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ABSTRACT This paper is concerned with velocity control in a permanent magnet synchronous
motor (PMSM) when it is fed by an inverter-DC/DC Buck power converter system as power amplifier.
We present, for the first time, a formal local asymptotic stability proof to solve this control problem. We stress
that this is the first time that this problem is solved for an AC motor. Our control scheme is simple when
compared to differential flatness- and backsteping-based proposals in the literature to solve this problem
for DC motors. The key for these achievements is the employment of a novel passivity-based approach
which takes advantage of the natural energy exchange among the electrical and mechanical subsystems
that compose the inverter-DC/DC Buck power converter-PMSM system. The main features of this novel
passivity-based approach are summarized in this paper.

INDEX TERMS Energy-based control, inverter-dc/dc buck power converter system, Lyapunov stability,

permanent magnet synchronous motors, velocity control.

I. INTRODUCTION

One common technique that is used to provide power
to electromechanical systems is pulse width modulation
(PWM). However, the hard commutation that is intrinsic
to PWM stresses the actuator (electric motors) inducing
abrupt changes in its dynamics which are observed as sudden
changes in voltages and electric currents [1]. One manner
to avoid this situation is the employment of DC/DC power
electronic converters. Since these devices have embedded
capacitors and inductors, they provide smooth voltages and
electric currents, diminishing noise produced by the hard
commutation in PWM-based power amplifiers.

The mathematical models of some DC/DC power elec-
tronic converter-DC motor systems were proposed for the
first time in [2]. Since then, many works have been
reported on the control of different combinations of sev-
eral DC/DC power electronic converter topologies and
DC motors [3]-[13].
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In the recent works [14]-[17], the introduction of an
inverter between the DC/DC power electronic converter and
the DC motor has rendered possible the bidirectional control
of velocity. The problem with the proposed inverter-DC/DC
power electronic converter topology is that the hard commu-
tation of the inverter still appears at the DC-motor terminals.
Motivated by this drawback, in [18] is proposed a novel
inverter-DC/DC power electronic converter topology having
the advantage that the hard commutation of the inverter is not
present at the DC-motor terminals.

In the present paper we extend the application of the
inverter-DC/DC power converter topology introduced in [18]
to feed a permanent magnet synchronous motor (PMSM) for
velocity regulation purposes. We present a formal stability
proof ensuring asymptotic stability when the desired velocity
is constant. Our main contribution is that, for the first time,
velocity is controlled in an AC motor when it is fed by an
inverter-DC/DC power converter. We stress that the previous
works in the literature are devoted to control DC-motors
whose dynamical model is well known to be linear. Recall
that AC motor models, and in particular the PMSM model,
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are well known to be nonlinear and multi input-multi output.
This renders much more complex the control design task and
represents the merit of our contribution.

The features of our proposal are the following.

o The proposed control scheme is composed by four PI
control loops. This results in a simple and robust control
law as opposite to control laws obtained when applying
the control techniques (i.e. differential flatness and back-
stepping) that have been proposed to solve this problem
in DC-motors. It is the authors belief that this is the
very reason why any work solving this problem for AC
motors has not been reported until now.

o Our proposal relies on a novel passivity-based approach
which exploits the energy exchange that naturally exists
among the electrical and mechanical subsystems that
compose the inverter-DC/DC Buck power electronic
converter-PMSM system. This feature is instrumental
to design a simple control law because such energy
exchange is represented by the natural cancellation of
many terms in the stability analysis. If this was not
the case such large amount of terms should be exactly
cancelled by computing and feeding back them.

« Contrary to standard passivity-based approaches as that
in [19], and other more recent approaches as that in [20]
which might be tried to solve this problem, our approach
does not require to feedback the time derivative of either
the desired electric current nor the desired voltages. This
fact allows us to avoid the online computation of a very
large amount of terms and, hence, it is also instrumental
to obtain a simple control law.

o Our proposal relies on dominating many cross terms
instead of cancelling them. We stress that even the
approach in [19] is unable to achieve such terms domina-
tion because the proposal in [19] requires to ensure that
the electrical subsystem error converges exponentially to
zero. Then, this error is used as a vanishing disturbance
for the mechanical subsystem dynamics. This procedure
is not possible if the electrical subsystem receives the
effect of the mechanical subsystem through the exis-
tence of cross terms between them.

This paper is organized as follows. In Section II we intro-
duce the plant to be controlled and present its dynamical
model. The passivity properties of the plant are described in
Section III where we also show how the energy exchange
among the system components can be exploited. Our main
result is presented in Section IV. In Section V we present a
simulation study. Finally, some concluding remarks are given
in Section VI.

Il. MATHEMATICAL MODEL

The inverter-DC/DC Buck power electronic converter-PMSM
system is depicted in fig. 1. The inverter-DC/DC Buck power
converter is composed by four transistors Q1;, O2;, Ql s sz,
an inductor L, a capacitor C and a resistance R.. This
arrangement of components is repeated three times to have a
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FIGURE 1. The inverter-DC/DC Buck power electronic converter-PMSM
system.

three-phase system that feeds the three phases of the PMSM.
The symbols i, Vj, I, j = 1,2,3, represent the electric
current through the inductance L, voltage at the capacitor C
terminals, and electric current through the j—th phase of the
PMSM. Because of the transient responses, the three-phase
source voltages are not ensured to be balanced, i.e. Vi(f) +
Va(t) + V3(t) = 0 is not true for all the time. The balanced
voltages assumption is a standard argument to obtain the
standard dq dynamical model of a PMSM having an isolated
neutral (see [21], Ch. 7). Hence, we also show how to handle
the unbalanced voltages assumption to retrieve the standard
dq dynamical model of PMSM’s. The symbol E stands for
voltage of the DC power supply. The system inputs are v;
which only take the discrete values {41, —1, O} representing
the on-positive, the on-negative and the discharging states of
transistors Q1;, 02, O1j, Q2 [18].

