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Abstract1 - Rotary assembly stations are commonly 
used in automated manufacturing processes. These 
production platforms require the speed control of the 
plate and need power for the actuators and sensors 
located on the rotating frame. These requirements are 
usually met through a gearmotor and sliding electrical 
contacts. Among the solutions that avoid the slip-rings, 
this paper focuses on an integrated electric drive 
consisting of a gearless five-phase wound-rotor 
induction machine fed by two inverters, one placed on 
the stator reference frame and one placed on the rotating 
one. The main contribution is a novel control scheme 
that maximizes the power transferred to the rotating 
loads in compliance with the thermal constraint of the 
rotor and the voltage constraint of the rotor inverter. The 
theoretical analysis allows deriving an analytical solution 
to the control problem, and the experimental results 
confirm the effectiveness of the proposed algorithm.  

 
Index Terms - Variable speed drives, induction 

motors, inductive power transmission. 

I.   INTRODUCTION 

otary assembly tables are machines used for the 

production of goods in industrial automation 

processes, such as bottle filling and capping 

systems. The core of an industrial rotary assembly station is 

a rotating disk, driven by a gearmotor, on which objects that 

must undergo sequential machining are positioned. When 

actuators and control sensors are positioned on the rotating 

plate, a system that supplies the electric loads located on the 

rotary table is required. Sliding electrical contacts are 

commonly used. However, sliding contacts are subject to 

wear [1] and require frequent maintenance and preventive 

replacement to ensure high reliability of the production line. 

Consequently, rotating transformers [2] and capacitive 

coupled systems [3]-[4] have been proposed as valid 

alternatives to slip-rings, allowing the contactless 

transmission of the power to the rotating loads. 

A device that integrates both the power transmission and 

the propulsion functions is the direct-drive doubly-fed 

electrical machine. This concept is present in the literature 

for three-phase [5] and multiphase machines [6]-[7]. 

Compared to three-phase solutions, the use of multiphase 

machines guarantees lower torque ripple since multiple 

spatial harmonics of the magnetic field in the air gap can be 

controlled independently [8]. The angular speed and 

magnitude of these field harmonics can be varied by acting 
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appropriately on the phase currents [9]. Usually, the 

fundamental harmonic of the field generates the main 

driving torque, while higher-order harmonics provide 

additional features to the drive. Several papers regarding 

fault-tolerant [10]-[13], high torque-density [14], and 

sensorless drives [8], [15]-[16] are reported in the literature. 

Also, online diagnostic systems have been developed to 

assess the health status of multiphase motors [17]. The 

literature reports almost no references regarding the 

exploitation of the degrees of freedom of a multiphase 

induction machine to supply special loads through the rotor.  

Extending the proof-of-concept proposed in [6]-[7] for the 

control of a rotary assembly platform by using a doubly-fed 

five-phase induction machine, this paper proposes an 

optimized control system suitable for industrial applications. 

Such a system uses the fundamental spatial component of 

the field in the airgap to control the torque and speed of the 

rotor, while the third harmonic is used to transfer energy to 

the rotating loads. The integrated drive developed in this 

paper can be regarded as a two-port energy hub. The use of 

multi-port multiphase machines as energy hubs has already 

been proposed [18] but, in those solutions, all the systems 

involved in the power exchange were connected to the stator 

windings. 

Compared with [6]-[7], the contributions of the present 

paper are: 

- the current and voltage constraints related to the rotor 

winding and the rotor inverter are considered and 

implemented in the control system; 

- the optimal drive performance is analyzed through a 

graphical approach; 

- development of a novel rotor control strategy for power 

transfer to rotating loads, minimizing the rotor Joule losses. 

The proposed control system allows one to increase the 

power delivered to the rotor loads by 200% under the same 

operating constraints. 

The rest of this paper is organized as follows. In Section 

II, the mathematical model of the electrical machine and the 

related control law are derived. In Section III, the new 

proposed control algorithm is described. Before outlining the 

conclusion of the work, Section IV illustrates the 

experimental results obtained with a laboratory prototype.  

II.   DESCRIPTION OF THE SYSTEM 

The electric drive proposed for rotary assembly platforms 

is shown in Fig. 1. The system is composed of a gearless 

five-phase wound-rotor induction machine connected to two 

five-phase inverters, one placed on the stationary frame and 

one placed on the rotating one. The stator inverter is fed by 

the mains through an ac/dc converter, while the rotor 

inverter extracts power from the machine and supplies the 

loads and actuators placed on the rotating disk. 

