platform 
by using slip rings, consisting of electrical brushes that rub on 
a conductive ring. This solution is commonly used in several 
industrial applications; however, the inevitable wear of carbon 
brushes requires frequent maintenance and preventive 
replacement to avoid malfunctions that may cause the 
interruption of the production [1]-[3]. To increase the 
reliability of the rotary assembly stations, it is possible to 
remove the slip-rings dedicated to the control signals 
transmitting the information through wireless communication 
technologies. However, the problem is only partially solved 
since all the electronic systems on the rotating platform need 
to be powered. A viable solution to remove the slip-rings is to 
transfer electrical energy to the rotating platform by using 
electromagnetically coupled systems. A variety of proposals 
can be found in the literature. Most of them consist of 
inductive or capacitive coupled circuits controlled by power 
electronics converters [4]-[7]. A less common approach is to 
use a direct-drive electric machine able to control 
simultaneously the position of the disk and the electric power 
transferred to the rotor. In [8], an electric drive based on a 
three-phase salient pole synchronous machine has been 
developed. A sinusoidal current is induced in the rotor 
winding by a high-frequency component of the stator current 
iSd. To keep the torque constant, the authors have developed 
an ingenious analytical solution to calculate the setpoint of the 
current iSq, which depends on the machine parameters and the 
rotor load. The residual torque oscillation is due to the limited 
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Fig. 1 - Examples of rotary tables used for capping machines and 
tablet press machines. Photo gently provided by IMA Group. 
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bandwidth of the current regulators which do not allow 
tracking the references perfectly. This machine is essentially 
an integration of an electric motor and a rotary transformer. 

For the independent control of the motor torque and the 
rotor power, two degrees of freedom are required. A system 
with these characteristics, for example, can be implemented by 
means of mixed-pole machines. In this electromagnetic 
structure, two distinct three-phase windings differing in the 
pole pairs are located on the stator [9]-[10]. A mixed-pole 
motor with two stator windings with different pole pairs and a 
salient rotor with a three-phase winding, which can be used to 
feed a load with AC voltage, is presented in [10]. The main 
control variables are the angular frequencies of the stator 
windings, which can be chosen to simultaneously control the 
mechanical speed and the rotor power with acceptable 
efficiency. A different approach to obtain the same result is to 
use multiphase electric machines as theorized in [11]. 
Multiphase windings show the capability of generating and 
controlling more than one harmonic of the magnetic field in 
the air gap [12]-[15]. This characteristic makes it possible to 
cancel the unwanted harmonics of the machine torque [16]-
[17], increase the power density [18], and obtain features such 
as fault tolerance [19], diagnostics [20], and multimotor 
control [21].  

In this paper, a five-phase direct-drive wound-rotor 
induction machine is used to drive a rotating platform at a 
controlled speed and to feed the auxiliary rotor loads without 
using sliding contacts. The fundamental component of the air 
gap Magnetomotive Force (MMF) distribution is responsible 
for the driving torque, while the third spatial harmonic of the 
MMF delivers power to the rotor loads. To reduce the 
complexity of the system, a control scheme that does not 
require information sharing between the stationary controllers 
and those on the rotating platform has been developed. 
Experimental tests carried out on a small-scale prototype 
demonstrate that the developed solution is feasible. 

II.   DESCRIPTION OF THE SYSTEM 
A gearless five-phase wound-rotor induction machine is 

used to drive the rotating platform shown in Fig. 2. The 
absence of the gearbox allows obtaining precise positioning 
due to higher stiffness of the drive. The stator winding is 
connected to a five-phase inverter, which is powered by the 
electrical grid through an AC/DC converter. Also, on the 
platform, a five-phase rotor inverter connected to the five-
phase rotor winding extracts electrical energy from the 
machine and provides power to the rotating electrical loads.  
Although other configurations of the rotor winding are 
possible, the one selected in this paper focuses on the use of 
multiphase motors for automation applications and does 
produce a ripple-free mechanical torque.  