Using the results of [18] we find that the dynamical model
of three inverter-DC/DC Buck power converter systems is
given as:

dic;
Z = —V; + Evj, ()
Cdvj ] I 14 2)
- — L,
dt v R,
where j = 1,2,3. Let U = [uy,u, uz]T represent the

average values of [v, v2, w]7. Also, with some abuse of
notation, let I, = [ic1, ic2, i3]’ I = [[1, [, 3], and V =
[Vi, Vo, V3]T, represent the average values of the correspond-
ing variables. Thus, the average model of the above switched
dynamical model can be written as:

Ll. = -V +EU, 3)
) 1

CV=1I—-1-——V. 4)
C
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Using the dq transformation [22]:

x=T"xy, xnv=Ixg x4, %1, )

0+ 2
cos —
3

T \F in(©) sin (60— 2% sin (6 + 2 ©)
=4/z | sin@®@) sin|{ 6 — — ) sin — ,
3 3 3
1 1 1
V2 V2 V2
where x stands for U,V,I,I., and 6 = npq with g the
mechanical rotor position and »n, the motor number of pole

pairs, we have that (3) and (4) can be written as (recall that
T =17"):

2
cos(f) cos |0 — ER

ch'N = —npLGI.yw — VN + EUy,

. 1
CVy = —nyCG1Vyw + Iy — In — ITVNv
C
0 1 0
Gi=|-1 0 0
0 0 O

On the other hand, in fig. 2 we show the star connection of
the stator phase windings of a PMSM and the star connection
of a three phase voltage source when the motor neutral 7 and
the sources neutral n are isolated. Let Vy;, V5, V35 represent
the phase to motor neutral voltages, let V", V., Vs* represent
voltages at points 1,2,3, in fig. 2, and let V;, V,, be voltages at
the motor neutral and the sources neutral, respectively. Then,
Vin = Vi =Va, Vo = Vi = Vi, V3 = Vi =V, Vi =
Vi=Vu, Vo =V =V, V3 =Vy—V,, and define V;, =
Vi — V. In [21], pp. 422, it is demonstrated that V; + Vy; +
V3 = 0 is always true because I1 + I, + I3 = 0 is always
ensured by the star connection with isolated neutral of the
motor phase windings. This allows to prove in [21], pp. 423,
that the following is always true:

Vi+Vo+V3
—

Vﬁn = @)

FIGURE 2. The star connection of the motor three phase windings fed by
a star connected three phase voltage source.

Hence, using Kirchhoff’s Voltage Law, Faraday’s Law and
Ohm’s Law to each phase winding we have that [21]:

A+RI =V =[Vi=V;,,Vo — Vi, V3 — Vi, 1T,
V = [Vig, Vai, Vaal", A = LI +T, (8)
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where R stands for the phase windings resistance, A repre-
sents the flux linkages at the stator phase windings, L is the
motor inductance matrix and I" is the flux linkages due to the
motor permanent magnet. Then applying the dq transforma-
tion defined in (5) to (8) and using (7) we find (see [22] for
further details):

Ly, = —Rl; — npLalyo — Sy + V,, ©)
Lalg = —RI; + nyLyl,o + Va, (10)
Lojo = —Rly, (11

Jo> = —bo + ny(Lg — L)laly + Pyly — 7z, (12)

where the positive constant scalars Ly, L, Lo stand for the
dqO0 phase inductances, w = ¢ is the motor velocity, @y, b, J,
are positive constants standing for torque constant, viscous
friction coefficient and rotor inertia, respectively, and 77, is

load torque. Notice that, according to (5), (6), Iy = %(1 1+

I + Iz) and Vy = \/g(Vl + Vu + V3). Moreover, the star
connection with isolated neutral of the motor phase windings
ensures that /[p = O for all time. This is consistent with the
fact that (11) has no input and it is exponentially stable. We
also stress that in the case of balanced source voltages (11)
converts into Loio = —RIy + Vo, which is consistent with the
balanced current condition, i.e. Iy = 0, since Vy = 0 when
the source voltages are balanced. Thus, (11) is also consis-
tent with the unbalanced source voltages condition because
Vo # 0 is not present, ensuring Ip = 0 for all time.

Thus, the dq model of a PMSM fed by three inverter-
DC/DC Buck power converter systems is given by (9)-(12)
and:

Liy = —nyLlq0 — V, + EU,, (13)
Lica = npLlegw — Vg + EUy, (14)
Ll = —Vo + EUp, (15)
) 1
CVy = =npyCVa +Ieg = Iy = 7~ Vay (16)
C
. 1
c
) 1
CcVy =IC()—I()—ITV0. (18)

c

Important for our purposes is the following class of satura-
tion functions.

Definition 1: Given positive constants L* and M, with
L* < M,afunctiono : R — R : ¢ — o(c) is said to
be a strictly increasing linear saturation for (L*, M) if it is
locally Lipschitz, strictly increasing, and satisfies [23]:

o(¢) = ¢, when|¢g| < L*,
lo(¢)] < M, Vg € R.

Ill. OPEN LOOP ENERGY EXCHANGE
Consider the dynamical model in (9)-(18), excepting (11),
(15), (18). The total energy stored in the system is
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given as:
V(Va, qu Ieq, ICL]s Iq7 Iy, o)
C
= E(Vf +V)

L 2 1 2 2 L.
+ 5(1“1 +15) + E(quq +Lal))+ ij . (19
The terms C(V[% + qu) /2 stand for electric energy stored in
capacitors of the Buck power converters, whereas L(Iczd +
ICZq) /2 represent the magnetic energy stored in inductances
of the Buck power converters, and (L,/ 3 + Ldlc%)/Z stand
for the magnetic energy stored in the electrical subsystem of
the PMSM. Finally, %J w? is the kinetic energy stored in the
mechanical subsystem of the PMSM. The time derivative of
V along the trajectories of system in (9)-(18) is given as:

. 1
V = Valn,CVyw + Ieqg — Iq — ITVd]
C
1
+ Vq[—l’lpCVdCl) + Icq - Iq — ITV(]]
C
+1eq [anIcqw —Va+EU,]
+legl—npLllcqw — Vy + EU,]
+14[—RIl; — npLalgw — Py + V4]
+14[—RIg + npLylyo + V4]
+owl—bw + ny(Ly — Llaly + Pyly — 1]

Notice that several terms cancel to obtain:
. 1
V= _ITC(vq2 +V]) = RU; +1]) — bo* — o1,
+ El.qUq + ElcqUy.

