ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Exploitation of the Power Capability in a Five-Phase Doubly-Fed Induction Motor Drive for Contact-Less Energy
Transfer

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Exploitation of the Power Capability in a Five-Phase Doubly-Fed Induction Motor Drive for Contact-Less
Energy Transfer / Rizzoli G.; Mengoni M.; Sala G.; Vancini L.; Zarri L.; Tani A.; Bojoi R.. - In: IEEE
TRANSACTIONS ON INDUSTRIAL ELECTRONICS. - ISSN 0278-0046. - ELETTRONICO. - 69:8(2022), pp.
9531453.7596-9531453.7606. [10.1109/TIE.2021.3109507]

Availability:
This version is available at: https://hdl.handle.net/11585/833100 since: 2024-02-27
Published:

DOI: http://doi.org/10.1109/TIE.2021.3109507

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

01 May 2024



http://doi.org/10.1109/TIE.2021.3109507
https://hdl.handle.net/11585/833100

This is the final peer-reviewed accepted manuscript of:

G. Rizzoli et al., "Exploitation of the Power Capability in a Five-Phase Doubly Fed
Induction Motor Drive for Contact-Less Energy Transfer," in IEEE Transactions on
Industrial Electronics, vol. 69, no. 8, pp. 7596-7606, Aug. 2022

The final published version is available online at:

https://doi.org/10.1109/TIE.2021.3109507

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's
website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://doi.org/10.1109/TIE.2021.3109507

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 21-TIE-0845.R2

Exploitation of the Power Capability
iIn a Five-Phase Doubly-Fed Induction Motor Drive
for Contact-Less Energy Transfer

G. Rizzoli, M. Mengoni, Member, IEEE, G. Sala, Member, IEEE, L. Vancini,
L. Zarri, Senior Member, IEEE, A. Tani, R. Bojoi, Fellow, IEEE

Abstract - 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.

l. 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 wvalid
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
11, 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.
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Devices mounted on the disk of the rotary assembly station
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Fig. 1- Scheme of the five-phase wound-rotor induction motor drive.

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:

_ - . — do
Vo =R ig +]O, 5 + d:l (D
p— > . p— d_
Ve =Ry lg +J ((’31 _(Om)(\DRl + ;p:l ()
65"1 =L lTs1 +M, lTRl 3
Qi =M, i)+ Lpy gy “)
— T . — d_
Vg = Rglgy + j O3 @y + ;,P;” ®)
— T . — d_
Vs = Rpipgs +j ((,03 - 303»1)(PR3 + 3:3 (©)
@53 =Ly, 1753 +M, lTR3 @)
6R3 =M+ Ly ipy (®)

where v, and v, (k=1,3) are the multiple space vectors

of the stator and rotor voltages, iy, and i, (k=1,3) are the
multiple space vectors of the stator and rotor currents, @y,
and @, (k=1, 3) are the multiple space vectors of the stator

and rotor fluxes, ®, is the electric angular speed of the

m

rotor, Ry and R, are the stator and rotor phase resistances,
and Ly, L, and M, (k=1,3) 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 di-qi and ds-q3 with electrical
angular speeds ®, and o, , which are chosen as explained in

Sections I1.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:

T=T,+T, ©)
where
5 (— =
Tl:Ep(](Psf’m) (10)
5 — =
T :Ep 3J(Ps3'ls3)' (In

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:

do, T+T,-T,
prainl A (12)
where J is the total moment of inertia of the system, and 73
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 73 is negligible, the motion can be controlled by acting
only on T7. If the rotor inverter applies a voltage v,, equal to

zero, (1)-(4) describe an equivalent three-phase induction
machine with short-circuited rotor winding. Therefore, the
primary torque contribution 77 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 71 is controlled in rotating reference frame d;-
q: whose d-axis is aligned with the flux @, .

With v,, equal to zero, the following scalar expression of

the rotor flux magnitude can be obtained by combining (2)
and (4):
Aoy,
(13)
dt

where is14 is the d-component of the stator current vector ig,,

TRI

+ Qg =M,

and tg; is the rotor time constant Lgi/Rg.