A.   Machine Equations 
In general, a machine with five star-connected phases, 

symmetrically arranged, allows controlling the fundamental 
and the third spatial harmonic components of the magnetic 
field in the air-gap. The operation of the machine can be 
described by the following mathematical model [22]: 

 
dt

djiRv S
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1
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ϕ+ϕω+=  (1) 
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djiRv R
RmRRR

1
1111
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 11111 RSSS iMiL +=ϕ  (3) 
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djiRv R
RmRRR

3
3333 3 ϕ+ϕω−ω+=  (6) 

 33333 RSSS iMiL +=ϕ  (7) 

 33333 RRSR iLiM +=ϕ  (8) 

where Ski  and Rki  ( 3,1=k )xarexthexmultiplexspacexvectors 
of thexstatorxandxrotorxcurrents, Skϕ  and Rkϕ  (k=1, 3) are 
thexmultiplexspacexvectorsxof the stator andxrotorxfluxes, 

mω  is thexrotorxangularxspeedxin electrical radians, and SkL , 

RkL  and kM  ( 3,1=k ) are the self and mutual inductances. 
Finally, (1)-(4) and (5)-(8) hold respectively in the reference 
frames d1-q1 and d3-q3 with angular frequencies 1ω  and 3ω  
that are chosen as explained in Section II.BxandxII.C. 

Equations (1)-(4) describe the electromagnetic coupling 
between the stator and rotor windings through the 
fundamental spatial harmonic of the magnetic field. Similarly, 
the interaction between stator and rotor through the third-order 
spatial harmonic is described by (5)-(8). It is worth noting that 
the resistances RS and RR in (1)-(2) also appear in (5)-(6) 
because the resistance of the wound circuits does not depend 
on the specific harmonic sub-space. 

The interaction between the magnetic field generated by 
currents 1Si - 1Ri  and 3Si - 3Ri  produces an electromagnetic 
torque that can be decomposed into two contributions: 

 31 TTT +=  (9) 

 ( )111 2
5

SS ijpT ⋅ϕ=  (10) 

 ( )333 3
2
5

SS ijpT ⋅ϕ=  (11) 

where p is the number of pairs of poles, and the dot operator 
"⋅" is the product of the magnitude of the vectors, and the 
cosine of the angle between them.  
The equation of the motion can be written as: 

  R
m TTT

dt
d

p
J −+=ω

31  (12) 

where J is the moment of inertia of the system, and TR is the 
braking torque applied to the rotor. 

Under the assumption of magnetic linearity, the machine 
behaves as if it were composed of two electrically independent 
virtual motors, which act on the same motor shaft. This 
independence is ensured by the fact that the equations of the 
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virtual motors are written in separated subspaces, and the only 
shared variable is the mechanical speed of the shaft.  

The basic idea of the proposed control scheme is to use the 
field harmonics of the five-phase machine to control the 
electromagnetic torque and the electrical energy transferred to 
the rotor loads. To reduce the complexity of the control 
system and avoid high-throughput information exchange 
between the stator and rotor inverters, the fundamental spatial 
harmonic of the magnetic field is used only for torque 
generation whereas the third spatial harmonic of the field is 
used to transfer electric power to the rotating loads.  

B.   Torque Control 
The fundamental harmonic of the air-gap magnetic field is 

used to generate the electromagnetic torque and follow the 
speed profile requested by the industrial processes. 

If voltage 1Rv  applied by the rotor inverter is equal to zero, 
(1)-(4) are equal to the model of a standard three-phase 
induction machine with short-circuited rotor windings. 
Therefore, the stator inverter can control torque T1 and the 
rotor flux magnitude ϕR1 by using a traditional rotor-field 
oriented control scheme without the measurement of any rotor 
electrical quantity [23]. In contrast, the task of the rotor 
inverter is to apply a voltage 1Rv  equal to zero. This operation 
does not require any feedback information from the control 
system of the stator.  

In a reference frame d1-q1 that is aligned with the rotor flux 
vector 1Rϕ , combining (2) and (4) under the assumption that 

1Rv  is equal to zero leads to the following equation of the rotor 
flux vector: 

 dSR
R

R iM
dt

d
111

1
1 =ϕ+ϕτ  (13) 

where iS1d is the d-component of the stator current vector 1Si , 
and τR1 is the rotor time constant LR1/RR. 

Equation (10) can be rewritten as a function of the rotor 
flux magnitude 1Rϕ  and the q-component iS1q of the stator 

current vector 1Si  by means of (3) and (4): 

 qSR
R

i
L
MpT 11

1

1
1 2

5 ϕ= . (14) 

Therefore, (13) and (14) show that the d and q components of 
the stator current can be used to control, respectively, the rotor 
flux and rotor torque in sub-space d1-q1.  

