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Abstract: This paper devises an output-feedback multi-loop positioning technique adopting the speed
observer and multi-motor synchronizer, targeting the dual (master and slave) motor elevator system
applications, providing the three contributions. First, the order-reduction observer continuously
extracts the speed information from the motor position measurement, independent of the system
model information. Second, the order-reduction stabilizer accomplishes the speed synchronization
tasks for both the master and slave motors. Third, the resultant feedback system guarantees to
exponentially recover the desired first-order transfer function from the reference to the actual motor
position despite the model-plant mismatches. The prototype elevator system adopting the dual motor
experimentally validates the practical advantages of the proposed technique.

Keywords: elevator system; motor positioning; dual motor synchronization; order-reduction;
active damping

1. Introduction

The ride comfort and dynamic performance of elevator systems greatly depend on
their hardware (motor configuration) and software traction mechanism (feedback software
structure with its tuning result). The main traction motor solely accomplished the pivotal
positioning task for the passenger cart, requiring the high-power mechanical and electrical
specification [1-5]. The multi-motor actuation systems have been recently adopted for large
power applications due to the practical benefits, such as fault tolerance and power load
reduction to the master motor (e.g., tug-of-war) [6-9]. This advanced system forming the
master-slave motoring structure requires high-precision speed synchronization technology
to improve both the positioning performance and rapid power distribution capability
between the master and slave motors.

The conventional multi-loop proportional-integral (PI) controller for each master and
slave motor enables us to address the positioning and speed synchronization problems
simultaneously with the simple implementation [10]. The corresponding feedback gains
were founded to satisfy the time or frequency domain specification via an ad hoc process
and Bode/Nyquist plots for a fixed load condition. Thus, the operating condition changes
in the actual applications raise the performance inconsistency problem due to the load
and motor parameter variations. The gain scheduler including the database of multiple PI
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gains data would be considered as a solution to this problem, incorporating the additional
computational complexity in the controller [11,12].

The pole-zero cancellation PI control partially alleviated this problem by constraining
the feedback gain structure and including feed-forward terms, assigning the first-order
closed-loop transfer function to each loop. However, this required the exact passive
damping, rotor inertia, and stator inductance information to guarantee this benefit [10].
The recent parameter identification technologies could be adopted to address this practical
challenging point, requiring the extra numerous dynamics and tuning factors for the
adaptation process in the controller indirectly [13-15]. The nonlinear adaptive controls
directly performed the parameter estimation tasks to accomplish the main mission of
closed-loop stabilization by solving an optimization problem subject to the linear matrix
constraints [16-18]. A similar adaptive controller solved the same serving problem through
the integral back-stepping technique (multi-variable approach) whose closed-loop design
and analysis tasks incorporated the complicated numerous matrix algebra [17]. There were
passivity-based controllers including the disturbance observers (DOBs) for each loop and
interesting online auto-tuning mechanisms while avoiding the matrix equality/inequality
analysis processes [19,20]. The active disturbance rejection controls enlarged the feasible
operating regions and improved the closed-loop performance, incorporating the state
observer and DOBs estimating the lumped disturbances [21,22].

The extant solutions from the literature survey above leave the technical challenging
points needed to be addressed as follows: (C1) the performance inconsistency depending on
the operating conditions, (C2) the requirement of online parameter identifier to ensure the
closed-loop stability and beneficial properties, and (C3) the involvement of the complicated
matrix calculation process to tune the closed-loop performance. This study proposes an
advanced and simple solution for the industrial elevator systems adopting the multi-motor
by handling the challenging points C1-C3 whose contributions are recapitulated as:

*  The design of the speed observer makes it possible to derive the output-feedback multi-
loop solution invoking the order reduction by the specially designed gain structure,
independent from any model and load information;

*  The observer-based order-reduction speed stabilization technique results in both the
pivotal inner loop for the positioning system (master motor) and the speed synchro-
nizer (slave motor) through the specially designed gain structure and the combination
of the integrator and DOB;

*  The proof of the exponential convergence property recovering the desired first-order
positioning performance by specifying the admissible ranges of design factors.

The experimental setup adopting the two 80-W BLDCMs and 32-bit digital signal
processor (DSP) demonstrates the improved positioning and speed synchronization perfor-
mances from the beneficial properties proved by the rigorous closed-loop analysis.

2. System Model

This study considers the DC servo system (including DCMs and BLDCMs) to demon-
strate the main idea of the proposed solution as clearly as possible. The DC servo system
has two mechanical and one electrical variable as the states given by 6(t) (rotor position in
rad), w(t) (rotor speed in rad/s), i;(t) (stator current in A) triggered by the control input
v, (t) (stator voltage in V), which satisfies the dynamical relationships:

P~ ), (1)
R = () + T - (), @
L, e tt) —Raia(t) — ¢a(t) +va(t), VE >0, ®)
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where the output torque T,(t) := kri,(t) (Nm) with ky > 0 representing the torque
coefficient causes the rotational motion of the rotor position against the unknown load
torque T () (in Nm, acting as the matched disturbance). Another matched disturbance
¢a(t) (back electromotive force (EMF)) drops the stator voltage v,(t), proportional to the
rotor speed such that ¢, (f) := k.w(t) (V) with k, > 0 denoting the back EMF coefficient.
The remaining coefficients | (kg/ m?2), B (Nm/rad/s), L, (H), and R, (Q) represent the
(rotor) inertia, viscous damping, (stator) inductance, and resistance, suffering the unknown
dramatic variations from their known nominal values; for example, | = AJ + Jp with
nominal inertia [y and variation AJ.