By combining (3), (4), and (13) into (10), the torque T
can be written as:
(14)

5 .
I = EpL_R]I(PRllmq .

Therefore, the torque 77 and rotor flux ¢,, can be

controlled by the components of the stator current vector i, .

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:

d(1
E[ECRE;)CJ:PR _PLOAD (15)

where Egrpc is the voltage across Cr, Proap is the total power
absorbed by the auxiliary rotor loads, and Pk is the power
extracted from the rotor winding of the machine by the rotor
inverter. By controlling Pk, it is possible to provide a stable
voltage source for the auxiliary loads.

Under the assumption that v,, is equal to zero, the active
and reactive powers Pz and Qr extracted from the rotor
winding by the inverter depend only on the third spatial
harmonic of the magnetic field:

P, ==V, 1,
R R3 °R3
2

(16)
(17)

O = _5‘71%3 'ﬁm ’
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It is worth noting that Py 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 Pz is to

inject a rotating space vector i, 353 into the stator winding:
l_sss =Ige™™ (18)
The vectors with superscript “S” and “R” represent
quantities respectively in the stator and rotor a-fB reference
frames, while the vector quantities without any superscript

are defined in rotating reference frames whose positions are
identified by 0, and 6,.
The current magnitude Is3 in (18) is assumed constant, and
the angular frequency o, is equal to:
o, =30,, + Ao, . (19)
The parameter Aw, represents the slip between the
angular speed of the magnetic field generated by the stator

current i5, and the mechanical speed of the motor.

Therefore, if Aw, is constant, the current iy written in a
reference frame synchronous to the rotor becomes
=1, (20)
which represents a rotating current space vector with
constant magnitude Is3 and angular speed Aw, independent

TR _ 7S _—j3o,t
Ig3 =153€

of the mechanical speed of the motor shaft. By substituting
(8) in (6), the following rotor voltage equation can be
derived:

diy; |

dt (21)
+J ((93 - 30)»1 )LR3 iR3 +J ((03 - 3(’% )A/[x isz-

If Aw; and Is3 are constant, in a reference frame ds-q3

—+M,

whose d-axis has the same direction of jiJ,, (21) can be

simplified as follows:

_ - di , z
Vas = Ry lps + Ly, Tl;} +JAO Ly ips +v,,.  (22)

where the excitation voltage ve. is the following real
constant:

Ve =AO; M I 5. (23)

It can be noted that (22) is similar to the Kirchhoff
equation of a grid-connected three-phase synchronous
rectifier, where voltage v.. substitutes the grid voltage, and
the machine parameters R, and L,, can be considered as
the parameters of an equivalent inductive line filter. Voltage
Vexe 18 constant if the current vector lTSS3 injected into the
stator winding rotates on a circle of radius Is3 and at variable
angular speed 3w, tAw, as stated in (18).

By replacing (22) in (16)-(17) under the assumption of
steady state conditions, one finds:

S(o - 17 .
PR = _E RR |lR3| + VexclR3d (24)
5 - 12 .
0, = _E Aw, L, |lR3| T Vexclrsg |-

Equation (24) and (25) show that the active power Pr
delivered to the rotor inverter can be controlled by the d-

(25)

component of the rotor current i,,, while the reactive power
Or can be adjusted through l'R3q . Therefore, Pz and Qg can

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

control of the active and reactive power generates a torque
disturbance 73, which is produced by the interaction between

ig; and i,,. By replacing (7) in (11) and considering (23), it
can be verified that the instantaneous value of T3 is

T, = _1_5 Yerelrza . (26)
27 Ao,
Equation (26) can be combined with (24), as follows:
T, =5pit, 27)
Aw,

where Pr3 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 Pk, as follows:

5 -
PT3=ERR|iR3|2+PR=PJR3+PR‘ (28)
If the copper loss Pj: is negligible, the torque
disturbance 73 is proportional to Pr and reduces if the

angular frequency Aw, increases. Therefore, for the same
level of Pg, the higher Aw,, the lower the magnitude of 73. It

is worth noting that 73 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 ds-qs and keeps the rotor
dec-link voltage constant, the stator inverter implements a
standard rotor field-oriented control in subspace di-q; and

generates a current vector i, that rotates at speed

3w, +Aw, 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, Or 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 Qg in a complex plane, where the
horizontal and vertical axes are the control variables iz:s and
irsg. The equation of the rotor reactive power (25) can be
rearranged as follows:

2 2
-2 . Vexc Vexc 2 QR

insg +| g3, ——2 = - - (29
fad [’“‘1 ZA(D3LR3J [2Aw3LR3J 5 ALy, 9)

Equation (29) represents a circle. The coordinates of its

center ( Xy, , Yo, ) and the dimension of its radius 7y, in the

|1S3| = cost Ir3g

Ao = cost

Active power loci
Fig. 2. Loci of points with constant active power Pr and constant
reactive power Qg in the ip;, - iR3q plane.
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irsq - 1r3, plane are as follows:

exc

xQR :O’yQR =

2Am;L,,
2 (30)
1”2 — Vexc _Z QR
| 28m5L,; ) 5 Aw,L,,

It is worth noting that the center does not depend on the
angular speed Awms; owing to (23). Therefore, if the

magnitude of the stator current iy, is constant, the center of

the circle is fixed, and the radius 7, increases as long as the

reactive power Qg decreases, as depicted in Fig. 2. The
upper bound for the reactive power can be obtained from the
following intrinsic constraint:

2
rQZ — vexc _E QR > O (3 1)
* 2A0; L, 5 Ao, L,
which leads to:
5
<——ee 32
0 S e (32)

The upper bound (32) corresponds to the condition in
which the circle collapses into point (X, , Vg, ).

Similarly, the loci of constant power P in the complex
plane i, -1z, are represented by the red circles shown in

Fig. 2. In fact, (24) can be rewritten as follows:

. + Vexe ’ + -2 Vexe ’ 2 PR
1 —_— 1 = - -
B4R, Be 2R, ) 5R,

where the coordinates of the center ( Xp, , V5, ) and the radius

(33)

Ip, are

V{,’X C

Xp =—
bR,

) .
2 _ | Yexe 2P R
rp =| E | ———
" 2Ry ) SRy
It can be observed that the radius of the circle decreases if
Pr increases. The upper bound for the rotor active power can

»Vp, =

3

(34)

be obtained by noting that rﬁk in (34) is positive:

5y
P, <——=<.

8 R,
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

(35)

into point (X5, ¥5,) .

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 Pro4p at steady state, can be obtained
with different values of the reactive power. A solution,
which was used in [6], is to set Or 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 Qg 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 Qg is

presented. Clearly, Or affects the maximum power that can
be extracted from the rotor winding and the Joule loss Pjr3
of the rotor:

5 . .
Py = ERR (I;Sd + ’;311 ) (36)

For a given level of P, the loss Pjr3 is minimized when
the distance between i,, and the origin of the complex plane

ir3d - ir3q 1s the shortest. This condition is obtained when the
current component iz, is equal to zero. By imposing

irs, =0 in (25), one finds:

5 .
O = _EAO‘)3LR3l12?3d .

Equation (37) states that the losses Pjs are minimized
when the rotor inverter compensates the reactive power of
the inductance Lg3. When (37) is imposed, the maximum
(35) for P can be theoretically reached. Therefore, the ideal

trajectory of i,, in the complex plane irsq- irs, is @ segment

(37

that starts from the origin when Py is zero and reaches
v,/ 2R, when Pg equals its maximum defined in (35). A
graphical example of the ideal trajectory of i, is shown in

Fig. 2. However, the admissible operating points must also
satisfy the thermal constraint of the rotor current

.2 2 2
IR3d + lR3q < IR3max (38)
and the voltage constraint of the rotor inverter
2 2 2
Visa T Vrig < V R3ma - (39)

Current Igsmax represents the thermal current limit of the
rotor winding while V,, . is the maximum voltage that can

3max
be synthesized by a multiphase inverter in the linear
modulating region, as discussed in [19]. For a five-phase
inverter, if v,, is equal to zero, the maximum amplitude of
the rotor phase voltages ¥, is:

3max

E

V _ RDC

R3max
2sin(2 nj .
5

By substituting the voltage components v,,, and Vg;, of

(40)

(22) in (39) and considering the system at steady state, the
following inequality can be obtained:

2
2
Rpv A0, L3V, J < V R3max

[N L. S R [ S < 41
[’”" R,§+Aw§Li3j [’”q R; +AwiL, R;+Aw§L;3( )

Voltage limit Y insg
‘f 53‘ = cost
Ao = cost

(IRSd min > lRqunx)

(xm Y, ) Current limit

Fig. 3. Trajectory followed by current er3 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
(x,. Yy, )andtheradius r,  ofthe circle are:
RpVere Ay LysV,e
M = p2 77 Wi T 32 12
Ry + Aoy Ly, Ry + Aoy Ly, 42)
fom R+ ALY,
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 Pg.

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 ip3; =—Ip3my I (24) as

follows:

= —%(Rleze}max ~Vexel R3max )

Conversely, when the voltage limit is more stringent than

PR max (43)

the current limit, Pk can increase further only if 7,, 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 Epcr, iy, is
on the voltage circle and its magnitude is /z3max-

In the second case, the maximum value for Py 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 i,, can be

geometrically deduced as follows:

V¥ e 2RRACO3 LR3
tano = = Al R (44)
xPR - xVRmﬂx a)3 R3 - R
iR3d R RRvexc _ VR3max cosa (45)
min 2 272
Ry + Az L, \/ Ry + Aw; Ly,
. _ A(1)31’133‘)@:(: VR3max Sil'l o
1R3qmax - (46)

Ry + A3y \JR2 + A0PL2y

The maximum power can be calculated by substituting the
components (45) and (46) of the current fR3 in (24). Any
attempt to follow the trajectory of the voltage limit beyond
point (igsgmin>irsgme) involves a reduction in the power Pp.

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

point (igsgminsizsgma) can be reached only if the thermal
constraint for the rotor currents (38) is satisfied.

[lI. 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 7 is controlled by a traditional
direct vector control scheme implemented in a reference
frame with the d-axis aligned with the rotor flux @, as

described in Section II.B. The error between the reference
speed @, rr and the actual one is sent to the PI controller (a),
which generates the setpoint isig s In order to guarantee
high torque dynamics, the magnitude of the rotor flux ¢, in

(14) is kept constant by setting the current reference is;q s to
its rated value. The current references isiqrr and isiqrer are
tracked by the PI controllers (b) and (c). Moreover, the
estimated back-electromotive forces vsidcomp and vsig.comp of
the machine are added up to the output signals of the PI
current controllers to create the reference voltages vs;q.r and
vsigrer- 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 @ . The magnitude @, angular position 0,, and

angular speed m; of @3, 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
vy 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

zTSS3, defined in (18), which rotates at angular speed ws. For

the tracking of the reference current, the PI regulators (e)-(f)
have been implemented in an arbitrary reference frame ds-q3
rotating at speed 3, whose angular position can be
calculated by integrating (19). The reference current is3q s is
equal to the current magnitude Is3, while the current
component isi s 1s 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 Vsidcomp and Vvsigcomp can be
calculated as:
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Fig. 4- Block diagram of the control system and schematics of the five-phase doubly-fed induction motor drive.

V§3d.comp = ~®3Lg3i53,

. 47)
V§3g.comp = D3Lg3ig34

Once v, and vy, 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 V,, 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 Pk is based on the
control of the d-q components of the rotor current i,, written
in a reference frame with the d-axis aligned with the current
vector jigs. Since the rotor controller cannot receive the
measurement of the stator current, an estimation of lTSR3 can
be found by integrating (6) and solving (8):

1-_5133 _ 611;3 _LR3 1-153 . (48)
M,

The rotor flux @, can be obtained as follows:

_ -R.i
ks =—S i (49)

where s is the Laplace variable. Therefore, the stator current

TR .
seen from the rotor reference frame ig; 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 75 is constant and equal to Aw,, according to (20).