We stress that these term cancellations represent 1) energy
exchange between the electrical and the mechanical subsys-
tems of the PMSM, 2) energy exchange between the capac-
itor and the electrical subsystem of the PMSM, 3) energy
exchange between the capacitor and the inductance of
the Buck power electronic converter, 4) energy exchange
between the dq phases of the inductor of the Buck power
electronic converter, and 5) energy exchange between the
dq phases of the capacitor of the Buck power electronic
converter.

Hence, if we define the input [EU,, EUy, —‘L'L]T and the
output [log, Ied, w]”, then the dynamical model in (9)-(18)
is passive. These properties are exploited in this paper to
design a velocity controller for the inverter-DC/DC Buck
power converter-PMSM system.

IV. MAIN RESULT

Our main result is stated in the following proposition.
Proposition 1: Consider the mathematical model in

(9)-(18) in closed-loop with the following controller:

1 . r.
Uy = — ( = Kpeglog — Kicq / Ichr> , (20)
E 0
1 ~ L.
Us = E (V; - pcdlcd - Kicd/ chdr> , 2D
0
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Up =0, (22)

1 i

Ly = Ve = KovaVy + 1
C

LK, v, -

C”Vq 1a,> dr, (23)

t
— Kdi/ <Vq + npLowleq +
0
1 -
= Vi —KpvaVa+13
c
pVd 3

rr. ~ LK,
— Kiva Va —npLwleq + Iq ) dr, (24)
0

1 t
=0, 1 = ko~ ko). 2= [ adr, 03)

* ! o npL -
Vi = —opaly — aig Iy —nyCoV,; — R—Icqw
0

c
Lopg (1 ~
— 4+ K, 1.
+ Ly <Rc+ de) cd

— anKqua)icq +

Capy -
Ypd Vd>dr, (26)
Ly

* e o L -
Vq = —apgly — ajg A I; +np,CoVy + ® wlcq

.
Loy, (1 ~
+ — + K I
L, < R. qu) cq

- Capq -
+ Ln,Kpvawlcq + I Vy |dr, 27)
q
where:
i =la—15 Vi=Vi=V, (28)
d=w—-o0, L=L-I, (29)
with subindex i standing for d and q and I} = 0, 0* is

a real constant standing for the desired velocity, o(z) is a
strictly increasing linear saturation function for some (L*, M)
(see Definition 1). Furthermore, it is also required that func-
tion o (z) be continuously differentiable such that:

do(2)
Z

0<

<1, VzeR. (30)

There always exist positive constants kp, k;,0tpd, ttpg, Kpvg,
Kpva, Kpeg> Kped > Kicgs Kicd> Kivg> Kivd, %id» %ig, B, such that
the origin of the closed-loop system is locally asymptotically
stable.

A. CLOSED-LOOP DYNAMICS

First notice that the zero sequence dynamics (11), (15), (18),
is globally exponentially stable. Also notice that the remain-
ing expressions in the model (9)-(18) are independent from
the zero sequence variables, i.e. 1.9, Vo, lp. Thus, choosing
Up = 0 in (22) is enough to ensure that [p = 0 and both
I.o — 0, Vo — 0 exponentially as time grows. This means
that both I, = [ic1, ic2, 317 and V = [Vy, V2, V3] become
balanced as time grows. Moreover, according to (5), (6),

Uy = %(ul + up + u3) and, thus, Uy = O is consistent
with the values of u1, u», u3, computed using the inverse dq
transformation U = TT Uy.
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On the other hand, define:

! npL ~
d = ana)V — — o
0 R

Layg (1 ~ ~
I z + Kpvi | Iea — LnpKpy ol
C
C . *
+ 220G Nar — PE9P o 4 1), 31)
Lgq ajqg Py

e ~ npL -~
g = A I; +n,CoVy + R wl.g

C

Loy, (1 - ~
+— =+ Kqu Icq + anKdewch
L, R,

Capg ~ 1
+ 3 Vv, )dr +— CD_(bw + 1) + Py o*

q Qg M
(32)
Hence, from (26) and (27) we have:
V; = —Olpdld — Wi4zd — 6,
nyLgw*
§ = L1 (bo* 4+ 11), (33)
Dy
Vy = —opgly — digzg +§,
R k >k
E=—0w" +1)+ Pyow™ ). (34)
Dy

Adding and subtracting I ¥ cq Iy, CV* nyCVa*, nyCVio,
anVja)* CV}, npCVyw*, n,CV;a, anV*a)* and replac-
ing (23) and (24) in (16) and (17), respectlvely, we find:

CVy = —nyCVyio —
—npC(—apaly — Qigza)w* + 7cq

1 ~ . .
_ <R— + Kqu> Vg — KivgGvg — Iq — CV;, (35)
c

n,CVjd — anf/da)*

CVa = nyCVy> + n,CV, 0 + n, CV,yo*

+ an(—ozpqiq — wjgzg)®* + Ig

1 ~ - .
- (— +Kde> Vi — Kivatva —1a — CVj, (36)

'
Cvg = f <Vq + ana)I )dr
0

— —dw", (37)

Kivg
t
vd
é-vd = / <Vd }’lpL(!)ICq + g ch> dr
0
— ——E£o*. (38)

n,C
Kiva
On the other hand, notice that:

1 -
Iy = cp_(_k”w —kix(2) + bo™ + 11), (39
M

if we define:

1
x@) =0+ ;(bw* +17). (40)
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Hence, from (23), (24), (33), (34), (37), (38), (39), we can
write:

1 - -
Ic*q = —(—apgly — igzg) — KpvgVy —

R Kdiqu
C
1 -
+ @(—kpw —kix(2) + &1, 41)
1 * 1 k
& = R—CE —n,Céw™ + @(ba) + 11),
1 -
= R—(—Olpdld — igzq) — KpvaVa — Kivatva + &2,
C
1
& = —ITS —n,Céw™. (42)
C

Thus, replacing (20) and (21) in (13) and (14) respectively,

and adding and subtracting n,LI.4w", Llc*q, LI* o> LI, * w*,

n,,LIC* , npLl 0%, nI,LIC*da)*, np LI, @, we find:

Ll = —npLlegd — nyLI%,& — npLlgw* — 7,
Kpcqlcq - icng Llc*q

1 ~
—n,L (}T(_apdld — igza) — KpvaVu
C

in{vd>w*, (43)
Licd = anicq(;) + }’lpLIc*qCZ) + anicqw* — ‘N/d
- Kpca’icd — Kicala — Lic*d
1
+np,L| —
iz

(_O‘pqlq ®igZg) — Kpvg V

1
Kdiqu + q)_(_kp&) - kiX(Z)))CU*, (44)
M

L. 1
g =/ Leqdr + npL&w™,
0 Kicq
L. 1
la =/ Loqdr — npLE w*. (45)
0 Kica

Replgcing (25) and (27) in (9) and adding and subtracting
V;, LqI;, Oy w*, RI;, npLqlg0* we obtain:
Loly = —(R + ap)ly — npLalgd — ®péd — gz

b 5 R it 4V, 6)
q)Mw CDMXZ aly -

On the other hand, replacing (25) and (26) in (10) and
adding and subtracting V7, n,Lglq0*, n,Lyl;é yields:

—npLgly "+

Lalg = =R+ apa)la + npLgly@ + npLyl i + Vg

~ npLgk;
+npLglyo* — L 0* x(2)
Dy

n Lykp ..
PP Sa* — oid2d- “n
Dy

Finally, adding and subtracting n,(Ly — Ly)I4], ;, o)V} ;‘, bw*,
using (39), and taking advantage from the fact that Jo* = 0,
we can write (12) as:

I = —(b+ k) + np(Lg — Llal,
+np(La — Llal} + Pyly — kix(2).  (48)
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In the above dynamical equations we have that, from (39),
(27), (26), (23), (24):

. 1 2z dx(2) .
* __ _ L.
Iq = E( kp(,() kl dz w ], (49)
- X - . npL -
Vq = —apgly — ajg| Iy +n,CwVy + R wl.q
C
Lopg (1 ~
A R
- Capq -
+anKdewICd + I Vq s (50)
q

- . ~ npL ~
Vi = —opaly — aijg| lg —npCawVy — R Ieqo
C
La,; (1 .
+ L_ji) (IT + Kde) Lea
C
Caypg ~
rd vd), (51)
Ly

. 1 . M .
Ic*q = ITCV; —vaqVq-i-I;

— Ly Kpvgwleg +

- . LKy, ~
—Kivg | Vg + npLoleq + C Iy ), (52)
s 1 - X
ed = - Va — KpvaVa
C

LK,y

—Kiva (Va’ —npLwl.4 + 1. ) . (53)

The closed-loop dynamics is given by (31)-(53) and z =
fot a@dr. The equilibria of this dynamics are found as follows.
From 7z = fé wdr and 7z = 0, we conclude that @ = 0.
From (45) and ¢, = ¢4 = 0 we have that [,y = I.q = 0.
Hence, from (37), (38), and v = {va = 0 we find V, =
Va4 = 0. Proceeding analogously in (31), (32), we have that
I; = iq = 0. Using these results and & = 0in (48), we find
that x(z) = o(2) + kli(ba)* +1)=0,ie.z= —kli(bw* +11)
if:

L > Libot + 1) (54)
k; Lt

Moreover, from (49) we have iq* = 0. From (50), (51) and
7q = I; = 0 we have V; = 0 and V; = 0. Furthermore,
from V, = V4 = 0 and (52), (53) we have that [, = 1%, = 0.
Thus, using the conditions iq = 0 and Iy = 0 in (46), (47),
we find that z; = 0, zg = 0. Proceeding similarly in (35),
(36), yields ¢,y = 0 and &,¢ = 0. Finally, from (43), (44),
and Iy = 0, I,q = 0, we find ¢, = 0 and ¢; = 0. Thus,
the only equilibrium point is:

o -
y=0’ Where y= [a),z+;(bw*+TL),Iq,Id,Zq, Zdv
1
Vq: Vda quv é‘vdv icq’ icds é‘qv é‘d]T € R14' (55)

VOLUME 8, 2020

B. STABILITY ANALYSIS
The closed-loop dynamics (35), (36), (43), (44), (46),
(47), (48), can be rewritten as:
L 1 .
CVq = —anVdC() + Icq - Iq - IT + Kqu Vq
C
—n,CVid — an‘N/da)*
- I/lpC(—Olded - aidzd)w* - Kdi{vq - CV;v (56)
L. 1 N
CVy =npCVyw +Ieqg — 1g — (IT +Kde> Va
C

+n,CVyo + n,CV, 0

+ 1y, C(—0pgly — igzg)®* — Kivatoa — CV3, (57)
L[Cq = —anichB — Vq — Kpcqicq - icng

1
—npL (—(—apdld — QidZd)
R,
— KpvaVa — Kinﬁvd)w*
—n, LI o — aniCda)* — Li:q, (58)

Licd = anich) - ‘7d - Kpcdica' — Kica&a

1 - -
+ ”pL<IT(_O‘MIq — QigZg) — KpvgVy
C

1 -
— Kivgbvg + _(_kpa) - kiX(Z)))Cl)*
Dy

+npLl @ + npLlogo™ — LIy, (59)
Lyly = —(R + apl, — npLalyd — Oy + V,
* Rk, ~ Rki Tk
—npLglgjo™ + @w + @X(Z) — igzq — Lqly -
(60)
- L k;
+ anqlq*d) + npLgl,0* — "p%q Lw*x(2)
Dy
L,k
R ot — iaza ©61)
Dy
Ji> = —(b+ kp)d + np(La — Llal, + Oyl
+np(La — Lo)laly — kix (2). (62)