The Equation (3) yields the static relationship between the stator current i,(¢) and
voltage v,(t) such that

ilt) = (w(t) —keew(t) — Ly "“Zlgf)),

which results in another expression of the speed dynamics (2):

dw(t
cw%) = 0a(t) +d(t), ¥t >0, )
where the known coefficient ¢, and unknown disturbance d(t) are defined as ¢,, := I ?(1;”0 E
and d(t) := —(%{1;” +ke)w(t) — %TL( ) — La=g dl“m (]?(IT{‘(’]O ]kRT”)dwm The resultant two
dynamical Equations (5) and (6) simplify the master and slave servo system equations:
ae;(t
D, ®)
dw;(t
o, “;lt( ) ) i), Ve 20, ©)

]01 a0,
T

subject to the known coefficient c,, (e.g., cw;, = ~1) and unknown time-varying dis-

turbance d;(t) for each i = 1,2 (1: master servo system, 2: slave servo system), which
derives the proposed output-feedback solution, handling the three technical challenging
points C1-C3. Figure 1 presents the elevator hardware configuration equipping the dual
servo system.
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Figure 1. Hardware and software configuration of dual-motor elevator system.
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3. Proposed Solution
3.1. Mission

For any position reference 6y, (= £ 1{@y¢(s)}, corresponding to the target elevator
level), the desired position motion of the master servo system is denoted as 6] (t) (=
L71{®;(s)}), which defines the target closed-loop transfer function:

Oi(s) _ Ay
Opef(s) s+ Ape

, Vs eC, ()

subject to the cut-off frequency Ay (rad/s, fpc = % Hz). Then, the guarantee of exponen-

tial convergence (positioning)

lim 6 (1) = 67 (1) ®)
renders the closed-loop system to rapidly recover the target performance (7), which is
adopted as the main mission of the master motor. The additional mission (exponential
synchronization):

lim wy (t) = wy(t), 9
lim ws () = w1 (1) ©)
is assigned for the slave motor to reduce the required power level of the master motor
through the injection of the additional output torque of the slave motor to the closed-
loop system. Therefore, it is desirable to shorten the transient period for the exponential
synchronization (9), independent from the operating conditions.

3.2. Speed Observer

The motor position 6;(t) evidently satisfies the relationship dea"lgt) = w;j(t) and

d,i(t) where w;(t) = wijy (DC component) + Aw;(t) (AC component) and d,;(t) :=

% (Idoi(t)] < dyi, ¥Vt > 0), yielding the observable linear system for

xi(t) == [ 6:i(t) w;(t) "
dxi(t)

dw;(t)

= Aox;i(t) +bod, (1), 0;(t) = cIx;(t), Yt >0, (10)
where b, = | 0 |, A= 0 1] and e = [ } ], which satisfies for 0 = | &
o =11 A= 10 o| 0i= | o |, Which satisfies for @ = | 7,
that rank(Q) = rank([ (1) (1) }) = 2 (observability).

To handle the challenging points C2 and C3, this study suggests an advanced model-
free solution by specifying the gain structure of the Luenberger-type observer such that

B _ Aok 100,00~ 8,0)), () = x(t), i=1,2, v 20, )

where the two tuning factors {,; > 0 and A, ; > 0 constitute the observer gain:

. = lO,i,l — go,i + )\D,i
10/1 B [ lU,i,2 T go,i/\o,i (12)

which makes it possible to design an observer-based output-feedback system for each
master and slave motor.
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Remark 1. The tuning factor {, ; plays a role in attenuating the disturbance intensity d, ;(t) to
ensure the first-order observer error dynamics for eq (t) 1= 0;(t) — 0;(t) and ey, (t) 1= w;(t) —
@;(t):

deg, (t)
dt

deg, (t)
dt

= _/\O,ieei<t)/ = _/\O,iewi(t)/ vt Z O/

by constraining (,; into some interval through the order-reduction property. See Section 4
for details.

3.3. Master Motor Output-Feedback System (for Positioning)
3.3.1. Outer Loop

The position dynamics of the master motor can be rewritten from (5) by extracting the
design variable wy(t):

do; (t)
dt

= CU1(1’) = wo(i’) — Awq (f), Vit >0, (13)

where Aw1 (t) := wy(t) — wy (t). This study chooses a simple feedback for 8; (t) := Oref —
61 (t) as the update rule for wy(t):

wo(t) = Apcby(t), V>0, (14)

resulting in the closed-loop outer loop (by combining (14) and (13)):

= Apcby () — Awy (), Vt > 0. (15)

The controlled system (15) accomplishes the main mission (8) (e.g., the exponential
convergence lim; .o, 61 () = 65 (t)), provided that

tlig}o Awy(t) =0

exponentially, which is adopted as the primary mission for the inner loop in the follow-
ing section.

3.3.2. Inner Loop

The open-loop system (6), second subsystem of the observer (11), and control (14)
yield the open-loop dynamics for the estimated error Ay (t) := wy(t) — @1 (t) as

o, dAdn (t) c dwo(t) e dan (t) c dawq(t) o dwy(t)
dt boodt boodt boodt boodt
= —0,1(t) = cw Apewr (t) — di(t) + cw, dea;llt(t) , (16)
whose stabilization action for the stator voltage v, (t) is suggested as
001 (1) = ke, A1 (E) + iy | A1) — oy Apeci (1) — (1), (17)
where {, > 0and A,, > 0 constitute the feedback gains kp,, and ki ,:
kp o, = Cw; + CwAwys Kiw, = CwyAwy- (18)

The observer-based DOB driven by the state variable z,, (t) obtains the estimated distur-
bance d (t) as its output such that
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dzg, (t) . .
G =l () 1w A (1) + Ly Py (1), (19)
di(t) = z4(t) — Ly co, A1 (1), Vt >0, (20)

subject to the gain [;, > 0 with the estimated signal p., (t) for the actual signal p, (t)

(e.8., Py (t) =
wy ()=ar (t)
—0,,1(t) — Cw; Ape@i(t)). The proposed solution (17) results in the controlled system (by
substituting (17) to the open-loop dynamics (16))

defined as p, (t) := —0,4,1(f) — cw; Apcwi (t) and P, (t) := pe, (£)

dAwq (t A fAG )dt — -
Cawy tl( ) = —kP,wlA“Jl(t) - kl,w1/0 Adq(T)d Can )\pcecm(t) edl(t)
deg, (t
Coo w1t< ), (21)

N

where ey, (t) := dy(t) — d1(t), whose properties are analyzed in Section 4.

Remark 2. The introductions of the specially structured feedback gains (18) and observer-based
DOB (19) and (20) address the challenging points C1-C3. Specifically, the tuning factor (., plays
a role in attenuating the disturbance intensity dq (t) to ensure the first-order dynamics for the actual
error Awq (t) = wyp(f) — w1 (t):

dAwq (t)
dt

by constraining {,, into some interval through the order-reduction property. See Section 4 for details.