The electrical quantities in (49) are rotating vectors at
angular speed Awm,. 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

Ao, :

T

—R S
Q3 = Totos (VR3 —Rp ’R3) (50)
The time constant T, of the filter must be selected so that
1 1
—<—Aow,. (51)
T, 10

Once the estimated current ESR3 is available, the excitation

voltage vector ¥X can be calculated as:

exc

VR = JMyAmig . (52)
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The real and imaginary components of vector v, are

used to find the angular position 0., of the reference frame

adopted for the control of the active and reactive powers Pr
and Qg, as described in Section II.

Two PI current controllers, (m) and (n), track the
references irsarr and irsgrr by generating the components

vraa and vrys of the voltage vector v,,. 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 Vrsgcomp and Vrsgcomp can be
calculated as:

VR3d,comp = Vexc ~ A("JLRSI.RSq (53)

vR3q,comp = AmL}??JiR?sd

The current references ir3q s and irsq,ror are generated by

two control loops. The task of the first loop is the regulation
of the voltage of the dc bus Erpc by acting on ig3qrr. In fact,
keeping Erpc constant means that, at a steady state, the
active power Pz 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 . If the magnitude of the

reference voltage V,, is compatible with the voltage

constraint (40), the current ir3q s 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 ir3, o 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 iz3a min
and irzgmee that maximize the power Pp, 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 iy, and iz; . The control method

proposed in this paper assumes that the excitation voltage
Vexe 18 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 i, equal to its reference (18). For this reason, the
control bandwidth of i, must be wider than that of the

rotor current ips.

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 1 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 FI12-25R12KT4G IGBT

modules, which are controlled by Texas Instruments
floating-point DSPs.

The results reported in this section have been obtained by
imposing Espc equal to 300 V through power supply TDK
Lambda GEN600-5.5.

The reference value of the magnetizing current isiq s has
been kept constant at 2.6 A, while the current isigrer
requested by the speed controller (a) has been limited to +
4.6 A. Consequently, the drive can produce any torque 7
between + 30 Nm. The braking torque 7% 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 ig, has been set with a
magnitude of 2.7 A and an angular speed Aw, of 628.3 rad/s

(100 Hz). The set-points of the currents and the angular
speed Aws have been selected in order to deliver a power Pg
of 200 W generating a small torque disturbance 73, which is
about 10% of Ti. This choice allows to treat the torque 73 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 Pk is
150 W is shown Fig. 6. The phase current is, is composed of
two harmonics. The low-frequency component is related to
the torque 77 as described in Section II.B, while the high-
frequency component is related to the power transferred to

(g

Fig. 5 - Pictures of the small-scale rotary assembly station setup.

YOKOGAWD 4 380 1 500kS,s  Z0ns/div

isip
Is3p

iSla iSSa
Fig. 6. Vector space decomposition of the stator currents at steady
state. Waveforms of the stator phase current is, (2 A/div), current
components isiq (2 A/div), isig (2 Aldiv), iss (2 A/div), and iss (2
A/div).
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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 Tg is 30 Nm.
Waveforms of the rotor phase current iz, (1 A/div), the current
component igsq (1 A/div), the current component irs, (0.5 A/div), and
the power Pg (30 W/div).

the rotor loads as described in Section II.C. The loci of
vectors i; and i, 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 izi,, which is related
to the torque 71, is a sinusoidal waveform with almost
constant magnitude and frequency. Therefore, both the speed
of the rotor and the torque contribution 7; are nearly
constant and independent of Pz. Conversely, the magnitude
of irsq rises if Pg 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 73 is
generated when Py is different from zero. During the tests,
the torque T3 is theoretically equal to 2.9 Nm when Py is 200
W. Therefore, a minimal variation of 7 is required to
compensate 73 and control the speed of the machine.