C.   Generation of a Constant Voltage for Rotor Loads 
The electrostatic energy of the rotor DC-link capacitor CR, 

shown in Fig. 2, depends on the power PR extracted from the 
rotor windings of the machine by the rotor inverter:  

 LOADRRDCR PPEC
dt
d −=⎟

⎠
⎞

⎜
⎝
⎛ 2

2
1 . (15) 

where ERDC is the voltage of the capacitor CR and PLOAD is the 
power absorbed by the rotor auxiliary loads. 

If 1Rv  is zero, the instantaneous values of the active and 
reactive powers PR and QR can be written as: 
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Fig. 2 - Block diagram of the control system and schematics of the five-phase wound-rotor induction motor drive. 
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5

RRR ijvQ ⋅−= . (17) 

The control of the power flow can be easily implemented 
decomposing 3Rv  as the sum of components parallel and 

orthogonal to the rotor current 3Ri , 

 ( )
3

3
333

R

Rq
R

p
RR i

ijvvv += . (18) 

Using (18), (16) and (17) can be rewritten as follows: 

 332
5

R
p
RR ivP −=  (19) 

 332
5

R
q
RR ivQ −= . (20) 

If the losses of the rotor inverter are neglected, the voltage 
p
Rv 3  can be used to adjust the voltage of the DC-link capacitor 

as shown by (15) and (19). The reference value p
refRv ,3  can be 

calculated by solving (19):  

 
3

,
,3 5

2

R

refRp
refR i

P
v −= . (21) 

To make the requirements of the rotor inverter less 
demanding, the reactive power QR can be kept at zero by 
imposing 0,3 =q

refRv . Consequently, the reference voltage 

refRv ,3  can be obtained combining (18) and (21): 

 2
3

3
,,3 5

2

R

R
refRrefR

i
iPv −= . (22) 

Equation (22) shows that the control of PR requires the 
existence of a non-zero rotor current 3Ri . The dynamics 

behavior of 3Ri  can be understood by analyzing (5)-(8), which 
are similar to the set of equations of a three-phase wound-
rotor induction machine with a speed equal to mω3 . In a 
reference frame d3-q3 rotating at angular speed mω=ω 33 , (6) 

can be rewritten to express the rotor current 3Ri  as follows: 

 ⎟
⎠
⎞

⎜
⎝
⎛ ϕ−=

dt
dv

R
i R

R
R

R
3

33
1 . (23) 

It can be observed that the rotor current can be controlled 
by a time-varying rotor flux 3Rϕ . In turn, 3Rϕ  depends on 3Si  
as can be seen from the expression of 3Rϕ  in the Laplace 
domain, found by combining (8) and (23): 

 
3

3333
3 1 R

SRR
R s

iMv
τ+

+τ=ϕ  (24) 

where τR3 is the rotor time constant LR3/RR. 

If the stator control system knew the rotor voltage 3Rv , it 

could regulate 3Rϕ  through the stator current vector 3Si . 
However, unless a high-speed wireless communication is 
implemented, the voltage 3Rv  is an unknown quantity for the 
stator inverter. The full control of the rotor flux, therefore, 
would require the estimation of the rotor voltage 3Rv , which 
depends on the instantaneous power requested by rotor 
electrical loads. A simplified method for controlling the 
energy transfer, which does not require an exchange of 
information between rotor and stator inverters, isxtoxexcite 
thexrotorxflux" 3Rϕ "byxinjecting axrotatingxcurrent" space 

vector 3Si  withxconstantxmagnitudexand frequency. If the 
angular frequency 3ω  is equal to 33 ωΔ+ωm , the angular 

frequency of the current vector 3Ri  measured by an observer 
located on the rotor is equal to 3ωΔ , which is a fixed value. 

As the frequency Δω3 increases, the derivatives of the flux 
3Rϕ  and the induced current 3Ri  increase, as shown by (23) 

and (24). Therefore, the power that can be transferred to the 
rotor increases. This performance improvement occurs at the 
expense of the iron losses of the machine and the magnitude 
of the voltage 3Rv  required to sustain the current 3Si . 
Therefore, the choice of the frequency Δω3 depends on the 
maximum power required by the rotor loads. 

 It is worth noting that the current 3Ri  and the rotor flux 

3Rϕ  depend, in a non-linear way, on the power PR and the 
amplitude and frequency of the stator current 3Si . The 

magnitude of 3Ri  and 3Rϕ are free to change. Therefore, the 
operation of the rotor inverter does not require the knowledge 
of any electrical variable of the stator. 