Notice that, excepting some changes of variables, the first
rows of the closed-loop dynamics in (56)-(62) are almost
identical to the open-loop dynamics in (9)-(18), except-
ing (11), (15), (18). One important difference is that the coef-
ficients of the damping injection terms have been enlarged.
Hence, improving stability, as shown below. The remaining
terms in (56)-(62) will be dominated by sign definite terms
in the stability analysis that we present in the following.
We stress that dominating these terms, instead of cancelling
these terms, improves the closed-loop performance because
this avoids numerical errors and noise amplification produced
when including a large amount of online computations.
Another important difference is that six nonstandard PI
control loops have been included. See (31), (32), (37), (38),
(45). This feature is intended to improve robustness with
respect to parametric uncertainties and external disturbances.
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These observations motivate the use of the following

“energy”’ storage function for the closed-loop dynamics
(see (19)):
C - ~ L - -
W(y) = E(vd2 +V)+ Eufd +12)
+1(L 12+ Lal?) + l(a‘ 2 4 @igz?)
) q'q dlg ) quq idZq
1 2 2
+ E(K’W $oa T Kivgliy)
1 » 71 + bo™*
t 5 Kica &g+ Kiegt )+ Vol @, 24 == =), (63)
1
=K
where:
. 17, + bo*
Vi@, 2+ )
ki
1
= _J&’
2

+1ki + B(b + k)] / s XU BIX (@)
Tk

i

We stress that function V, (@, z + TL';—?’”*), defined in (63),
is proven to be positive definite and rladially unbounded in
appendix if k, > 0, k; > 0, B > 0 such that (69) is satisfied.

Taking advantage from the following cancellations, which
are a direct consequence of the features explained in the
paragraph after (62):

anicdichU* — n,,Liqucda)* =0,
nPCV Vda) +anVdV w* =0,

Vdn,,CV @ — vq - n,,Cde =0, Valeg —1IaVa =0,
—led + IdVd =0, v, [Lq ]chq =0,
~Vl, +1,V, = 0, chanlcqa) IegnpLIad = 0,

L[—npLala® — @y @] + LalnpLylye + npLyl @)
+dlny(Lg — Llaly — npLolal; + ®yly] =0,
_~qaiqu + aiqzqiq =0, —Iljigzqg + digzaly =0,

— wkix (@) + [ki + B + kp)1x (D)
= Bx@Ob + kp)o =0, (64)

we find that the time derivative of W along the trajectories of
the closed-loop system (56)-(62), (31), (32), (37), (38), (45),
is given as:

. ~ 1 ~ ~
W =l [”pL (R_(_O‘pqlq) = KpvgVy
C
1 - -
+ —(—kpo — kix(2) + 51)60
Dy
+ npLIeqo* — Kpealea — LIY
1
+np ( (—apgly) = KpvgVy
C
+ —(—kpcb — k,-x(z)))a)*:|
Dy
- 1 . y
+Icq|: — an<IT(—Olded) — KpvaVa + Sz)w
C
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~ 1
— anICda)* —nyL <—(—Otpd1d)
R¢
— Kpvd Vd)w
+‘~/d npc(_apqiq + 5)(:) + an(_apqiq)w*
i N
- R— + Kde Vd - CVd
C
+V,| = npC(=apala — ) — nyC(—apala)w*

s ) .
— (ITC - vaq) Vv, — cv;]

+ Ly [—(R + apa)la + npLylyo*

— Kpegleg — Ll'c*q}

B anqk (D) — "PquP oo
Dy
Rk,
+I [—(R+ Olpq)l — andIda) + —
Rk CDM
i T%
1@ = L)

+BX@Inp(La — Ly)lal,
1 -
+ np(Ld - Lq)ld—(—kpa) —kix(2)
Py

+bo" + 1) + Puly — kix(2)]

~ . 1 _
+ o[—(b + kp)d + nyLaly _(_kpw

M

—kix(@) + bo* + 1)) + pr XD 2

74
LK,vq ~ LK,y -
+Kin§vd|: L ch] + Kdiqu[ L qlcqi|
Loy, (1 ~ ~
+ tigzyg L_ R_ + Kqu Icq +anKdewch
q c
Capg -~
V,
+ L, q
Lopg (1 = ~
+ did2d I, \& + Kpva | Ica — LnpKpvgwleg
¢
Copg ~
Val.
+ L, di|

Taking into account (30), it is found that W can be upper
bounded as:
u;d] + icq[ _ Lic*q]
+Vd[ - CV;] + f/q[ - CV;] + Il —Lyl}]

LKpvq 7 ]
cq

W =< _VTQV ‘|’icd|:_

LKyyq ~
P ch:| +Kdi§vq|:

o8 )
AigZ, —_— Ve N
q<q Lq R, pVq | “cq

7 Copg - |
+ LnyKpyawleq + I Vy

+ Lopg (1 e i
idZd Ly R. pVd | Lcd

Copg ~ T
Val, 65
I d_ (65)