Fig. 8 depicts the loci covered by current 7 3 in the plane
ir3d - ir3g when Pp changes from 0 W to 200 W for several
values of Erpc. The curves on the left-end side of the picture
have almost the same magnitude of the current component
ir3a, corresponding to a rotor power of 200 W. It is worth
observing that the trajectory of i, ; lies entirely on the d-axis
only if Erpc 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

TABLE | - PARAMETERS OF THE FIVE-PHASE MACHINE
Rs=17Q Ry =48Q

T} ratea = 50 Nm
L51=411mH,L53=68mH :
Ly =939 mH, Ly = 15§ mH  @mrosed =3 -; iagﬂs (50 rpm)

M, =555 mH, M; =53 mH
israted = 4.8 ArMs, iR rarea = 2.1 Armis
isidraied= 3.5 A

Rotor turn-number Ny = 89
Stator turn-number Ng= 58

TABLE Il - PARAMETERS OF THE REGULATORS
Speed regulator (a) k,=0.6 A-s/rad, k;=6.3 A
Current regulators (b) and (c) k, =29 Q, k; =600 Q/s
Current regulators (d) and (e) k, =78 Q, k;=2000 Q/s
Current regulators (m) and (n) k, =66 Q, k; =2000 Q/s
Erpc regulator (h) k,=0.1Q"  k=05Q!s!
Rotor voltage (i) k,=0.01 Q" k=10 Q's!
Time constant t,used in (50) for

the estimation of the flux 6% r=0.0318 s (5 Hz)

YOKOGAWA %
Erpc = 190 V|

10k3-/5

Erpc=210V_].. 5 e, o
Eroc =230V
Erpc =250 V\”

Erpc=270V-T-

L 0.25 A/div

Fig. 8. Trajectories followed by current 17R3 in the plane irsq - ir3q

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

obtained under the constraint irz; = 0 decreases as the
available voltage Erpc reduces. Finally, higher levels of Pr
can be obtained by injecting a positive current iz3, 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 /53 and the same angular speed Aw, . 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 73, the mechanical speed ®,, the dc-link
voltage of the rotor inverter Erpc and the power extracted
from the rotor winding Px.

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.
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YOKOGAWA # 1 Sk3-s

+15 iy

Fig. 9. Emulation of a generic working cycle for rotary assembly
stations. Waveforms of the estimated torque T; (4 Nm/div),
mechanical speed wm (10 rpm/div), rotor voltage Egpc (20 V/div), and
power Pg (20 W/div).

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 Pg is extracted from the rotor winding using
a direct power control scheme. The rotor inverter measures

the current i,; and imposes a voltage Vr3rys in phase

opposition, such as to extract the required power Pg . 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 i,, 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 i 2

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 Pgmaie)- The maximum power
Prmaris) can be calculated by geometric relationships in the
tangent conditions between the active and reactive power
circles depicted in figure as follows:
2 2

X, Vo, =(”QR +VPR)Z- (A)

By considering (30), (34), (Al) and imposing O = 0, it
can be verified that Pg 6] is equal to

5 , RE+A0 Ly — Ry
PRmax[é] = Zvexc A(DZLZ :
R3

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
irs3g = 0. If the voltage constraint (39) is satisfied, the
maximum power transferred to rotor loads of the proposed
method is:

(A2)

5
= _E(RRIIZQSmax + vechR3max )

To compare the power limit of the two control schemes,
the same values of A, stator current magnitude /s3 and rotor

P Rmax (A3 )

‘175'3‘ = cost I3y
N " P, =0
® = COS
/ PR,max[()]
Rective power loci
1
X 3 0, =0
\ /r, /
\\rp;( \ ‘ O
\\ ’,2_ Pt
\ -
\
o= .
(xpk ,0) \ LR3a
(O,yQR )
Activepower loci

Fig. 10. Trajectory followed by current fR3 when the control scheme
in [6] is implemented.

current magnitude /z; should be considered. As can be seen
in Fig. 10, in [6] the maximum current occurs when Pz is
zero and can be calculated, with a good approximation, as:

exe (A4)
A®L 4

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:

_5 p AoLg —Rg
2 exc Am2L2R3 *
The ration between power (AS5) and (A2) is then equal to:
Ponn 2(ALy - Ry

Prmaxis]  [R2 +Aw?L3; — Ry

Equation (A6) shows that if Am 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.

I R3maxie) =219 =

P, Rmax (A5 )

(A6)
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