3.4. Slave Motor Output-Feedback System (for Speed Synchronization)

The open-loop system (6) and second subsystem of the observer (11) yield the open-
loop dynamics for the estimated synchronization error A@;(t) := @1 (t) — @y (t) as

AA@, () dwq(t) dwn(t) dws (1) dwo(t)
Cogp T CeTgy Tl Tlatg TleTy
dew, (t
= _Ua,Z(t) + szl0,1,2e91 (t) — dz(t) + Cay ‘let( ), (22)
whose stabilization action for the stator voltage v, (t) is suggested as
t ~
0a2(t) = kpw, AD2(t) + k10, /0 A (T)AT + Cwylop 200, (1) — da(t), (23)

where the two tuning factors {,, > 0and A, > 0 constitute the feedback gains kp,, and
k Lw,y*

kP,wz = sz + C(UZ)\(UZ/ kI,w2 = ng)\(Uz‘ (24)

The observer-based DOB driven by the state variable z, (t) obtains the estimated
disturbance d; (t) as its output such that

dzg (t
2#() — —ldzzdz(t)+I§ZC¢U2A@2(t)+ld2pu,2(t), (25)

dr(t) = Zdz(t) — ld2CwZAcf72(t), Vit >0, (26)
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subject to the gain I;, > 0 with the estimated signal p., (t) for the actual signal p, (t)
defined as pw, (t) := —v42(t) + cw,lo1,2¢6, (t). The proposed solution (23) results in the
controlled system as (by substituting (23) to the open-loop dynamics (22))

dA@, (t N £ deg, (t
szTim = _kP,szWZ(t> - kl,wz 0 sz(T)dT B edz(t) + Cap WZ( )’ (27)

where ey, (t) := da(t) — da(t), whose properties are analyzed in Section 4. Figure 2 illus-
trates the proposed multi-loop positioning system including the speed synchronizer for
master and slave motor where p,.¢ denotes the floor command of the elevator system

(e.g., Pref € {BN, - ,B2,B1,1,2,--- ,N}). Figure 3 summarizes the design factors of the

proposed solution.

1 Outer Loop_ | Inner Loop ~
r DOB
(Floor Command ) 9 - PN e 19), 20 \I_
prec Floo 1JCfI +Oel ; E ;a)q .+.A6()'1 I .+ A, LDC
rad —A — —, 1/
For -~ g
Master Motor o 3 Obs ‘91 2z
(Positioning) 1 (11 E
— D o
For . .L%J
Slave Motor > 215))0(236 b ~
Speed Synch. - —~ ,
(Speed Synch.) ), + AW T~ AV .
> PI 4 D
—A +

I0) Obp
z — a1
Synchronization Loop

»

a

"~ (Speed)

Figure 2. Proposed algorithm with speed synchronizer for output-feedback multi-loop positioning

system.

Master Motor
Outer Loop Inner Loop
Obser Obser

Control Contro]] DOB| ControllDOB
ver ver

/l ;(7,1’2’0,1 é’w]’iwl ld §<),2’i0,2 é’ ’ﬂa‘g ldz

pc

Slave Motor

Figure 3. Design factors for the proposed algorithm.

Remark 3. The introductions of the specially structured feedback gains (24) and observer-based
DOB (25) and (20) addresses the challenging points C1-C3. Specifically, the tuning factor (.,
plays a role in attenuating the disturbance intensity do (t) to ensure the first-order dynamics for the

actual synchronization error Awy(t) == wy (t) — wy(t):

dACUQ(t)
dt

by constraining (., into some interval through the order-reduction property. See Section 4
for details.

= —szsz(t), Vit 2 O,
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4. Analysis

This section checks whether the proposed multi-loop system with speed synchro-
nization accomplishes the main mission (8) (in Section 4.2) and additional mission (9) (in
Section 4.3). To this end, Section 4.1 begins with the analysis of the auxiliary systems, such
as observer and DOB used for both the master and slave motors, where f(t) represents the

time derivative operation on f(t) (e.g., f(t) = %, Vt > 0). Note that all the proofs of the
analysis results are included in the Appendix A.

4.1. Auxiliary Systems for Master and Slave Motors
4.1.1. Observer

Lemma 1 derives the first-order output error dynamics of the observer obtained from
the order-reduction property triggered by the specially designed gain structure.

Lemma 1. The observer output error eq,(t) from (11) and (12) satisfies
éo, (t) = —Agieq, (t) + x,i(t) (28)
with x, ;(t) denoting the perturbation from the system
Xo,i(t) = —Co,iXo,i(t) +do,i(t), VE = 0. (29)

Lemma 2 specifies the admissible range for the design factor {,; constraining the
output error dynamics (28) into its desired version (31).

Lemma 2. The choice for {, ; such that % ~ 0 ensures the exponential convergence

lim e, (t) = €;.(t) (30)

t—o0

for the system
ég. (1) = —Aoeq,(t), Yt > 0. (31)

Remark 4. The result (30) showing |e;i — eg,| = 0 provides a rationale to use the equation (by
combining (30) and (31)):

€p, = —Ao i,

1

which implies the chain reasoning tasks such that (based on (11))

A

o, = —Aojits, = 0 —0;=—A,;(60; —6;)
& wi— (lyigle, + wi) = —Agi(wi — (Lo 160, + @;))
& byt )\o,ilo,i,leei = _/\o,iewi + Aolo,i,leei/

concluding
e = *Ao,ieo,ir vVt >0, (32)
for some range of {o; > 0 wheree,; = | e, ew; | T, which is the main message of this subsection.

4.1.2. DOB

Lemma 3 derives the disturbance estimation error dynamics for ¢, (t) = d; — d;
(i = 1,2) by further examining the DOB dynamics (19) and (25) and its outputs (20)
and (26).
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Lemma 3. The output error eq,(t) driven by the DOBs (19) and (20) for master motor and (25)
and (26) for slave motor satisfies

é4,(1) = —laeq () +qg.e0i(t) + fa,(£) (33)

for some q,. € R? where f3.(t) := d;(t) and | fu.(t)| < fa,i=1,2,Vt > 0.

Remark 5. The setting e, = 0 (by (32)) for the result (33) leads to the system d; = 1g.(d; — d)
showing
Di(s) la,

S TOIREEEr VseC, (34)

where D;(s) = L£{d;} and D;(s) = L{d;}, suggesting for the design factor 1, tuned as the cut-off
frequency of the transfer function (34) (e.g., 1y, rad/s or, equivalently, fq. = %IT Hz).