R 
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A.   Five-Phase Induction Machine Model 

A generic five-phase induction machine with distributed 

windings and star-connected phases can be analyzed through 

the Vector Space Decomposition (VSD) [9]. The following 

set of complex equations describes the machine in the 

fundamental and the third harmonic subspaces:  
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where Skv  and Rkv  ( 3,1=k ) are the multiple space vectors 

of the stator and rotor voltages, Ski  and Rki  ( 3,1=k ) are the 

multiple space vectors of  the stator and rotor currents, Sk  

and Rk  (k=1, 3) are the multiple space vectors of the stator 

and rotor fluxes, m  is the electric angular speed of the 

rotor, SR  and RR  are the stator and rotor phase resistances, 

and SkL , RkL  and kM  ( 3,1=k ) are the self and mutual 

inductances of the stator and rotor windings.  

Equations (1)-(4) and (5)-(8) are written respectively in the 

generic reference frames d1-q1 and d3-q3 with electrical 

angular speeds 1  and 3 , which are chosen as explained in 

Sections II.B and II.C.  

The sets of equations (1)-(4) and (5)-(8) are independent 

of one another. Therefore, from the mathematical point of 

view, the five-phase induction machine is equivalent to two 

three-phase machines, with different electric parameters and 

pole pairs, which generate a magnetic field in the same air 

gap and exert their torque on the same mechanical shaft. The 

total torque can be written as the sum of two terms: 

 31 TTT +=  (9) 

where 

 ( )111
2

5
SS ijpT =  (10) 

 ( )333 3
2

5
SS ijpT = . (11) 

The symbol p is the number of pairs of poles, the dot 

operator "" is the product of the magnitude of two vectors, 

and the cosine of the angle between them.  

The equation of the motion can be written as follows: 

  
J

TTT
p

dt

d Bm −+
=

 31  (12) 

where J is the total moment of inertia of the system, and TB 

is the total braking torque of the mechanical load. 

The fundamental spatial harmonic of the magnetic field, 

which is related to (1)-(4), is used to control the motion of 

the rotor, whereas the third spatial harmonic of the field, 

which is related to (5)-(8), is used to transfer electric power 

to the rotating loads. 

B.   Torque Control 

If T3 is negligible, the motion can be controlled by acting 

only on T1. If the rotor inverter applies a voltage 1Rv  equal to 

zero, (1)-(4) describe an equivalent three-phase induction 

machine with short-circuited rotor winding. Therefore, the 

primary torque contribution T1 can be controlled by using a 

traditional rotor field-oriented control scheme. This solution 

is convenient because it does not require a continuous 

exchange of information between the stator and the rotor 

control systems. 

The torque T1 is controlled in rotating reference frame d1-

q1 whose d-axis is aligned with the flux 1R . 

With 1Rv  equal to zero, the following scalar expression of 

the rotor flux magnitude can be obtained by combining (2) 

and (4): 
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where iS1d is the d-component of the stator current vector 1Si , 

and R1 is the rotor time constant LR1/RR. 

By combining (3), (4), and (13) into (10), the torque T1 

can be written as:  

 qSR

R

i
L

M
pT 11

1

1
1

2

5
= . (14) 

Therefore, the torque T1 and rotor flux dR1  can be 

controlled by the components of the stator current vector 1Si . 

C.   Generation of a DC-Voltage for the Rotor Loads 

As shown in Fig. 1, the electric loads and actuators placed 

on the rotating disk of the assembly station can be powered 

by the rotor inverter dc-link, whose electrostatic energy must 

be kept constant. The power balance on the capacitor CR can 

be written as:  

 
LOADRRDCR PPEC

dt

d
−=







 2

2

1
 (15) 

where ERDC is the voltage across CR, PLOAD is the total power 

absorbed by the auxiliary rotor loads, and PR is the power 

extracted from the rotor winding of the machine by the rotor 

inverter. By controlling PR, it is possible to provide a stable 

voltage source for the auxiliary loads. 

Under the assumption that 1Rv  is equal to zero, the active 

and reactive powers PR and QR extracted from the rotor 

winding by the inverter depend only on the third spatial 

harmonic of the magnetic field: 

 33
2

5
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Fig. 1- Scheme of the five-phase wound-rotor induction motor drive. 
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It is worth noting that PR is transferred to the rotor from 

the stator winding across the air-gap. Therefore, the control 

system of the stator inverter must be coordinated with that of 

the rotor inverter. A suitable method for controlling PR is to 

inject a rotating space vector 
S

Si 3  into the stator winding: 

 
tj

S

S

S eIi 3

33


= . (18) 

The vectors with superscript “S” and “R” represent 

quantities respectively in the stator and rotor α-β reference 

frames, while the vector quantities without any superscript 

are defined in rotating reference frames whose positions are 

identified by 1  and 3 .  

The current magnitude IS3 in (18) is assumed constant, and 

the angular frequency 3  is equal to: 

 33 3 += m . (19) 

The parameter 3  represents the slip between the 

angular speed of the magnetic field generated by the stator 

current 
S

Si 3  and the mechanical speed of the motor. 