The interaction between the magnetic fields generated by 
currents 3Si  and 3Ri  produces an uncontrolled torque T3, but 
constant at steady state, which can be calculated as:  

 ( )33
3

3
3 3

2
5

SR
R

ij
L
M

pT ⋅= ϕ  (25) 

The torque component T3 can be considered as a 
disturbance, which should be compensated by the torque T1 
requested by the speed control loop. 

At steady state, if the output power PR transferred to the 
rotor loads does not change, both 3Si  and 3Rϕ  are rotating 
vectors with angular frequency Δω3 in the rotor reference 
frame. Therefore, the dot product 33 SR ij ⋅ϕ  is constant.  

In conclusion, while the rotor inverter behaves like an 
active power rectifier and keeps the rotor DC-link voltage 
constant, the task of the stator inverter is to inject into the 
machine a current vector 3Si  that rotates at speed 33 ωΔ+ωm  
with respect to a stationary observer.  
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III.   CONTROL SYSTEM 

The recent advancements in the control of multiphase 
drives are illustrated in [24]-[25]. Paper [26] is specific for the 
control of five phase drives. A control technique is developed 
through dual-plane vector control, with synchronized fluxes. 
By vector space decomposition, an analytical model and 
vector control of the five-phase machine are accomplished in 
two orthogonal vector planes, d1-q1 and d3-q3. The 
magnitude and rotating speed of the associated fluxes 
(fundamental and third harmonic) can be independently 
controlled in each vector plane. Finally, [27] extends the 
principles of rotor-field oriented vector control to multiphase 
machines, in healthy and faulty operation. 

The control system of the electric drive developed in this 
paper is shown in Fig. 2. The vectors with superscript “S” and 
“R” define quantities respectively in the stator and rotor 
reference frames α-β, while the vector quantities without any 
superscript are defined in rotating reference frames whose 
positions are identified by 1θ  and 3θ .  

The control system is composed of two independent 
schemes for the control of the stator inverter and the rotor 
inverter.  

A traditional vector control, implemented in a reference 
frame with the d-axis aligned with the rotor flux 1Rϕ , has been 
implemented to control the main torque contribution, T1, 
which is described by (1)-(4) and (14). 

An encoder measures the position of the rotor, and its 
filtered derivative provides the mechanical speed. The error 
between the reference speed ωm,ref and the measured speed of 
the motor is compensated by the PI controller (a), which 
adjusts the setpoint of the current iS1q and, hence, the torque 
T1.  

To improve the dynamic performance of the torque control, 
the value of the reference current iS1d,ref is kept constant so that 
the magnitude of the rotor flux 1Rϕ  is equal to M1iS1d at steady 
state.  

The current references iS1d,ref  and iS1q,ref  are tracked by the 
PI controllers (b) and (c), which generate the reference 
voltages vS1d,ref  and vS1q,ref. To simplify the tuning of PI (b) and 
(c), the estimated values of the back-electromotive forces are 
summed to the output signals. 

The rotor flux 1Rϕ and its angular speed ω1 can be estimated 
by means of a flux observer based on (2) and (4), written in a 
reference frame synchronous to the rotor, and assuming that 
the voltage 1Rv is equal to zero. 

As described in Section II.C, the third spatial harmonic of 
the magnetic field in the air gap of the machine is used to 
transfer electrical energy from the stator to the rotor. The 
voltage 3Sv  is generated by two PI controllers, (d) and (e), 
which ensure that the currents iS3d and iS3q are equal to the 
references iS3d,ref and iS3q,ref. The controllers are implemented in 
a reference frame d3-q3 that rotates at an angular speed 
ω3 equal to: 

 33 3 ωΔ+ω=ω m . (26) 

In this way, the angular frequency of the electromotive 
forces induced in the rotor windings is constant and equal to 

3ωΔ . 
Once 1Sv  and 3Sv  are known, the modulating signals of the 

stator inverter can be synthesized with a technique of pulse-
width modulation [28]. Furthermore, limitation block (f) 
ensures the operation of the inverter in the linear modulation 
region. 

The variables used by the control scheme of the rotor 
inverter are expressed in a reference frame synchronous with 
the rotor, so neither the speed of the rotor nor its position is 
necessary. As explained in Section II-B, the reference voltage 

1Rv  is set to zero to avoid sharing information between the 
stator and rotor control systems. 