+ Kiva&va [

— anvaqa)icq +
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where:

v =&, [x @l gl Ual, 1Vgl, Val, egl, Teall” € R,

(66)
and the entries of the symmetric matrix Q are given as:
n,Lgk n,Lk, -
01 = b+ky— BT — L LNy = LTy,
[OFY; Dy
BrylLy — Lolk;
O»n = Bki — %Ildl,
M
033 = R+ap;, Qaa =R+,
1 1
Oss = z +Kpvg,  QOss = R + Kpva
C C
077 = Kpcq’ Ogg = Kpcd’
npLak; Bnpky|La — Lyl
= = — 1| — I
O12 = 021 20y, 4] 20y, 1141
n,Lk; -~
— 2Ll
20y
0 0 Rk,
13=031=-— ,
2®y
npLyg npLgky,
— S Al b * Y A B * ,
Q14 = Q41 2¢M| ®" + 71| 20y, ||
Bnp|Lg — Ly| npLgki
=Q0p=—"L"0" "V by 4| — "),
0O = Oap 20, |bw™ + 71| > o™
Bnp|Lg — Ly| Rk;
= = — I — s
023 =0n > 4] 20y,
nyLg|w*| 1
O34 = Q43 = —pT - E”qu|w*|a
npCatpg npCo
= = —-——— I _— _’
Q15 = Osi 5 4] >
_ _ mpCapg|o™|
O4s = Osq4 = > )
n,Cotpy ~ n,Cé&
0Os6 =065 =0, Q16 =061 = _%U(A - pT,
_ 1y Catpg|w*|
036 = O3 = > ,
_ _ anKPVq|a)*|
Osg = Os5 = > ,
npL (1 -
017 =071 = — R—Olpdlldl + KpvalVal + &2 |,
C
_ . _anozpd "
Q47 = Ona = 3R, ,
_ _ anKde|(,z)*|
Q67 = 076 = > ,
n,LE  n,LK,y, ~
018 = 081 = — 2pq>M -2 2p A
npLatp, i npLky| ™|
2R, 1 20y
Oss = Ogo — _ankila)*|
28 82 20,
npLapg|w*|
= =" 67
033 = Os3 3R, (67)

Notice that matrix Q can always be rendered positive defi-
nite, if the entries of v remain small, by using large enough
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positive constants  kp, k;, pa, ctpg, Kpvg, Kpva, Kpeq, Kped
and a small enough 8 > 0. This is proven by showing
that the eight leading principal minors of Q are positive,
which is explained as follows. We have that Q;; > 0 can
be rendered true by using suitable values for k, and g if
171, 14| are small. Once this is achieved, the second leading
principal minor can be rendered positive if k; is large, 8 small
and |I;], |7cd|, are small. Notice that, although Q1> and Q07
depend on k;, the entry Q7> can be enlarged without enlarging
Q12 nor Q7 if |14], |i,3d| remain small.

Following this line of ideas, the remaining leading prin-
cipal minors can always be rendered positive, if the entries
of v are small, because the entry Q;; can be enlarged with-
out enlarging any of the entries of Q laying in the rows
and columns 1 to i. It is important to stress, however,
that in these remaining cases we have no need to resort
to the trick explained in the last sentence of the previous
paragraph.

On the other hand, using (49), (50), (51), (52), (53), (35),
(36), (46), (47),(48), (33), (34), (39), we can expand the terms
containing time derivatives in (65) to obtain their complete
expressions. Then, it is not difficult to realize that the last
five rows in (65) cancel with several terms in the above
described expansion of terms. Thus, we realize that after
a straightforward although tedious procedure, (65) can be
written as:

W < —vTpy, (68)

where P is a symmetric matrix which is built by following
the same procedure used to build matrix Q. This means that,
if the entries of v remain small, matrix P can always be ren-
dered positive definite using large enough positive constants
kp, ki, apa, apg, Kpvg, Kpva, Kpeq, Kpea, and a small enough
B > 0. This is proven by showing that the eight leading
principal minors of P are positive by using the procedure
explained in the paragraphs after (67). This means that W <
—vITpy < 0, if y is small, and the closed-loop system is
stable. Finally, since the closed-loop system is autonomous,
we can invoke the LaSalle invariance principle [24], Ch. 4,
to conclude that the origin y = 0 is locally asymptotically
stable. This completes the proof of Proposition 1.

Conditions for this stability result are summarized
b)’ kpv ki, Apd s Cpg, Kqu» Kdev Kpcqv Kpca'y Kicqs Kica, Kdi,
Kiva, g, iy, B, are positive, (69), (54) are satisfied, and the
eight leading principal minors of matrix P introduced in (68)
are positive.

Remark 1: The control scheme in Proposition 1 is made
up of four main loops: 1) a PI controller for electric current
through the inductor of the DC/DC Buck power converter,
2) a PI controller for voltage at the DC/DC Buck power
converter output (at the capacitor terminals), 3) a PI con-
troller for electric current through the motor stator phase
windings, and 4) a PI controller, with a saturated integral part,
for motor velocity; the saturated integral part is employed
in order to render possible to dominate some third order
terms, where this integral part appears, with some negative
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definite second order terms. Thus, our proposal contains
the fundamental components in industrial applications and,
hence, it is expected to be robust with respect to parametric
uncertainties and external disturbances.

Remark 2: The novel passivity-based approach that is

employed in this paper has the following properties.

o The cancellation of terms presented in (64) represents
the energy exchange among the magnetic energy stored
in the motor electrical subsystem, the kinetic energy
stored in the motor mechanical subsystem, the electrical
energy stored in the Buck power converter capacitor, and
the magnetic energy stored in the Buck power converter
inductor.

This property is a direct consequence of the fact that the
first rows of the closed-loop dynamics in (56)-(62) are
almost identical to the open-loop dynamics in (9)-(18),
excepting (11), (15), (18). Thus, the passivity property
that was established in Section III is instrumental to
achieve this step.

These term cancellations are instrumental to obtain a
simpler control law. This is because, if not cancelled
naturally, these terms must be cancelled using additional
terms in the control law. Also instrumental for a simple
control law is the fact that our design relies on dominat-
ing many cross terms instead of cancelling them as usual
in differential flatness- and backstepping-based designs.
Moreover, the standard passivity-based approach intro-
duced by [19] requires to complete isolated error equa-
tions for the electrical subsystems by computing and
feeding back online the time derivative of the desired
electrical currents and voltages. As it is clear in the
above proof, this would require a large amount of com-
putations which, as it is also remarked by [19], would
deteriorate performance because of numerical errors and
noise amplification. Finally, let us point out that similar
problems would arise with the control design approach
introduced by [20] because such technique also requires
to compute and to feedback on line the time derivative
of the desired electric currents and voltages.