Therefore, if 3  is constant, the current 
R

Si 3  written in a 

reference frame synchronous to the rotor becomes 

 
tj

S

tjS

S

R

S eIeii m 3

3

3

33

−
== , (20) 

which represents a rotating current space vector with 

constant magnitude IS3 and angular speed 3  independent 

of the mechanical speed of the motor shaft. By substituting 

(8) in (6), the following rotor voltage equation can be 

derived: 
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If Δω3 and IS3 are constant, in a reference frame d3-q3 

whose d-axis has the same direction of 
S

Sij 3 , (21) can be 

simplified as follows:  
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where the excitation voltage vexc is the following real 
constant: 

 333 Sexc IMv = . (23) 

It can be noted that (22) is similar to the Kirchhoff 

equation of a grid-connected three-phase synchronous 

rectifier, where voltage vexc substitutes the grid voltage, and 

the machine parameters 3RR  and 3RL  can be considered as 

the parameters of an equivalent inductive line filter. Voltage 

vexc is constant if the current vector 
S

Si 3  injected into the 

stator winding rotates on a circle of radius IS3 and at variable 

angular speed 3ωm+Δω, as stated in (18). 

By replacing (22) in (16)-(17) under the assumption of 

steady state conditions, one finds: 
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Equation (24) and (25) show that the active power PR 

delivered to the rotor inverter can be controlled by the d-

component of the rotor current 3Ri , while the reactive power 

QR can be adjusted through qRi 3 . Therefore, PR and QR can 

be controlled by the rotor current 3Ri . As a side effect, the 

control of the active and reactive power generates a torque 

disturbance T3, which is produced by the interaction between 

3Si  and 3Ri . By replacing (7) in (11) and considering (23), it 

can be verified that the instantaneous value of T3 is 

 
3

3
3

2
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
−= dRexciv
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Equation (26) can be combined with (24), as follows: 

 
3

3
3 5
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= TP

pT , (27) 

where PT3 is the total power transferred from the stator 

winding to the rotor winding, equal to the sum of the rotor 

copper loss PJR3 and the power PR, as follows: 

 .
2

5
3

2

33 RJRRRRT PPPiRP +=+=  (28) 

If the copper loss PJR3 is negligible, the torque 

disturbance T3 is proportional to PR and reduces if the 

angular frequency 3  increases. Therefore, for the same 

level of PR, the higher 3 , the lower the magnitude of T3. It 

is worth noting that T3 is constant at steady state. Therefore, 

it can be treated as a torque disturbance and its effect can be 

compensated for by the speed control loop implemented in 

the fundamental subspace. 

In conclusion, while the rotor inverter behaves as an 

active power rectifier in subspace d3-q3 and keeps the rotor 

dc-link voltage constant, the stator inverter implements a 

standard rotor field-oriented control in subspace d1-q1 and 

generates a current vector 3Si  that rotates at speed 

33 +m  for a stationary observer.  

D.   Active and Reactive Power Control Strategy  

As shown in Section II.B, no assumption about the 

reactive power are made. Therefore, QR can be used to 

maximize the performance of the electric drive. A useful 

approach to understand the effect of the reactive power 

control on the operation of the machine is to draw the loci of 

constant power PR and QR in a complex plane, where the 

horizontal and vertical axes are the control variables iR3d and 

iR3q. The equation of the rotor reactive power (25) can be 

rearranged as follows: 
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Equation (29) represents a circle. The coordinates of its 

center (
RQx ,

RQy ) and the dimension of its radius 
RQr  in the 
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Fig. 2. Loci of points with constant active power PR and constant 

reactive power QR in the dRi 3 - qRi 3 plane.  
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dRi 3 - qRi 3  plane are as follows: 
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It is worth noting that the center does not depend on the 

angular speed Δω3 owing to (23). Therefore, if the 

magnitude of the stator current 3Si  is constant, the center of 

the circle is fixed, and the radius 
RQr  increases as long as the 

reactive power QR decreases, as depicted in Fig. 2. The 

upper bound for the reactive power can be obtained from the 

following intrinsic constraint: 
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which leads to: 
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The upper bound (32) corresponds to the condition in 

which the circle collapses into point ),(
RR QQ yx . 

Similarly, the loci of constant power PR in the complex 

plane dRi 3 - qRi 3  are represented by the red circles shown in 

Fig. 2. In fact, (24) can be rewritten as follows: 
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where the coordinates of the center (
RPx ,

RPy ) and the radius 

RPr  are 
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It can be observed that the radius of the circle decreases if 

PR increases. The upper bound for the rotor active power can 

be obtained by noting that 
2

RPr  in (34) is positive: 
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The upper bound (35) represents the theoretical maximum 

active power that can be transferred to the rotor loads and 

corresponds to the condition in which the circle collapses 

into point ),(
RR PP yx . 