The DC-link voltage of the rotor inverter is regulated by a 
PI controller (g), which adjusts the electrical power PR 
extracted from the machine. The component p

Rv 3 , which is 
proportional to the active power as shown in (19), is 
calculated according to (21). Conversely, the component q

Rv 3 , 
which is related to the reactive power extracted from the rotor, 
is set to zero.   

Once 1Rv  and 3Rv  are known, the limitation block (h) 
ensures the operation of the rotor inverter inside the linear 
modulation region, while a suitable PWM strategy generates 
the modulating signals. 

Since the control system of the rotor power does not 
require the knowledge of the machine parameters, it is not 
affected directly by the inaccuracy of the parameter values. 
Conversely, the control system of the motor torque is based on 
rotor-field oriented vector control, which requires the 
measurement of the rotor position and the knowledge of rotor 
time constant 1Rτ  and mutual inductance M1. As a 
consequence, the steady-state values of the motor speed and 
the rotor DC link voltage are not particularly affected by a 
mismatching between the actual values of 1Rτ  and M1 and 
these used by the control system because the tracking errors 
are measured by means of sensors and the closed loop scheme 
cancels the effect of the disturbances. 

IV.   EXPERIMENTAL RESULTS 

A.   Experimental setup 
An experimental setup has been used to verify the 

effectiveness of the multiphase electric drive. The picture of a 
small-scale prototype of a rotary assembly platform is shown 
in Fig. 3(a). It consists of a five-phase wound-rotor induction 
motor, two five-phase IGBT inverters, a rotating disk and a 
resistive load. The motor is a 30-slots five-phase wound-rotor 
induction machine with three pairs of poles and distributed 
windings. Both stator and rotor windings are star-connected 
with an isolated neutral point.  

The rated power of the electric load is 100 W. The speed of 
50 rpm is a requirement of the specific industrial application 
considered in the paper. For example, in bottling systems like 
those shown in Fig. 1, the nominal speed of the rotating 
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platform is about 1 turn per second.  
The system has an electric input port and two output ports, 

an electrical one and a mechanical one. The rated power of the 
motor, defined as the sum of Pm and PR, depends on how the 
stator current (limited by thermal constraints) is shared 
between the vector subspaces 1 and 3. The cross-section of the 
stator wires is 1.07 mm2 and the winding has been designed 
for a rated current density of 4 ARMS/mm2. The rated stator 
current iS,RMS,rated is 4.24 ARMS. 

If the machine produces only mechanical power ( 03 =Si  
and 0=RP ), the whole current iS,RMS,rated can be used in 
subspace 1 for torque generation. With a magnetizing current 
iS1d of 3.5 A, the rated torque produced by the motor is 43 Nm, 
which corresponds to a mechanical power of 225 W at 50 
rpm. Conversely, the current iS,RMS,rated has to be shared 
between 1Si  and  3Si  in order to transfer power to the rotor 
loads without overloading the stator winding. In this paper, 
iS1d has been set to 3.5A, iS1q,max to 3.5A, and iS3q to 3.5A. This 
choice keeps the RMS of stator currents at the rated thermal 
value iS,RMS,rated. Under these conditions, the mechanical power 
produced by the motor is reduced by 30% (nearly 30 Nm at 50 
rpm), while the maximum power that can be transferred to the 
rotor is 150 W. Therefore, the ratio between the mechanical 
power Pm and the electric power PR is nearly one. 

The parameters of the machine, experimentally determined, 
are listed in Table I, whereas the physical characteristics of the 
prototype are shown in Tab.II. 

It can be observed that the end-terminals of the rotor 
winding pass inside a hollow shaft and are connected to a 
rotor terminal board, mounted on the rotating disk, and to a 

slip-ring system, which has been installed only for laboratory 
testing. 

The values of T1 and T3 are constant at steady state and the 
prototype does not produce appreciable torque pulsation. 
However, torque oscillations may arise due to the interaction 
between the geometry of the stator and rotor teeth. To 
suppress the torque perturbation of the prototype, the rotor 
geometry has skewed slots. The most suitable skew angle for 
the motor was determined by 3D finite elements simulations. 

Some mechanical details of the stator and rotor of the 
machine are shown in Fig. 3(b) and (c).  