o A nested-loop passivity-based control approach is
exploited in [19]. This means that the electric cur-
rent error is first proven to converge exponentially to
zero and this allows to use this variable as a vanish-
ing perturbation for the mechanical subsystem. This,
however, requires the online computation of the time
derivative of the desired electric current. Instead of that,
we use an approach which is similar to what was called
in [19] passivity-based control with total energy shap-
ing. Although the latter approach has been disregarded
in [19] arguing that it results in more complex con-
trollers, we prove the opposite in the present paper.

o The previous features of our approach allow to nat-
urally include PI internal loops, which are important
to improve the robustness properties of the control
scheme with respect to both parametric uncertainties and
external disturbances.
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V. SIMULATION RESULTS

In order to give some insight on the achievable performance
by the closed-loop system in Proposition 1, in this section we
present a numerical example. For this, we employ the PMSM
model Estun EMJ-04APB22, whose numerical parameters
were identified in [25],1.e.n, =4,R=2.7[Ohm], Ly =L, =
8.5 [mH], ®j = 0.301 [Nm/A], J = 31.69 x 107° [Kgm?],
b = 5279 x 107° [Nm/(rad/s)]. For the inverter-Buck
DC/DC electronic power converter system we choose the
numerical values employed in [18], i.e. L = 4.94[mH], E =
150[V], C = 114.4x 10~°[F], R, = 48[Ohm)]. The controller
gains are apg = 10, ajy = 30, apy = 10, ajy = 30, k, = 0.1,
ki = 20, Kyy, = 40, Kiy; = 80, Kyyg = 40, Kivg = 80,
Kpeq = 3000, Kpeq = 3000, Kiey = 2000, K;cqg = 2000.
Inspired by [23], we employ the following linear saturation
function:

X *
—L* 4+ (M — L*)tanh (M—L*)’ ifx < —L*
o(x) = 1x, if |x| < L*
_rx
L* + (M — L*)tanh <AX4_L*>, ifx > L*

where M = 43.49, L* = 42.26. The desired velocity is
defined as follows. Given:

r—t
th = 001[s], tr; =0012[s], a=—
' Ir1 — i
450 x 2
uj1 = O, url1 = %[rad/s],
@1 = a(252—1050a+1800a” — 1575a> +700a* — 1264°),
r—t
th = 0.06[s], t=0.063[s], b= —2
' Ifp —1ti2
450 x 2 —450 x 2
up = ﬁ[rad/s], upy = %[rad/s],

@2 = b(252—1050b+ 180067 — 1575b> +700b* — 1265°),

we have that:

0, T <ty

uit + (1 — wi)er, G <t <ty
o = ury, If1 =1 <1

up + (upp —up)gn, fip <t <1t

Ur2, Irp < 1.

We also consider a step torque disturbance 7;, = 0.6[Nm]
which is applied at ¢+ = 0.03[s] and disappears at t = 0.08[s].
Although the electric currents through the motor phase wind-
ings are always balanced it is interesting to observe the
effects of some unbalanced condition produced by some
disturbance. Moreover, as stated earlier, the source voltages
(at the converters capacitors) and electric currents (through
the converters inductors) may be unbalanced during the tran-
sient response. These are the reasons why all of the initial
conditions are chosen to be zero excepting Vp(0) = 5[V],
Ip(0) = 0.5[A], I.0(0) = 1[A]. Finally, we have employed
Ly =3[mH] < L, = Ly.
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FIGURE 3. Continuous: actual velocity response . Dashed: desired
velocity w*.

In fig. 3 we present the actual motor velocity w and the
desired velocity w*. We observe that o reaches w™* in steady
state which was expected because w* is assumed to be con-
stant in Proposition 1. Moreover, this is also achieved in
steady state despite a constant torque disturbance appears
or disappears. We have performed several additional simu-
lations which allow us to conclude that the transient response
can be easily modified by suitably selecting k, and ;.
We present the transient response in fig. 3 just because the
transient response there can be easily observed.

In fig. 4 we present the three voltages at the converters
capacitors. We observe that these three voltages are identical
for 0 <t < 0.01[s] which clearly shows that these voltages
are not balanced, i.e. that V| + V5 4+ V3 # 0, in this time
interval. This is because we have assumed that Vp(0) # 0
and, since the zero sequence dynamics is exponentially stable,
these three voltages become balanced, i.e. V) — 0 exponen-
tially, after a while, i.e. after r = 0.01[s] in fig. 4. We also
observe that any of these three voltages are not larger than
+60[V]. We recall that the rated voltage for this motor is
+200[V] rms (see [25]).

60 - |

40

20

Volts

0

-20

40

I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (seconds)

FIGURE 4. Three phase voltages at the converters capacitors V,, V,, V3.

In fig. 5 we can also observe that electric currents through
the motor phases are unbalanced for 0 < ¢ < 0.01[s]. Recall
that this is because we have chosen Ip(0) # 0. We observe
that the steady state values of these electric current are less
than +2[A] with some isolated peaks within £5[A], which
appear because of the sudden velocity reference changes.
These electric current values are consistent with the rated
current for this motor which is 2.7[A] rms (see [25]).

In fig. 6 we present the electric currents through the con-
verters inductors. We observe the same unbalanced condition
as in figs. 4 and 5. As an important additional observa-
tion, we realize that electric currents through the converters
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FIGURE 5. Electric currents through the motor phases I, 15, I5.
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FIGURE 6. Electric currents through the converters inductors i¢y, icy, ic3-

inductors reach larger values than electric currents through
the motor phases. This can be easily explained using fig. 1
where we have that I; = I; + Icj +Igc wherej = 1, 2, 3, and
Icj, I are electric currents through the converters capacitor
and through R, respectively.

In fig. 7 we present uj, us, u3, i.e. the average on-off
signals applied at the power transistor inputs. Recall that this
signals take continuous values in the range [—1, +1]. In fig. 7
it is corroborated that all of the three signals u1, u;, u3 remain
within this range all the time, despite the transient periods
when changes in the reference velocity are commanded and
when a torque disturbance appears and disappears.