The admissible operating points of the drive are the 

intersections between the circles of constant active and 

reactive power. It is worth noting that the reference value of 

PR, which is equal to PLOAD at steady state, can be obtained 

with different values of the reactive power. A solution, 

which was used in [6], is to set QR equal to zero to minimize 

the power rating of the rotor inverter. This choice implies 

that the possible operating points of the electric drive lay on 

the blue circle with a zero value of QR depicted in Fig. 2. 

Under this condition, the upper bound (35) for the active 

power cannot be reached because the maximum power 

obtainable from the rotor winding corresponds to the 

tangency condition between the circles at constant power PR 

and null reactive power (QR =0).  

In this paper, a different method to control QR is 

presented. Clearly, QR affects the maximum power that can 

be extracted from the rotor winding and the Joule loss PJR3 

of the rotor: 
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For a given level of PR, the loss PJR3 is minimized when 

the distance between 3Ri  and the origin of the complex plane 

iR3d - iR3q is the shortest. This condition is obtained when the 

current component iR3q is equal to zero. By imposing 

03 =qRi  in (25), one finds: 
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Equation (37) states that the losses PJR3 are minimized 

when the rotor inverter compensates the reactive power of 

the inductance LR3. When (37) is imposed, the maximum 

(35) for PR can be theoretically reached. Therefore, the ideal 

trajectory of 3Ri  in the complex plane iR3d - iR3q is a segment 

that starts from the origin when PR is zero and reaches 

Rexc Rv 2/−  when PR equals its maximum defined in (35). A 

graphical example of the ideal trajectory of 3Ri  is shown in 

Fig. 2. However, the admissible operating points must also 

satisfy the thermal constraint of the rotor current 

 
2
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2

3

2

3 RqRdR Iii +  (38) 

and the voltage constraint of the rotor inverter 

 
2
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2

3

2

3 RqRdR Vvv + . (39) 

Current IR3max represents the thermal current limit of the 

rotor winding while max3RV is the maximum voltage that can 

be synthesized by a multiphase inverter in the linear 

modulating region, as discussed in [19]. For a five-phase 

inverter, if 1Rv  is equal to zero, the maximum amplitude of 

the rotor phase voltages max3RV  is: 
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By substituting the voltage components dRv 3  and qRv 3  of 

(22) in (39) and considering the system at steady state, the 

following inequality can be obtained: 

2

3

2

3

2

2

max3

2

2

3

2

3

2

33
3

2

2

3

2

3

23

RR

R

RR

excR
qR

RR

excR
dR

LR

V

LR

vL
i

LR

vR
i

+












+


−+











+
+  (41) 

dRi 3

qRi 3

RQ

RP

( )
RR PP yx ,

( )
RR QQ yx ,

),(
max3max3 RVR

yxV



cost

cost3

=

=Si

limitCurrent 

limit Voltage

( )max3min3 , qRdR ii

 

Fig. 3. Trajectory followed by current 3Ri  considering the current 

and voltage constraints of the rotor windings and the rotor inverter. 
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which represents the implicit equation of the voltage limit 

depicted in Fig. 3. The coordinates of the center 

(
max3RVx ,

max3RVy ) and the radius 
max3RVr of the circle are: 
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The admissible operating states of the machine, 

represented by the shaded region of Fig. 3, must lay inside 

the area of intersection between the current limit circle and 

the voltage limit circle, defined respectively by (38) and 

(41). The trajectory that minimizes the Joule losses of the 

rotor can be traveled up to the upper bound (35) only if the 

circles that represent the voltage and current limits embrace 

the center of the circle that represents the locus of states with 

constant PR.  

If the current limit (38) is stricter than the voltage limit 

(39), the maximum power that can be transferred to the rotor 

loads can be found by imposing max33 RdR Ii −=  in (24) as 

follows: 

 ( )max3
2

max3max
2

5
RexcRRR IvIRP −−= . (43) 

Conversely, when the voltage limit is more stringent than 

the current limit, PR can increase further only if 3Ri  follows a 

trajectory that belongs to the circumference of the voltage 

limit depicted in Fig. 3. Two further operating limits may be 

encountered on this trajectory. The former is the thermal 

constraint of the rotor current (38); the latter is the constraint 

on the rotor active power (35). As PR increases the limit that 

is first encountered depends on the actual parameters of the 

drive.  

In the first case, the maximum power occurs when the 

rotor inverter entirely exploits the dc-bus voltage EDCR, 3Ri  is 

on the voltage circle and its magnitude is IR3max.  