4.2. Multi-Loop Positioning System for Master Motor

Using the analysis results of Section 4.1, this subsection proves the accomplishment of
the main mission (8) by analyzing the inner (Section 4.2.1) and entire loop (Section 4.2.2)
sequentially.

4.2.1. Inner Loop

Lemma 4 derives the first-order estimated speed error dynamics for Aw () = wo(t) —
@1 (t) obtained from the order-reduction property triggered by the specially designed
gain structure.

Lemma 4. The estimated error A1 (t) driven by the control law (17) and its gain (18) satisfies
1 1

A1 () = =AM (t) — o Yo () + ael(t) (35)
1 1
and its filtered version such that
Xy (£) = —%xwl(t) + %el(t) (36)
w1 w1

where ey (t) 1= —eg, (t) — caw, (Ape + Ao1)ew, (t), Vt > 0.

Theorem 1 specifies the admissible range for the design factor I, constraining the
estimated speed error dynamics (35) for A, (t) into its desired version (38).

. 2f, )
Theorem 1. The choice for 15, such that % ~ 0 ensures the exponential convergence
1

tlg?o Awq(t) = Awj (1) (37)
for the system
AWy (t) = —Aw, Awi(t), Yt > 0. (38)

Remark 6. The result (37) showing |Aw; — Awq| ~ 0 provides a rationale to use the equation (by
combining (37) and (38)):

Ay = =N A, V>0,
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equivalently,

Ay = —Ao Awi + 4., €01 (39)

for some range of Iy, > 0 where q,,, := [0 Mgt — A, ]T, which renders the positive definite
function Ve, := 3802 + 1 leg 1|, 1o, > 0, to be

Vaw, = Dwi(—=AwAw; + ‘151 €o,1) = N Aol [&

Awi o g, 117
< _71Aw1 — (77w1/\o,1 — 2)\;1

. Yleoall?, vt = 0.

2
Thus, the choice of ., = ﬁ( ngl H + %) concludes this section with the inequality:
, wq

VAwl S _“Awl VA&}]I Vt 2 0/ (40)

where ap,, = min{Ay,, }7% }, which is the main message of this subsection.
1

4.2.2. Entire Loop

Theorem 2 proves that the proposed solution depicted in Figure 2 attains the main
mission (8) incorporating the inequality (40) obtained from Section 4.2.1 as its main message.

Theorem 2. Under the same settings of Lemma 1 and Theorem 1, the master positioning system
shown in Figure 2 accomplishes the main mission (8) (e.g., ensuring lim; , 61(t) = 65(t)
exponentially).

4.3. Speed Synchronization System for Slave Motor

Using the analysis results of Section 4.1, this subsection proves the accomplishment
of the additional mission (9) by analyzing the synchronization loop in a similar way to
that used in Section 4.2.1. To this end, Lemma 4 derives the first-order estimated speed
error dynamics for Ay (t) = @ (t) — @, (t) obtained from the order-reduction property
triggered by the specially designed gain structure.

Lemma 5. The estimated error A, (t) driven by the control law (23) and its gain (24) satisfies

A . 1 1
AWy (1) = =AM, A (1) — — X0, (£) + —e2(t) (41)
sz sz
and its filtered version such that
X, (1) = _ban (t) + bun
(7%) - wo Z(t) (42)
Cawy Cay
where e(t) 1= —eg, (t) — Cw, Ao2ew, (£), ¥Vt > 0.

Theorem 3 specifies the admissible range for the design factor l;, constraining the
estimated speed error dynamics (41) for A@,(t) into its desired version (44).

2fa,

Theorem 3. The choice for 1;, such that i
2

~ 0 ensures the exponential convergence

lim Ay (1) = Aw3 (1) (43)
—00
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for the system
Aw;(t) = —Aw,Aws(t), Yt > 0. (44)

Remark 7. The result (43) showing |Awj — Aws| ~ 0 provides a rationale to use the equation (by
combining (43) and (44)):

Ad)z = —)\szd)L Vt >0,

equivalently,

2
Awy = —Aw, Awy + Z ‘IZ;,-eo,z‘

i=1

for some range of 1, > Owhereq,, = [ 0 —(Ao1 — Awy) ]Tand Qo = [ 0 Ao2— A, ]T,

which renders the positive definite function Vy, := %Aw% +Y2, Wz’ leoill* Moy > O

(i=1,2), to be

2 2
Vsz = A“JZ(_/\szWZ + Zqz;l.eo,i) -

i=1 -
A 2 3(|q,, 17

wy 2 2
- Aw; — Ao — |12, vt > 0.
3 wy l;(ﬂwz,z 0,i i)y, )Heo,zH ’ >

IN

319, 112 . . . ) )
Thus, the choice of 1, , = )%( !& | + %) concludes this section with the inequality:
4 0,1 wy

VALLJZ S —lXsz VAUJZ < 0/ vt 2 0/ (45)

1
770721 77&7
(9), e.g., lim; o wy(t) = wy(t), exponentzally

where & p,, = Min{Ay,, ——, -——}, ensuring the accomplishment of exponential synchronization

5. Experimental Results
5.1. Configuration

Figure 4 presents a prototype elevator system including the two 80-W BLDCMs as ac-
tuators (for master and slave) whose feedback systems were constituted by the 32-bit digital
signal processor (Texas Instruments (TI) LUNCHXL-F28379D) using the two commercial
three-phase inverter boards (TI DRV8305EVM). The 1-kW DC power system supplied 24-V
for each three-phase inverter board connected to the BLDCM used as master and slave.
The pulse-width modulation (PWM) period was set to 0.1 ms synchronized to the internal
interrupt service routines for the analog-to-digital conversion and control tasks.