The control scheme shown in Fig. 2 does not require any 
communication between the stator and rotor inverters. 
Therefore, the control algorithm has been implemented on two 
independent control platforms based on TMS320F28335 
digital signal controllers by Texas Instruments. The frequency 
of the PWM modulator during the tests has been set to 10 
kHz, whereas the gains of the PI regulators of the control 
scheme are reported in Table III. The voltage supply of the 
stator inverter has been kept at 250 V by a TDK Lambda 
GEN600-5.5 power supply. 

The magnetizing current iS1d,ref of the stator current vector 

1Si  has been kept constant at 3.5 A during the tests to avoid 
undesired torque transients. The component iS1q,ref generated 
by the speed controller has been limited to ± 3.5 A, resulting 
in a maximum torque T1 of nearly 30 Nm.  

The magnitude of the current vector 3Si  has been set to 3.5 
A, while the angular speed 3ωΔ  is 628.3 rad/s (100 Hz). The 
reference voltage for the DC-link capacitor of the rotor 
inverter is 100 V. 

B.   Steady state and transient performance 

Fig. 4 shows the components α1Si  and β1Si  of the current 

vector S
Si 1 , and the components α3Si and β3Si  of the current 

vector S
Si 3  when the setpoint of the speed decreases from 50 

TABLE I - PARAMETERS OF THE FIVE-PHASE MACHINE  
ωm,rated = 5.2 rad/s (50 rpm) 

RS = 1.7 Ω 
LS1 = 411 mH 
LR1 = 939 mH 
M1 = 555 mH 

p = 3 
RR = 4.8 Ω 

LS3 = 68 mH 
LR3 = 158 mH 
M3 = 53 mH 

 a) 

 b)   c) 
 

Fig. 3 - Pictures of the experimental setup. a) Small-scale rotary 
assembly station. b) Details of the stator of the machine. c) Details of 
the rotor of the machine. 

TABLE II -PHYSICAL DETAILS OF THE FIVE-PHASE MACHINE  
External diameter of the motor 240 mm 

Active length of the motor 165 mm 

Iron core material M400-50A 

Number of pair of poles 3 

Stator slots number 30 

Rotor slots number 30 

Skew angle between stator and rotor  14° 

Number of stator conductors per slot 58 

Number of rotor conductors per slot 89 
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rpm to 10 rpm. The loci of vector S
Si 1  and S

Si 3  are circular 
trajectories, which are travelled at different angular speeds. 
Furthermore, the steady-state magnitude of S

Si 1  is almost equal 
to the magnetizing current iS1d,ref. In fact, the braking torque 
applied to the rotor shaft is zero.  

The start-up of the system is investigated in Fig. 5. All the 
machine quantities are equal to zero for time t < t0. At time t0, 
the setpoint of the mechanical speed is set to 60 rpm and the 
DC-link capacitor of the rotor inverter is charged up to 100 V. 
The stator phase current iSa shows the superposition of two 
sinusoidal contributions at low and high frequency. The 
former comes from 1Si , the latter from 3Si . Similarly, iRa 

contains two harmonics related to 1Ri  and 3Ri . The figure 
clearly shows that the system can start-up and follow the 
setpoints of the rotor speed and of the rotor DC-link voltage. 

The behavior of the rotor control scheme is shown in Fig. 
6, which depicts the waveforms of the reference voltage 

p
refRv ,3 , the components α3Rv and α3Ri , and the voltage ERDC. 

At time t0 the power PLOAD absorbed by the rotor load 
increases from 10 % to 100 % leading to a reduction in the 
voltage ERDC. The control loop of the rotor inverter responds 
to this variation by increasing the power PR extracted from the 
rotor windings through an adjustment of the reference voltage 

p
refRv ,3 . It is worth noting that the waveforms of α3Rv and 

α3Ri are in phase opposition, as shown in (22). 
Fig. 7 shows the response of the speed control loop of the 

machine to the variation of the power absorbed by the rotor 
loads. The figure shows the waveforms of the estimated 
torque T1, the rotor speed ωm, the voltage ERDC, and the power 
PLOAD. During the test, the mechanical speed is 50 rpm and the 
external braking torque TR applied to the disk is constant and 
equal to 16 Nm. At time t0 the power PLOAD increases from 20 
% to 100 %. Immediately, the fluctuation of the voltage ERDC 
is reduced by the rotor inverter. The increase in the power PR 
leads to a variation of the rotor flux 3Rϕ and, thus, of the 
torque disturbance T3, as shown by (22), (24) and (25). Since 
the braking torque TR in (12) is constant, the speed controller 
of the machine has to reduce the reference current iS1q, and 
hence T1, in order to compensate the torque disturbance T3. 
This behavior is clearly presented in Fig. 7. In fact, after t0, the 
torque T1 shows a reduction of ΔT1 due to the torque 
disturbance T3. It should be noted that T3 has always a positive 