In the second case, the maximum value for PR is 

encountered before reaching the rotor rated thermal current. 

This condition may happen if the circle that represents the 

loci of points at constant active power becomes tangent to 

the circle of the voltage limit. This operating condition is 

shown in Fig. 3, and the components of 3Ri  can be 

geometrically deduced as follows:  
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The maximum power can be calculated by substituting the 

components (45) and (46) of the current 3Ri  in (24). Any 

attempt to follow the trajectory of the voltage limit beyond 

point ),( max3min3 qRdR ii  involves a reduction in the power PR. 

This characteristic may lead to the instability of the control 
system due to the non-monotonous behavior of PR. Also, 

point ),( max3min3 qRdR ii  can be reached only if the thermal 

constraint for the rotor currents (38) is satisfied. 

III.   CONTROL SYSTEM 

The control system of the proposed electric drive is shown 

in Fig. 4. It consists of two independent parts that are 

implemented in two different control boards for the stator 

and rotor inverters. It results that the two controllers are not 

synchronized and do not share any information about their 

state variables.  

A.   Speed and Torque Control 

The speed and torque are regulated by a cascade control 

implemented on the stator inverter. The block diagram of 

Fig. 4 illustrates the external speed controller (a) and the two 

internal current regulators (b)-(c) for the torque and flux 

control. In cascaded control, the bandwidth of the outer loop 

should be lower than the bandwidth of the inner loop. The 

primary torque contribution T1 is controlled by a traditional 

direct vector control scheme implemented in a reference 

frame with the d-axis aligned with the rotor flux 1R , as 

described in Section II.B. The error between the reference 

speed ωm,ref and the actual one is sent to the PI controller (a), 

which generates the setpoint iS1q,ref. In order to guarantee 

high torque dynamics, the magnitude of the rotor flux 1R  in 

(14) is kept constant by setting the current reference iS1d,ref to 

its rated value. The current references iS1d,ref  and iS1q,ref are 

tracked by the PI controllers (b) and (c). Moreover, the 

estimated back-electromotive forces vS1d,comp and vS1q,comp of 

the machine are added up to the output signals of the PI 

current controllers to create the reference voltages vS1d,ref  and 

vS1q,ref. The feed-forward compensation of the back-EMF has 

been implemented to improve the bandwidth of the current 

control loops.  

The implementation of the vector control scheme requires 

the knowledge of the magnitude and the position of the rotor 

flux 
S

R1 . The magnitude 1R , angular position 1 , and 

angular speed ω1 of 
S

R1  are estimated by means of a direct 

rotor flux observer based on (2) and (4) written in a 

reference frame synchronous with the rotor speed. The 

mechanical position of the rotor is sensed by an incremental 

encoder, while the mechanical speed is obtained as the 

derivative of the mechanical angle. Also, the equations of the 

flux observer assume that the rotor inverter keeps the voltage 

1Rv  equal to zero as if the rotor windings were short-

circuited.  

B.   Control of the Rotor Power 

The third spatial harmonic of the magnetic field in the 

airgap is used to transfer electric power from the stationary 

reference frame to the rotating one, as shown in Section II. 

The task of the stator inverter is to generate a current vector 
S

Si 3 , defined in (18), which rotates at angular speed ω3. For 

the tracking of the reference current, the PI regulators (e)-(f) 

have been implemented in an arbitrary reference frame d3-q3 

rotating at speed ω3, whose angular position can be 

calculated by integrating (19). The reference current iS3d,ref is 

equal to the current magnitude IS3, while the current 

component iS3q,ref is set to zero. The feed forward 

compensation of the back electromotive force of the machine 

has been added to the output of the PI current controllers to 

improve the dynamic performance of the current control 

loop. The compensating terms vS3d,comp and vS3q,comp can be 

calculated as:  
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Once 1Sv  and 3Sv  are known, the modulating signals of 

the stator inverter can be synthesized through a pulse-width 

modulation technique. Furthermore, limitation block (r) 

ensures the operation of the inverter in the linear modulation 

region [19]. 

The control scheme of the rotor inverter is depicted in the 

upper part of Fig. 4. It can be observed that the reference 

voltage 1Rv  is set to zero in order to emulate the short circuit 

of the rotor winding in the fundamental subspace, as 

discussed in Section II. Therefore, the main computational 

efforts of the rotor control system are devoted to the control 

of the power delivered to the rotor loads. 