For each master (i = 1) and slave motor (i = 2), the datasheet of the 80-W BLDCM
provided the coefficient values as (inertia) J; = 3.3 x 107° (torque constant) kr; = 0.06, and
(stator resistance) R, ; = 0.8, yielding the coefficient c.,, = JoiRopi 0’ 0 for the controller with the
use of the nominal BLDCM coefficients Jo; = 1.2];, k1o; = 0 9kT i;and R;o; = 0.8R, ;. The
tuning results of the proposed solution are summarized as follows: for the master motor,
(observer) ,1 = 1000, A, = 600, (outer loop) fpc = 0.06 Hz, (inner loop) {w, = 0.05,
Aw, = 1.8, 13, = 100, and, for the slave motor, (observer) ¢, = 1000, A,> = 600, (synchro-
nizer) {w, = 0.05, Ay, = 1.8, and l;, = 100. The active damping integral back-stepping
controller (AD-IBSC) was chosen for comparison, resulting in for master, (outer loop)
wo(t) = Apcbi (1), (inner 1oop) vg 1 (£) = —kg 101 (F) + Ceoy Awy A1 (t) + kg1 Ao, fot Adn (T)dt
and for slave, (synchronizer) v,5(t) = —kj 2@ (t) + CwyAw, A2 (t) + kgoAw, fot Adn(T)dT,
under the use of the same settings Ay, Aw; (i = 1,2) with the proposed controller, except
for the active damping coefficients k; ; = 0.1 (well tuned for the best performance).
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LUNCHXL-F28379D 80-W BLDCM (Master)
+DRVS8305EVM(x2)

80-W BLDCM (Slave)

Figure 4. Experimental setup.

5.2. Case 1: Stair Reference Tracking

This section sets the floor reference p,,s in the stair function from 1st to 3rd floor such
that pyer : 1 — 2 — 3 — 1 under the light load to the passenger cart of the elevator system.
This experiment was conducted three times for increasing cut-off frequency f,c = 0.03, 0.06,
and 0.1 Hz to evaluate the maintenance performance of the desired closed-loop transfer
function (7). Figure 5 shows that the proposed controller almost perfectly matches the
closed-loop performance to the desired one (7) for different transient performances, as
lowering the inner loop feedback gain A,,. As shown in Figure 6, the lowered feedback
gain A, for the slave motor considerably improves the speed synchronization performance
due to the specially designed PI gain structure and auxiliary systems (observer and DOB),
resulting in the enlarged stability margin. Figure 7 presents the speed estimation error and
estimated disturbance rapidly converging their desired steady states.

5.3. Case 2: Constant Reference Regulation

This section fixes the floor reference to p,. = 2nd floor under the settings of f,c = 0.06 Hz
and the no-load condition (no payload for the elevator system). To investigate the floor
regulation performance, the light (T, 1), medium (17 7), and heavy (Tt 3) loads were sud-
denly applied to the passenger cart initialized to the no-load condition (T ). Figure 8
presents the position regulation results by the two controllers. The improvement of con-
trol and estimation mechanisms by the proposed controller effectively reduces not only
over /undershoot levels but also transient periods for different load changes. The speed
synchronization results shown in Figure 9 indicate the considerable reduction in the tran-
sient periods by the proposed controller, which contributes to improving the transient
positioning behavior presented in Figure 8.
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Figure 5. Position response comparison (master motor) for different outer loop cut-off frequency.
60 [rad/s] — . : — B0 \ : :
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— . —
0 ) » 0 @ — 0,
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-60 L2 ( pr. ) 160 I il 1 1
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Time(sec) Time(sec)

Figure 6. Speed synchronization error comparison (slave motor) for different outer loop cut-off

frequency.
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8 [rad/s] ; 8 . : ‘
sl <Speed Estimation Error> sl <DOB Reponses>
4t 4+
2t — 2+ L
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Figure 7. Speed estimation error and DOB.
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Figure 8. Position response comparison (master motor) for different load variations.
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Figure 9. Speed synchronization error comparison (slave motor) for different load variations.
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5.4. Numerical Comparison

This section concludes this experimental section by calculating the evaluation func-
tion fon = \/fooo |0ref (£) — 61(t)[> + |wi(t) — wa(t)[2dt over the experimental data in
Sections 5.2 and 5.3. The table in Figure 10 presents the 52 % of performance improvement
from the proposed solution in an average manner, which will be significant in practice.

Case 1 Case 2
(Pasition Tracki g) (Pasition Rpgul tion) AVg
T, T, T,
Jow ot |0-06Hz] 0.1z | "oy 7 [Tooy  [Teay
Proposed| 15,1 | 2103 | 2698 | 931 | 1033 | 1154 | 1574
Solution

AD-IBSC| 3392 | 4512 | 5613 | 1510 | 2017 | 2713 | 3293

Figure 10. Numerical comparison result.

6. Conclusions

The order-reduction technique was applied to devise the model-free speed observer,
performance recovery positioning controller, and speed synchronizer, guaranteeing benefi-
cial convergence properties. The closed-loop analysis confirmed to accomplish the control
missions under the practical three concerns (marked as (C1), (C2), and (C3) in the introduc-
tion section). Finally, a prototype elevator system including the dual BLDCMs as actuators
experimentally validated the effectiveness of the proposed controller. The extension to a
large power elevator system operated by the three motors will be considered as the future
study platform.

Author Contributions: Data curation, H.C.L., H.L., ] K.L. and H.D.C.; Formal analysis, H.C.L., K.C.
and Y.K.; Funding acquisition, Y.K.; Investigation, H.C.L., S.-K.K. and H.D.C; Project administration,
K.C.; Supervision, S.-K.K.; Writing and Validation, H.C.L.,, H.L., ] K.L., HD.C,, K.C, YK, and S.-K K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by Korea Institute for Advancement of Technol-
ogy(KIAT) grant funded by the Korea Government(MOTIE) (P0012744, The Competency Develop-
ment Program for Industry Specialist), was supported in part by the MSIT(Ministry of Science and
ICT), Korea, under the ICAN(ICT Challenge and Advanced Network of HRD) program(IITP-2022-
RS-2022-00156385) supervised by the IITP(Institute of Information & Communications Technology
Planning & Evaluation), and was supported in part by the Korea Agency for Infrastructure Technol-
ogy Advancement (KAIA) funded by the Ministry of Land, Infrastructure and Transport under Grant
(22HBST-C158067-03).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
This section presents the proofs of lemmas and theorems of Section 4. First, the proof
of Lemma 1 is attached as follows.