TABLE III PARAMETERS OF THE REGULATORS  
Speed regulator (a) kp = 0.2 A·s, ki = 0.4 A 

Current regulators (b) and (c) kp =118 Ω, ki = 600 Ω/s 

Current regulators (d) and (e) kp = 66 Ω, ki = 2000 Ω/s 

Power regulator (f) kp = 10 A , ki = 100 A/s 

vR3,α

ERDC

p
refRv ,3

iR3,α

t0  
Fig. 6. Response to a step variation of the power absorbed by the rotor 
loads from 10 % to 100 %. Waveforms of the reference voltage 

p
refRv ,3

(10 V/div), the rotor voltage vR3,α (20 V/div), the rotor current iR3,α

(0.5 A/div) and the voltage ERDC (20 V/div). 
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zoom 

 
Fig. 4. Components of the current space vectors S

Si 1  and S
Si 3 during a 

speed variation from 50 rpm to 10 rpm. Waveforms of iS1α (2 A/div), iS1β
(2 A/div), iS3α (2 A/div) and iS3β (2 A/div).  

ERDC 

iRa 

iSa 

ωm

t0  
Fig. 5. Start-up behavior of the system with the simultaneous charge of 
the DC-link capacitor CR and the generation of driving torque. 
Waveforms of the stator current iSa (2 A/div), the rotor current iRa (1 
A/div), the mechanical speed ωm (20 rpm/div) and the voltage ERDC (20 
V/div). 
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value because the angular frequency ω3 of the stator current 

S
Si 3  is greater than 3ωm, as shown in (25).  

Fig. 8 shows the response of the drive to a variation of the 
braking torque while the power delivered the rotor loads is 
equal to 100 % and the setpoint of the speed is 50 rpm. It can 
be noted that the variation of the toque T1 does not affect the 
regulation of the voltage EDCR. Therefore, the proposed 
control scheme can simultaneously adjust the torque T1 and 
the power transferred to the rotating auxiliary actuators, as 
requested in industrial rotary assembly platforms. 

Finally, Fig. 9 shows a speed reversal of the rotor from 
50−  rpm to 50 rpm while the setpoint of the DC-link voltage 

of the rotor inverter is 100 V. In this condition, the rotor load 
absorbs the rated power and the external braking torque TR is 
equal to zero. Fig. 9 shows that, during the inversion of the 
rotor speed, the torque T1 is constant at 30 Nm because current 
iS1q,ref requested by the speed controller has been limited to 3.5 
A. Thus,xthexexperimentalxresults confirm thatxthe 
developed controlxschemexcan independently regulate the 
speed of the machine and DC-link voltage of the rotor 
inverter.  

C.   Conversion efficiency 
The definition of efficiency for the developed system is not 

apparent. The system has an electric input and two outputs, 
one electrical and one mechanical. Moreover, only the total 
input power of the machine can be experimentally measured. 
Therefore, it is not possible to define separate efficiency 
indexes for the mechanical energy conversion and the electric 
energy transfer but only an overall efficiency index given by 

 
lossesRm

Rm

PPTT
PTT

+++
++=

ω
ωη

)(
)(

31

31 . (27) 

where Plosses are the total Joule, iron and mechanical losses of 
the motor. 

It can be observed that the efficiency of the machine is a 
function of the three variables T1, PR, and ωm (T3 directly 

depends on PR). At low mechanical speed, the iron losses and 
the friction losses of the machine can be neglected, so the 
overall efficiency of the drive can be easily calculated. Fig. 10 
shows the theoretical efficiency of the machine as a function 
of the mechanical speed ωm and of the power PR considering 
iS1d = 3.5 A, iS1q,max = 3.5 A, iS3d = 3.5 A, Δω3 = 628.3 rad/s and 
T = 30 Nm. 

The experimental efficiency of the machine is about 55% in 
rated conditions (30 Nm at 50 rpm and PR = 100 W). It should 
be noted that this low efficiency is mainly due to the low 
speed required by the application. The efficiency of motors 
that produce the nominal torque at low speed is usually low 
since the losses are comparable with the nominal ones while 
the mechanical power is proportional to the speed [29]. The 
experimental efficiency of the system measured in rated 
conditions (30 Nm at 50 rpm and PR = 100 W) is equal to 43 
%. This value includes the losses of the five-phase machine 
and the stator and rotor inverters. 