The proposed method for controlling PR is based on the 

control of the d-q components of the rotor current 3Ri  written 

in a reference frame with the d-axis aligned with the current 

vector 
R

Sij 3 . Since the rotor controller cannot receive the 

measurement of the stator current, an estimation of 
R

Si 3  can 

be found by integrating (6) and solving (8): 
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The rotor flux 
R

R3  can be obtained as follows:  
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where s is the Laplace variable. Therefore, the stator current 

seen from the rotor reference frame 
R

Si 3  can be estimated 

using only quantities measured on the rotating part of the 
drive. However, (49) cannot be used in actual system since 
errors and offsets in the acquired voltages and currents may 
accumulate at the integrator output, leading to the instability 
of the rotor flux observer [20].  
In the proposed control scheme, the angular speed of the 

current 
R

Si 3  is constant and equal to 3 , according to (20). 

The electrical quantities in (49) are rotating vectors at 

angular speed 3 . Thus, the ideal integrator can be 

replaced by a low-pass filter that shows a finite gain at low 
frequency and behaves like an integrator at angular speed 

3 : 
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The time constant f  of the filter must be selected so that 

 3
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

 f

. (51) 

Once the estimated current 
R

Si 3  is available, the excitation 

voltage vector 
R
excv  can be calculated as: 

 
R

S
R
exc ijMv 333 = . (52) 
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Fig. 4- Block diagram of the control system and schematics of the five-phase doubly-fed induction motor drive. 
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The real and imaginary components of vector R
excv  are 

used to find the angular position 3R  of the reference frame 

adopted for the control of the active and reactive powers PR 

and QR, as described in Section II.  

Two PI current controllers, (m) and (n), track the 

references iR3d,ref and iR3q,ref by generating the components 

vR3d and vR3q of the voltage vector 3Rv . The feed forward 

compensation of the back electromotive force of the machine 

have been added to the output of the PI controllers to 

improve the dynamic performance of the current control 

loop. The compensating terms vR3d,comp and vR3q,comp can be 

calculated as:  

          
dRRcompqR

qRRexccompdR

iLv

iLvv

33,3

33,3

=

−=
. (53) 

 The current references iR3d,ref and iR3q,ref are generated by 

two control loops. The task of the first loop is the regulation 

of the voltage of the dc bus ERDC by acting on iR3d,ref. In fact, 

keeping ERDC constant means that, at a steady state, the 

active power PR is equal to the power absorbed by the rotor 

loads in (15). The task of the second regulation loop is to 

generate the current reference iR3q,ref. If the magnitude of the 

reference voltage 3Rv  is compatible with the voltage 

constraint (40), the current iR3q,ref is kept at zero by the PI 

regulator (i) in order to minimize the rotor Joule loss. 

Otherwise, the PI regulator generates a positive current 

reference iR3q,ref that allows respecting the constraint in (40).  

The outputs of the PI regulators (h) and (i) are 

dynamically bounded to satisfy the most stringent limit 

between the rotor current constraint (38) and the stability 

constraint related to the maximum power that can be 

transferred to the rotor loads. The current components iR3d,min 

and iR3q,max that maximize the power PR, subjected to the 

voltage constraint (41), can be calculated through (45) - (46). 

It is worth noting that the stator and rotor inverters 

actively control the currents 3Si  and 3Ri . The control method 

proposed in this paper assumes that the excitation voltage 

vexc is constant regardless of the perturbations introduced by 

the rotor control system. Therefore, the stator current 

controllers (e) and (f) must be very effective in keeping the 

current 3Si  equal to its reference (18). For this reason, the 

control bandwidth of 3Si   must be wider than that of the 

rotor current 3Ri .   

The control diagram illustrated in Fig. 4 has been utilized 

as a roadmap for the implementation of the control algorithm 

used to carry out the experimental tests presented in the next 

section. 

IV.   EXPERIMENTAL RESULTS 

Fig. 5 shows the demonstrator of the electric drive for 

rotary assembly platforms used to test the proposed control 

algorithm. The drive consists of a five-phase doubly-fed 

induction motor, two five-phase inverters, a rotating disk, 

and an active dc load. The parameters of the electric machine 

have been experimentally evaluated and are reported in 

Table I while the parameters of the regulators depicted in 

Fig. 4 are listed in Table II. 

The control algorithms for the stator and rotor windings 

have been implemented with two independent five-phase 

inverters based on Infineon F12-25R12KT4G IGBT 

modules, which are controlled by Texas Instruments 

floating-point DSPs.  

The results reported in this section have been obtained by 

imposing ESDC equal to 300 V through power supply TDK 

Lambda GEN600-5.5. 

The reference value of the magnetizing current iS1d,ref  has 

been kept constant at 2.6 A, while the current iS1q,ref 

requested by the speed controller (a) has been limited to ± 

4.6 A. Consequently, the drive can produce any torque T1 

between ± 30 Nm. The braking torque TB is proportional to 

the angular speed of the motor and is equal to about 30 Nm 

at 70 rpm. The braking action is performed by a dc machine 

used as a generator. 