Proof. The definitions e, ; := [ ey, Cuw; ]T and r := 0 and subtraction (11) from (10) yield
the system:

€ = Ao,cleo,i +b,r + bodo,ir €, = Cgeo,z'r (A1)
with system and input matrices defined as

Ayl = Ao — locoT = _(go,i + /\o,i)

oo Handbr ::{ . ]
0,iVo,i

go,i /\o,i
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(b, = [ 01 ]T defined in (10)). An equivalent form of the system (A1) is obtained by
taking the Laplace transforms (e.g., Eg, = L{eg, }, R(s) = L{r}, D, i(s) = L{d,;}) such that

Eo,i<s) = CE(SI_ ocl) b R( ) (SI_ ocl) bo ( )
where

1
(S + go,i)(s + /\o,i)

and (by the order reduction property triggered by the gain structure (12))

CE(SI - Ao,cl)_lbo =

(S + go,i))\o,i _ /\o,i
(S + go,i) (S + )‘o,i) s+ /\o,i

Cg(SI_ ocl) 1br— , Vs € C.

This results in

1

(5 4+ Ag,i)Eo,i(8) = Ag,iR(s) + X,,i(s), Xo,i(s) = P

D,,(s), Vs € C,

which verifies the result of this lemma (R(s) = 0 and x,; = £~ 1{X,(s)}). O
The proof of Lemma 2 is attached as follows.

Proof. The definition of error dy, := egi — egp, satisfies that (by (28) and (31)) 59; = —Ayi09, —
X,,i, which renders the positive definite function

V,; = 752 +@x31, Hoi > 0, ¥t >0,

to be (along the trajectory (29) and Young’s inequality xy < §x* + zl—eyz, Vx,y € R, Ve > 0)

4 4
'701201x52;1+7701xoz( ;z

Ao,i 1 .
= _%‘% (’701501 )xm + 1]0,i%0,i(— gz’l Xoi+do ), Vt>0.

0,1

Vo,i = 59,-(7)\0,1'59- - xoz) Xo,i + dol)

The choice for 7, ; such that 77, ; = i(i +1) leads to

y )\,' 2 1 2
VO,i < _%5@ 2 Xo,i

2d, ;

0,i

S _“o,iVo,i/ Vt Z O/ v|x0,i| Z

where |d, ;| <d,;, Vt >0, and a,; := min{A,;, ﬁ}, completing the proof. [
The proof of Lemma 3 is attached as follows.

Proof. For master motor, the time derivative of (20) along (19) with the relationship
(16) obtains

A

d1 = Zdl_ldlcwlAd)l

—lgy (d1 + Lg, Cany D@1 + 13 €y ADY + 14, (Va1 — Caoy Apedt) — L, €y A

ld1 (dl + Cwl)\pcewl + Cawn éwl - dAl) = ldledl + ldl Can ()‘pc - /\o,l)ewl-

For the case of the slave motor, it can be easily verified the result through the same process
above by taking the time derivative of (26) along (25) with the relationship (22), completing
the proof. O
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The proof of Lemma 4 is attached as follows.

Proof. The controlled system (21) shows the state-space representation for the state zq () :=

[ 211 212 ]T through the definitions z1 1 := Ady, 215 1= % fot(r — A (1))dT, r =0,
w1

e1(t) = —eg, (t) = cw (Ape + Aoj)ew, (t) (using éw, = —Ag1€0,):

21 = Az zZy + by 17+ bz pey, Awy = cl 2y, V>0, (A2)
Lo Featep Aoy 1
Cw
where A;, = va\luq s b1 = | lojre, |, bz = l C‘61 ], and ¢;, =
- Cay 0 Cawq

[ é ] The Laplace transforms (e.g., AQ (s) = L{Aw1}, R(s) = L{r}, and E1(s) = L{e1})
show another form of (A2) such that

A (s) = ¢l (sT— Az)) 7'b, 1R(s) + L (sT— Az)) 7'b oEq (s)

where

_ 1 s
o (ST—A;) b= — -

Car (5 4+ £20)(s 4 Aay)

C

and (by the order reduction property triggered by the gain structure (18))

T 1 (s + %) wy
€z (SI - Azl)i bZl/l = 7o ! , Vs e C.
(s+ ﬁ)(s+/\w1)
g(ﬁ]
This results in (involving —— =1 — 5“51 )
s+cﬂ s+Cﬂ
wq wy
1 1 buy
(S + /\w1)AQl (S) - )\a}lR(S) + 7Ew1 (S) — 7Xw] (S), le (S) — Cwy El (S), Vs € C,
Cwl Cw1 S + gﬂ
w1

which verified the result of this lemma (R(s) = 0 and xo, = L 1{Xw, (s)}). O

The proof of Theorem 1 is attached as follows.
Proof. The definition of error ., := Aw;] — Ad satisfies that 5w1 = —Aw; 0w, + %xwl —
w1

iq (by (35) and (38)), which derives the system for zs, := [ Ow; Xy ]T:

Z‘51 = A5lz§1 + b51 (edl + K51ew1) (A3)
e o

where A; = 0 RRE b;, = RRE and x5, := Cw, (Apc + Ag1). The facts
Cawy Cwy

Cw; >0, 8w, > 0,and cw, > 0 always preserves the stability of A; making it possible to
solve the equation Agl Ps +Ps As, = —Iregarding an unique solution Ps, = Pgl > 0. The
solution Pj, renders the positive definite function

;751,1 2 1151,2
2 bt

Vs Z§1P51Z5l + ||e0,1\|2, N6y, > 0, UL >0, Vt>0,

17 3

to be (along the trajectories (32), (33), and (A3) and Young's inequality)
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: T la, T 2
Vo = 25,P5 (A 25 + by (ea, + K5, 600)) + 115,00, (=5 ey +a4,801) = s, 0ll€01 |
la,
+’751,led1 (776d1 +fdl)
1 2 1 2 2 2
< _6||Z51 H - 5(77151,1 ld1 - 3HP¢51 H Hb(51 ” - 1)ed1
3Py, |I2[Ibs, 1122 15, llaa, 117 la
_(’7(51/2A0,1 - : 2 ! L — = 2 : )Heo,le +1751,1€d1(_71€d1 +fd1)'
Vt > 0. The choices for 175, , and 775, , such that 175, , = %(BHP(;1 I2|Ibs, ||I> +2) and 15, = T
, ” ’ 1 ’ 0,
1 P R/ [P
(———"—2 + 25 + 5) lead to
V(51 S _6”2(51 || - Eedl - EHEOJH + ’7(51,16111(_716(11 +fd1)
oF
< —ag Vs, V>0, Veg| > fa,
1 ldl
7 Ce— i 1 1 1 . :
where [fg, | < fz,, Vt > 0, and a5 := min{ T (B ) Ty 751,2} (Amax (Ps,) © maximum

eigenvalue of Py, ), completing the proof. [
The proof of Theorem 2 is attached as follows.