It is worth mentioning that the efficiency of an electrical 

ERDC 

T1 

ωm 

PLOAD 

t0 

ΔT1 

 
Fig. 7. Response to a variation of the electric power absorbed by the 
rotor loads from 20 % to 100 %, while the setpoint of the speed is 60 
rpm and the braking torque TR is equal to 16 Nm. Waveforms of the 
estimated torque T1 (4 Nm/div), the mechanical speed ωm (10 rpm/div), 
the voltage ERDC (20 V/div), and the power PLOAD (20 W/div). 

iSa

ωm 

ERDC 

T1

 
Fig. 9. Speed reversal of the machine from -50 rpm to 50 rpm while the 
setpoint of the DC-link voltage of the rotor inverter is equal to 100 V 
and the rotor load power is 100 %. Waveforms of the estimated torque 
T1 (10 Nm/div), the mechanical speed ωm (20 rpm/div), the voltage 
ERDC (20 V/div), and the stator current iSa (3 A/div). 

ERDC

T1

ωm

PLOAD

 
Fig. 8. Behavior of the prototype due to a variation of the braking torque 
while the setpoint of the speed is 50 rpm and the power transferred to 
the rotor loads is 100 %. Waveforms of the estimated torque T1 (5 
Nm/div), the mechanical speed ωm (10 rpm/div), the voltage ERDC (20 
V/div), and the power PLOAD (20 W/div). 
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machine depends on the design criteria adopted and on the 
optimization objectives pursued. The prototype is designed by 
using some traditional criteria for electrical machines, such 
optimal exploitation of the characteristics of the ferromagnetic 
material and the conductors. Indeed, a larger volume of the 
electrical machine would have increased the efficiency of the 
drive system. In industrial rotary assembly platforms, the 
rotating disk is usually driven by an induction machine 
controlled by an inverter and coupled to a mechanical 
gearbox, while the auxiliary actuators on the rotating platform 
are powered through slip-rings. Assuming a mechanical power 
of 150 W, a rated speed of the motor of 750 rpm, a motor 
efficiency of 0.6, a gearbox efficiency of 0.8, a power of 100 
W transferred to the rotor loads, a slip-ring system efficiency 
of 0.9 and an efficiency for the power converters of 0.9, the 
overall efficiency of this drive is theoretically equal to 53%, 
which is not far from that of the small-scale prototype 
developed in this paper. 

V.   CONCLUSION 
Rotating assembly platforms such as bottle filling and 

capping machines are widely used in automated production 
chains. On the rotating disk of the platform, the presence of 
active systems for the supervision of production processes and 
electric actuators is widespread. The energy required by the 
auxiliary devices is usually transferred from the fixed frame to 
the rotating one by slip-ring contacts. However, the brushes 
are subject to wear, and their ageing can affect the reliability 
of the automated production chains. This paper shows that a 
five-phase wound-rotor induction machine can be used to 
control the motion of the platform and to transfer energy to the 
loads located on the disk, thus avoiding the use of slip-rings 
contacts. This result can be achieved through the control of 
the third-order harmonic component of the air-gap field, 
which can transfer power to the rotor windings, while the 
fundamental component of the air-gap field is responsible for 
the generation of the magnetic torque. The experimental 
results have confirmed the feasibility of the proposed electric 
drive topology and the effectiveness of the decoupled control 
of torque and power. 

APPENDIX 
The appendix shows the relationship between the phase 

variables of a five-phase machine and the corresponding 
vectors resulting from the vector space decomposition. 

For a given set of five real variables y1, ... , yk, ... , y5 a new 
set of complex variables 1x  and 3x  can be obtained by means 
of the following symmetrical linear transformation: 

 ( )∑
=

ρ
ρ =ρα=

5

1
3,1

5
2

k
kkyx  (A1) 

where  
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5

2 −π
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kj
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Also, the zero-sequence component is defined as follows: 

 ∑
=

=
5

1
0 5

1
k
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The inverse transformations of (A1) and (A3) are 

 3
3

1
10 kkk xxxy α⋅+α⋅+=  (A4) 

where the symbol “·” represents the dot product, defined as 
the real part of the product between the first operand and the 
complex conjugate of the second. 
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