During the tests, the current 3Si  has been set with a 

magnitude of 2.7 A and an angular speed 3  of 628.3 rad/s 

(100 Hz). The set-points of the currents and the angular 

speed Δω3 have been selected in order to deliver a power PR 

of 200 W generating a small torque disturbance T3, which is 

about 10% of T1. This choice allows to treat the torque T3 as 

a minor disturbance that can be easily compensated by the 

speed control loop of the system. 

The vector space decomposition of the stator currents 

when the speed of the rotor is 70 rpm and the power PR is 

150 W is shown Fig. 6. The phase current iSa is composed of 

two harmonics. The low-frequency component is related to 

the torque T1 as described in Section II.B, while the high-

frequency component is related to the power transferred to 
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Fig. 6. Vector space decomposition of the stator currents at steady 
state. Waveforms of the stator phase current iSa (2 A/div), current 
components iS1α (2 A/div), iS1β (2 A/div), iS3α (2 A/div), and iS3β (2 
A/div).  

  
 

Fig. 5 - Pictures of the small-scale rotary assembly station setup.  
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the rotor loads as described in Section II.C. The loci of 

vectors 
S

Si 1  and 
S

Si 3  are circular trajectories traveled at 

different angular speeds. 

Fig. 7 shows the vector space decomposition of the rotor 

currents when the mechanical speed is 70 rpm and the power 

PR increases from 0 W to 150 W. With a good 

approximation, the current component iR1α, which is related 

to the torque T1, is a sinusoidal waveform with almost 

constant magnitude and frequency. Therefore, both the speed 

of the rotor and the torque contribution T1 are nearly 

constant and independent of PR. Conversely, the magnitude 

of iR3α rises if PR increases, but the period of the waveform is 

constant and equal to 10 ms (100 Hz). According to the 

analysis presented in Section II, the torque disturbance T3 is 

generated when PR is different from zero. During the tests, 

the torque T3 is theoretically equal to 2.9 Nm when PR is 200 

W. Therefore, a minimal variation of T1 is required to 

compensate T3 and control the speed of the machine. 

Fig. 8 depicts the loci covered by current 3Ri  in the plane 

iR3d - iR3q when PR changes from 0 W to 200 W for several 

values of ERDC. The curves on the left-end side of the picture 

have almost the same magnitude of the current component 

iR3d, corresponding to a rotor power of 200 W. It is worth 

observing that the trajectory of 3Ri  lies entirely on the d-axis 

only if ERDC is equal to 270 V. In this case, the Joule loss of 

the rotor winding is minimized in the power range 0 W – 

200 W. In the other cases, the maximum power that can be 

obtained under the constraint iR3q = 0 decreases as the 

available voltage ERDC reduces. Finally, higher levels of PR 

can be obtained by injecting a positive current iR3q in order to 

follow the trajectory that lies on the circumference described 

by the voltage limit in (41). Fig. 8 clearly shows that the 

proposed control scheme can operate the drive at the 

minimum rotor Joule losses and satisfying the current and 

voltage constraints (38) - (39). The proposed control strategy 

allows one to increase the power PR by about 200 % respect 

to the control scheme of [6], using the same current 

magnitude IS3 and the same angular speed 3 . The detailed 

comparison between the proposed control scheme and the 

one presented in [6] is discussed in Appendix. 

The behavior of the drive system during a working cycle 

for rotary assembly station has been emulated by setting a 

speed profile and an active power profile. Fig. 9 shows the 

estimated torque T1, the mechanical speed ωm, the dc-link 

voltage of the rotor inverter ERDC and the power extracted 

from the rotor winding PR.  

The experimental results proof that the proposed control 

system can independently control the speed of the rotating 

disk and the power transferred to the auxiliary actuators, as 

requested in industrial rotary assembly platforms. 

V.   CONCLUSION 

The paper investigates the use of a gearless five-phase 

doubly-fed induction machine in automation applications 

based on rotary tables. The aim of the drive is the 

independent control of the motion of the platform and the 

power transferred to the actuators and sensors located on the 

rotating disk. The integrated drive avoids using sliding 

contacts and ensure better continuity of service in automated 

production chains. The control scheme proposed in this 

paper maximizes the power transferred to the rotating loads 

in compliance with the thermal constraint of the rotor 

currents and the voltage constraint of the rotor inverter.  

Furthermore, the operating limits of the drive are derived 

and shown in a graphical form for easier understanding. The 

control scheme is divided into two independent parts, one 

implemented on the stator inverter and one on the rotor 

inverter. Therefore, synchronization and information 

exchange between the two control systems are not necessary, 

leading to high system robustness. Experimental tests 

confirm the capability of the drive to control the rotor speed 

and the power supplied to the rotor loads independently.  