Proof. The trajectory 0] from the target transfer function (7) satisfies 0F = Apc(Bre = 67)
whose another form for dy, := 67 — 01 is obtained by using (15):

591 = 7)\p£’§91 + AC()l,

which renders the composite-type positive definite function using V., (defined in Remark 6)

1
Vo, = E(sg] + 176, Vawy, 116, > 0,
to be (using the inequality (40))
Vgl = (591 (—/\pc§91 -+ A(/J]) + oy VAw1

A 1
< *%551 — (ﬂgllewl — A—)VAwl, vt > 0.
pc

Therefore, the choice such that 79, = Ml (% +1) leads to
(4)1 C

A
pe 2
) — 5 % — Vaw
< —ug, Vgl <0,Vt>0,

Ve

IN

where ay, := min{A,., -~ }, confirming the result of this theorem. [
61 PC’ nq 1 g

The proof of Lemma 5 is attached as follows.

Proof. The controlled system (27) shows the state-space representation for the state z, () :=
[ 221 222 ]T through the definitions z31 := Ay, 227 = % [y (r — Adn(1))dT, 1 = 0,

ex(t) = —eg, (t) — cwyAoplw, (t) (using éw, = —Agp€w,):

2y = Az, Zy + by, 17 + by, 060, Awp = CZTZZz, vVt >0, (Ad)
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Laptiole, Ao, 1
C
where A, := Can e, ol b.,1 = | lwhey, |, b2 = 682 ,and ¢, =
_ Swpltwy ==

C‘UZ

[ (1) ] The Laplace transforms (e.g., AQ(s) = L{Aw,}, R(s) = L{r}, and Ex(s) = L{ez})
show another form of (A4) such that

A, (s) = ¢l (sT— Az,) 'bs,1R(s) + ¢, (sT — Az,) " 'bs, 2Ea(s)

where

_ 1 s
o (sST—A) by, = —

“n (s + £2) (s + Awy)

C‘UZ

and (by the order reduction property triggered by the gain structure (24))

lw
(s+ Z2)Aw
L (sT—Az) 'byy1 = ” w” P ¥seC.
(5 22 ) (s 4 A
C(Uz
. . . . s _ G
This results in (involving Ty = 1 Ty )
Cwy Cawy
1 1 e
(54 Ay ) A (S) = A, R(5) + —Ew, (5) — — X, (5), Xw,(s) = ‘o Ex(s), Vs € C,
C(UQ Ca;2 S _|_ Eﬂ
wp

which verified the result of this lemma (R(s) = 0 and x, = L {Xu,(s)}). O

The proof of Theorem 3 is attached as follows.

Proof. The definition of error 4., := Aw; — AW, satisfies that 5&;2 = —Aw, 0w, + ixwz —
%ez (by (41) and (44)), which derives the system for zs, := [ 0w, X, ]T'

25, = As,25, + b, (eq, + K5,€0,) (A5)

A 1 1
w2 Cawy Cawp

where A;, 1= 0 oy |- bs, := Cloy |- and K5, 1= Cw,Aop2. The facts {w, >0,

sz C“]Z
Cw, > 0,and cy, > 0 always preserves the stability of A;, making it possible to solve the
equation A§2 P;, + Ps, A5, = —I regarding an unique solution P, = P(,T2 > 0. The solution

P;, renders the positive definite function

61 o M5,
—e5 + —=|le
2 dy 2 || 0,2

1
Vs Zgz P52 Z5, +

, =5 2, sy, >0, 175, >0, Vt >0,

to be (along the trajectories (32), (33), and (A5) and Young's inequality)

lay

V52 = Z}; Ps, (A52Z52 + b152 (edz + K()'Zewz)) +15,,€d, (7 5 eq, + qu eolz) — 1752'2/\0,2”30’2”2

L
+;7‘52,1 edz (7 TZedz + fd2)

IN

1 1
76||Z52H2 - 5(7752,1 ldz - 3HP152 H2Hb§z”2 - 1)8%2

2 2
3[|Pg, |[2[[bs, 175, 75, 9, |

lg
— (15,5402 — > - > )|leo2I* + 7]52,16.12(—726.12 + fa,)s
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Vt > 0, The choices for 775,, and 75, , such that 7, = i (3[|Ps, I|? |bs, | +2) and N6y, = ﬁ

2 2
315, 205, 122, 3, lag, |

( > + > + 1) lead to
Vo, = —¢llzsll” = 5, = 5 lleoall” + 1,04, (=57, + fay)
oF
S _“52‘/(52/ vt Z O/ V|ed2‘ Z lfdzr
da

where |fs,| < fg,, Vt > 0, and a;, := min{m :

1 1 . ;
ST %2/2} (Amax (Ps,) © maximum

eigenvalue of Py, ), completing the proof. [

References

1. Chen, K.Y;; Huang, M.S,; Fung, R.F. Dynamic modelling and input-energy comparison for the elevator system. Appl. Math.
Modell. 2014, 38, 2037-2050. [CrossRef]

2. Wang, G.; Qi, ],; Xu, J.; Zhang, X.; Xu, D. Antirollback Control for Gearless Elevator Traction Machines Adopting Offset-Free
Model Predictive Control Strategy. IEEE Trans. Ind. Electron. 2015, 62, 6194-6203. [CrossRef]

3. Yoo, M.S,; Park, SW.; Lee, H.J.; Yoon, Y.D. Offline Compensation Method for Current Scaling Gains in AC Motor Drive Systems
With Three-Phase Current Sensors. IEEE Trans. Ind. Electron. 2021, 68, 4760-4768. [CrossRef]

4. Benosman, M. Lyapunov-Based Control of the Sway Dynamics for Elevator Ropes. IEEE Trans. Control Syst. Technol. 2014,
22, 1855-1863. [CrossRef]