No dimensions

i i I I I I I I
0 0.01 0.02 003 004 005 006 0.07 008 0.09 0.1
Time (seconds)

FIGURE 7. Average signals applied at the transistors inputs u;, u, us.

The three phase variables ploted in figs. 4, 5, 6,
and 7, have been computed using the dq transformation
in (5) where x takes the values [Vi, Vo, V3], (1, I, I3],
lic1, ic2, i3] and [uy, uo, uz] whereas xy takes the values
Vg, Va, Vol, Uy, 1a, 1), [UcqsIea, 1ol and [Ug, Uy, Upl,
respectively. Although it is usual in the control literature
on electric machines to report only the behavior of the
dq variables, we believe that more insight is given by
observing the three phase variables in this particular control
problem.
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Finally, in figs. 8, 9, and 10 we present results obtained
when there are uncertainties only in &, only in R, and only
in Ly, Ly, respectively. In these simulations we employ all of
the above plant and controller parameters but we consider the
following changes in parameters of the plant: 1) in fig. 8 we
use & = 0.15[Nm/A], in fig. 9 we use R, = 20[Ohm]
whereas in fig. 10 we use Ly = L; = 12.5[mH]. These
parameters are used for all the simulation time. We stress that
only fig. 10 has a small difference in the range of the vertical
axis with respect to figs. 3, 8 and 9. We observe that uncertain-
ties in the motor torque constant ®,, and inductances Ly, Ly,
have the largest effects on the velocity response. However,
these results also show that the control scheme is robust
with respect to uncertainties in these parameters since the
closed-loop system remains to be asymptotically stable and
performance deterioration is not observed to be large. The
plant parameters @y, R, Ly, L, are the most likely to present
changes or uncertainties during normal operation of the plant,
and this is the reason why we only consider uncertainties
in these parameters. Moreover, these uncertainties are not
expected to appear as abrupt (step) changes during normal
operation of plant.

rad/s

M
1
T
'
1
|
1
1
\

0 001 002 003 004 005 006 007 008 009 01
Time (seconds)

FIGURE 8. Continuous: actual velocity response ». Dashed: desired

velocity »*. Uncertainty in parameter ®,, is present.
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| | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
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rad/s
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FIGURE 9. Continuous: actual velocity response «. Dashed: desired
velocity »*. Uncertainty in parameter R is present.
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
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FIGURE 10. Continuous: actual velocity response . Dashed: desired
velocity »*. Uncertainties in parameters L; and Lq are present.

VI. CONCLUSION
We have presented, for the first time, a velocity controller
for a permanent magnet synchronous motor when it is fed by
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and inverter-Buck DC/DC power converter system. Although
our stability proof only ensures local asymptotic stability,
the merit of our proposal is that this is the first time that such a
problem is solved for an AC motor. Moreover, our controller
is much simpler when compared to proposals in the literature
for DC motors which are designed using differential flatness
or backstepping.

One difficulty to formally solve this problem is that the
dq model of the AC motor is required for stability proof
purposes whereas formal studies on inverter-Buck DC/DC
power converter systems are performed in original coordi-
nates. Hence, we propose, also for the first time, to perform
a dq coordinate transformation on the inverter-Buck DC/DC
power converter system in order to succeed to present a
stability proof. We believe that this idea may pave the way
to control other classes of AC motors, i.e. induction motors,
and we will present such a result elsewhere.

Another source of difficulty that was found is the fact that
the three phase source voltages might be unbalanced during
the transient periods. Recall that the standard model of per-
manent magnet synchronous motors is derived in the control
literature by assuming that such voltages are balanced. Hence,
we reviewed the permanent magnet synchronous motor mod-
eling literature to find how to take into account the fact that
the three phase source voltages are unbalanced.

APPENDIX

POSITIVE DEFINITENESS OF « INTRODUCED IN (63)

The scalar function k = V,,(®, z+ TLJ;{—Z,’"’*) introduced in (63)

can be written as: ’

71 + bo™*
ki

Z
bk Bk [
sy

V@, 7 + )—11(5)+,3 ())2—11 2,2(2)
w(@, =3 Xz 2ﬁx(z

According to Definition 1:

lzl, |zl <L*

o(2)| =
ol = L*, |z| > L*,

and, hence, by direct integration we find that (see fig. 11):

z
[ oy X () = G2,

ki

where:

G(2)

1 1L +bw* 2

3 <Z+—ki ) )
lz| < L*

1 bw* | bw*
— L*+TL+—w + L*+IL+—w (z—L™),
=12 ki ki

1 7 +bw* \? 7 +bw*
(o ) (L ) (4L,
2 k; k;
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(a) o(z) and x(2).

#

_ M?L* o T;H):bw"

(b) ¢(z) = LIB2H(2) and (=) = (k

FIGURE 11. Graphical verification of (69). (a) o(z) and x(z).

L* M E

i + B(b+ kp))G(2).

Also notice that:

\Y

12 Lo
—21,3)((2)_ ZJﬂH(Z),

1 +‘L’L+ba)* 2
2 \* ki :

1 bo* \?
H(z) = _<M+TL+k—w), s M
i

2

|zl <M

B > 0 such that:

[ki + B(b + k)] / x(rydr — %Jﬁzxz(Z) >

+b*

1
> [ki+ B(b+ kp)]G(z) — EJ,BZH(Z) >0, (69)

which can be verified graphically (see fig. 11), i.e. that:

vt X

_l 2.2
i+ B+ | e B Q.
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1 7 + bo*\?
—-Mm+ =), -M.
> < + ki ) <

Hence, it is clear that it is always possible to find large enough
constants k; > 0 and k, > 0 and a small enough constant

is a positive definite radially unbounded function in z +

L tbo™ +bw*
Tk

. Thus, since term J(a) + Bx()?* = 0 is zero

only when o + Bx@ = O property in (69) ensures that

Vlod, 7+ TL'H"” ) is zero only when both & and z +

L+bo™ +bw

are zero, i.e. when x(z) = 0. This proves that V,, is posmve
definite and radially unbounded.
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