TABLE I - PARAMETERS OF THE FIVE-PHASE MACHINE  

RS = 1.7 Ω, RR = 4.8 Ω 
LS1 = 411 mH, LS3 = 68 mH 

LR1 = 939 mH, LR3 = 158 mH 
M1 = 555 mH, M3 = 53 mH 

iS,rated = 4.8 ARMS, iR,rated = 2.1 ARMS 

iS1d,rated = 3.5 A 

T1,rated = 50 Nm 
ωm,rated = 5.2 rad/s (50 rpm) 

p = 3 
Rotor turn-number NR = 89 
Stator turn-number NS = 58 

 

ERDC = 270 V 

 

ERDC = 250 V 

ERDC = 210 V 

ERDC = 230 V 

iR3d 

iR3q 
ERDC = 190 V 

0.25 A/div 
 

Fig. 8. Trajectories followed by current 3Ri  in the plane iR3d - iR3q 

when the rotor power PR changes from 0 W to 200 W for several 
values of voltage ERDC. 

 

iRa 

PR 

iR1α 

iR3α 

zoom zoom 

 
Fig. 7. Vector space decomposition of the rotor currents during a 
variation of the electric power absorbed by the rotor loads while the 
setpoint of the speed is 70 rpm and the braking torque TR is 30 Nm. 
Waveforms of the rotor phase current iRa (1 A/div), the current 
component iR1α (1 A/div), the current component iR3α (0.5 A/div), and 
the power PR (30 W/div). 

TABLE II - PARAMETERS OF THE REGULATORS  

Speed regulator (a) kp = 0.6 A·s/rad, ki = 6.3 A 

Current regulators (b) and (c) kp = 29 Ω, ki = 600 Ω/s 

Current regulators (d) and (e) kp = 78 Ω, ki = 2000 Ω/s 

Current regulators (m) and (n) kp = 66 Ω, ki = 2000 Ω/s 

ERDC regulator (h) kp = 0.1 Ω-1 , ki = 0.5 Ω-1s-1 

Rotor voltage  (i) kp = 0.01 Ω-1 , ki = 10 Ω-1s-1 

Time constant τf used in (50) for 

the estimation of the flux R
R3   

τf = 0.0318 s (5 Hz) 
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Lastly, the proposed control scheme adjusts the reactive 

power provided by the rotor inverter to minimize the Joule 

loss of the rotor winding. 

APPENDIX 

In the following, the difference in terms of maximum 

power transferred to the rotor loads between the method 

proposed in this paper and the one presented in [6] is 

discussed. 

In [6], power PR is extracted from the rotor winding using 

a direct power control scheme. The rotor inverter measures 

the current 3Ri   and imposes a voltage refRv ,3  in phase 

opposition, such as to extract the required power PR,ref . This 

control scheme is very simple, and it does not require the 

injection of reactive power into the rotor winding. However, 

the dynamics of the rotor current is not controlled, and the 

current 3Ri  is different from zero even when the power 

required to the load is zero, generating heat in the rotor 

winding.  

Fig. 10 shows the trajectory followed by the current 3Ri  

when the control scheme in [6] is implemented. The output 

power PR is zero in point 1, while in point 2 the power is 

maximum and it is equal to PR,max[6]. The maximum power 

PR,max[6] can be calculated by geometric relationships in the 

tangent conditions between the active and reactive power 

circles depicted in figure as follows: 

 ( )222

RRRR PQQP rryx +=+ . (A1) 

By considering (30), (34), (A1) and imposing QR = 0, it 

can be verified that PR,max[6] is equal to 
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Conversely, the control scheme proposed in this paper 

injects reactive power in the rotor circuit in order to 

minimize the Joule loss. This choice results in the condition 

iR3q = 0. If the voltage constraint (39) is satisfied, the 

maximum power transferred to rotor loads of the proposed 

method is: 

 ( )max3
2

max3max
2

5
RexcRRR IvIRP +−= . (A3) 

To compare the power limit of the two control schemes, 

the same values of Δω, stator current magnitude IS3 and rotor 

current magnitude IR3 should be considered. As can be seen 

in Fig. 10, in [6] the maximum current occurs when PR is 

zero and can be calculated, with a good approximation, as: 
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The maximum power achievable by the proposed control 

scheme, when the same rotor current is considered, can be 

obtained by introducing (A4) in (A3) as: 
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The ration between power (A5) and (A2) is then equal to: 
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Equation (A6) shows that if Δω increases, the ratio 

between the powers tends to 2 regardless of the machine 

parameters. Under the conditions reported in the laboratory 

tests, this ratio is equal to 1.98. Therefore, the proposed 

method increases the power transferred to the rotor up to 

200% with respect to [6], demonstrating a significant 

improvement. 
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