5. Pisharam, S.M.; Agarwal, V. Novel High-Efficiency High Voltage Gain Topologies for AC-DC Conversion with Power Factor
Correction for Elevator Systems. IEEE Trans. Ind. Appl. 2018, 54, 6234-6246. [CrossRef]

6.  Benevieri, A.; Carbone, L.; Cosso, S.; Kumar, K.; Marchesoni, M.; Passalacqua, M.; Vaccaro, L. Surface Permanent Magnet
Synchronous Motors’ Passive Sensorless Control: A Review. Energies 2022, 15, 7747. [CrossRef]

7. Zhang, X.; Wang, Z.; Liu, T. Anti-Disturbance Integrated Position Synchronous Control of a Dual Permanent Magnet Synchronous
Motor System. Energies 2022, 15, 6697. [CrossRef]

8.  Chen, C.S.;; Hu, N.T. Model Reference Adaptive Control and Fuzzy Neural Network Synchronous Motion Compensator for
Gantry Robots. Energies 2022, 15, 123. [CrossRef]

9. Lim, S,; Kim, SK.; Kim, K.C. Model-Independent Observer-Based Current Sensorless Speed Servo Systems with Adaptive
Feedback Gain. Actuators 2022, 11, 126. [CrossRef]

10.  Sul, S.K. Control of Electric Machine Drive Systems; Wiley-IEEE Press: Hoboken, NJ, USA, 2011.

11. Olalla, C,; Leyva, R.; Queinnec, I.; Maksimovic, D. Robust Gain-Scheduled Control of Switched-Mode DC-DC Converters. IEEE
Trans. Power Electron. 2012, 27, 3006-3019. [CrossRef]

12.  Su, ].T,; Liu, C.W. Gain scheduling control scheme for improved transient response of DC-DC converters. IET Power Electron.
2012, 5, 678-692. [CrossRef]

13. Liu, X;; Guo, H.; Cheng, X,; Du, J.; Ma, J. A Robust Design of the Model-Free-Adaptive-Control-Based Energy Management for
Plug-in Hybrid Electric Vehicle. Energies 2022, 15, 7467. [CrossRef]

14. Zuo, S.; Zhang, Y.; Wang, Y. Adaptive Resilient Control of AC Microgrids under Unbounded Actuator Attacks. Energies 2022,
15,7458. [CrossRef]

15.  Qu, W,; Chen, G.; Zhang, T. An Adaptive Noise Reduction Approach for Remaining Useful Life Prediction of Lithium-Ion
Batteries. Energies 2022, 15, 7422. [CrossRef]

16. Kim, SK.; Lee, ]J.S.; Lee, K.B. Self-Tuning Adaptive Speed Controller for Permanent Magnet Synchronous Motor. IEEE Trans.
Power Electron. 2017, 32, 1493-1506. [CrossRef]

17.  Kim, S.K. Robust adaptive speed regulator with self-tuning law for surfaced-mounted permanent magnet synchronous motor.
Control Eng. Pract. 2017, 61, 55-71. [CrossRef]

18.  El-Sousy, FEM.; Abuhasel, K.A. Nonlinear Robust Optimal Control via Adaptive Dynamic Programming of Permanent-Magnet
Linear Synchronous Motor Drive for Uncertain Two-Axis Motion Control System. IEEE Trans. Ind. Appl. 2020, 56, 1940-1952.
[CrossRef]

19. Kim, S.K,; Kim, Y.; Ahn, C.K. Energy-Shaping Speed Controller with Time-Varying Damping Injection for Permanent-Magnet
Synchronous Motors. IEEE Trans. Circuits Syst. II Express Briefs 2021, 68, 381-385. [CrossRef]

20. Kim, S.K.; Ahn, C.K. Position Regulator with Variable Cut-Off Frequency Mechanism for Hybrid-Type Stepper Motors. IEEE
Trans. Circuits Syst. I Regul. Pap. 2020, 67, 3533-3540. [CrossRef]

21. Li, Z.; Zhang, Z.; Wang, ].; Wang, S.; Chen, X.; Sun, H. ADRC Control System of PMLSM Based on Novel Non-Singular Terminal
Sliding Mode Observer. Energies 2022, 15, 3720. [CrossRef]

22.  Zhou, X.; Wang, C.; Ma, Y. Vector Speed Regulation of an Asynchronous Motor Based on Improved First-Order Linear Active

Disturbance Rejection Technology. Energies 2020, 13, 2168. [CrossRef]


http://doi.org/10.1016/j.apm.2013.10.026
http://dx.doi.org/10.1109/TIE.2015.2431635
http://dx.doi.org/10.1109/TIE.2020.2989718
http://dx.doi.org/10.1109/TCST.2013.2294094
http://dx.doi.org/10.1109/TIA.2018.2860952
http://dx.doi.org/10.3390/en15207747
http://dx.doi.org/10.3390/en15186697
http://dx.doi.org/10.3390/en15010123
http://dx.doi.org/10.3390/act11050126
http://dx.doi.org/10.1109/TPEL.2011.2178271
http://dx.doi.org/10.1049/iet-pel.2010.0313
http://dx.doi.org/10.3390/en15207467
http://dx.doi.org/10.3390/en15207458
http://dx.doi.org/10.3390/en15197422
http://dx.doi.org/10.1109/TPEL.2016.2543222
http://dx.doi.org/10.1016/j.conengprac.2017.01.014
http://dx.doi.org/10.1109/TIA.2019.2961637
http://dx.doi.org/10.1109/TCSII.2020.2992260
http://dx.doi.org/10.1109/TCSI.2020.2988044
http://dx.doi.org/10.3390/en15103720
http://dx.doi.org/10.3390/en13092168

	Introduction
	System Model
	Proposed Solution
	Mission
	Speed Observer
	Master Motor Output-Feedback System (for Positioning)
	Outer Loop
	Inner Loop

	Slave Motor Output-Feedback System (for Speed Synchronization)

	Analysis
	Auxiliary Systems for Master and Slave Motors
	Observer
	DOB

	Multi-Loop Positioning System for Master Motor
	Inner Loop
	Entire Loop

	Speed Synchronization System for Slave Motor

	Experimental Results
	Configuration
	Case 1: Stair Reference Tracking
	Case 2: Constant Reference Regulation
	Numerical Comparison

	Conclusions
	Appendix A
	References

