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Abstract: This study proposes a solution to the speed control problem of servo machines in the form
of multi-loop current sensorless control with a reduction in the system model dependence level and
the number of feedback loops, which provides the two contributions: first, a model-independent
observer estimates speed and acceleration using only the position measurement, thereby ensuring
the first-order estimation error dynamics; second, the active damping acceleration stabilizes the
inner loop with the adaptive feedback gain increasing and decreasing automatically according to the
transient and steady-state operation modes. The experimental study highlighted the effectiveness
of the acceleration loop adaptation technique, which used an actual servo system comprising the
QUBE-servo2 and myRIO-1900.

Keywords: speed servo system; position filter; observer; adaptive gain; model-free control

1. Introduction

Industrial machines that need high accuracy (such as conveyor belts, roll-to-rolls
and electric vehicles) require their servo systems to increase their reliability and power effi-
ciency under severe and uncertain operating conditions. These concerns can be addressed
by the engineering in software and hardware layers. Fortunately, it has been reported
that the closed-loop performance of servo systems significantly depends on the embedded
system engineering (software layer) [1-6].

The multi-loop feedback system structure that contains a current controller (as the in-
ner loop) and a speed controller (as the outer loop) has been widely adopted as the soft layer
of speed servo system applications. Their hardware layers have been implemented using a
(single-phase) DC motor or (three-phase) brushless DC, permanent magnet synchronous
and induction motors, according to the output power specifications [7]. Proportional—-
integral (PI) regulators have mainly been implemented in each loop through the error
signal feedback that is weighted by the gain and treated as the tuning factor. The desired
specifications for each loop are provided by the cut-off frequency from the reference and
output (current and speed) signals and the PI gains satisfy these requirements by apply-
ing Bode and Nyquist plots (frequency domain design techniques) [8,9]. However, servo
system parameters and load uncertainties limit the resulting closed-loop performance,
which can be addressed by the gain scheduler involving online membership tests [10].
Additionally, the signal error of the speed sensor or the speed control of the servo motor
problems may be solved by the use of a speedless sensing solution [11].

As a nonlinear approach, an integral back-stepping controller that forms part of the
multi-loop structure can yield the current and voltage commands for each loop, including
the parameter-dependent feedback gains of the system and the feed-forward compensator,
which cancels the open-loop zero to render the first-order current and speed transfer
function to the closed-loop [12]. These novel online parameter estimation techniques can
help to alleviate the parameter dependence levels of the system by increasing computational
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complexity and the number of tuning factors [13-15]. Optimal adaptive controllers that
directly handle model-plant mismatches have been be considered as alternatives [16-18].
An online auto-tuning mechanism has been presented as a subsystem for the adaptive
back-stepping controller to boost the feedback gain during transient periods; however,
the increased feedback gain value has raised concerns regarding a reduction in stability
margins [17]. The recently developed disturbance observer (DOB)-based controller has
adopted an energy-shaping technique that addresses this concern by incorporating the
damping terms into the auto-tuning system [19,20]. The DOB controller depends on system
parameters improving the closed-loop performance by producing the state and disturbance
estimates that are used for the nonlinear control actions [21]. A nonlinear DOB-based
multi-loop passive damping controller has solved these system parameter dependence
problems, thereby ensuring performance recovery properties by analyzing the closed-loop
dynamics using the Lyapunov analysis technique [22]. A sliding mode controller into which
a nonlinear DOB was embedded has achieved the finite convergence time of the desired
performance by reducing the steady-state chattering level; however, the discontinuous
feedback loop was still maintained [23]. The finite control set model predictive controls
(FCSMPCs) select the optimal current and voltage commands for the performance of each
loop by involving online membership tests and predicting the behavior of the current and
speed using a mathematical model of the servo system [24,25].

From the aforementioned literature survey, practical challenges are identified, such as
(a) the model dependence levels of the control and the observer and (b) the high gain of
the inner loop. The proposed solution forms a multi-loop structure to solve these practical
problems and presents the following contributions:

¢ For the entire loop, the observer gain is obtained by allowing each control loop, without
addressing the matrix algebra using a model-independent observer, to estimate speed
and acceleration as the pivotal subsystems;

¢  For the inner loop, the robust acceleration error stabilization loop is driven by the
active damping, according to the first-order dynamics, which leads to the pole-zero
cancellation;

e  For the inner loop, the adaptive acceleration feedback gain is governed by the analytic
law with the nonlinear excitation term of the acceleration error, thereby boosting and
reducing its value according to the transient and steady-state operations.

The actual performance improvement of the proposed solution in terms of these
contributions is validated using experimental studies on servo systems that consisted of
QUBE-servo2 (hardware) and myRIO-1900 (software).

2. Servo Machine Dynamics

The electrical and mechanical motions of three-phase servo machines (permanent
magnet synchronous and induction motors) can be expressed similarly to the DC servo
machine by applying the time-varying coordinate transform that is synchronized to the
machine position [26]. Thus, this study considers the DC servo machine to be the simplest
case to demonstrate the main idea of this work. The system dynamics are described as
a third-order linear system that is perturbed by a mismatched disturbance from the load
torque Tp () (in Nm):

o)
. — e )
]d%it) = —Bw(t)+ Te(ig(t)) — TL(£), o)
Ldi;it) — —Ria(t) — kew(t) + Ua(t), Yt >0, 3)

where the armature voltage v,(t) (in V) excites the armature current i,(f) (in A), the
electrical torque T, (i,(t)) = kris(t) (in Nm) with coefficient k1 > 0, the rotational speed
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w(t) (in rad/s), and the position 6(t) (in rad), sequentially. The rotor inertia | (in kgmz),
viscous friction B (in Nm/rad/s), armature inductance L (in H), armature resistance R (in
) and back electromotive force coefficient k. characterizes the actual dynamics of servo
machines, which involve uncertainties depending on the operating conditions, such as
J = Jo + A] with a known nominal value ]y (provided by the manufacturer) and unknown
variation AJ.

A system parameter decomposition such that (-) = (+)o + A(-) simplifies the dynamic
relationship between the armature voltage v,(t) and the speed w(t) using the original
dynamics in (2) and (3) as:

dw(t =
cun ™0 — o) + ful), Ve 20, @
where the known coefficient ¢, := % > 0 and the unknown time-varying lumped
- ' 2
disturbance f,(t) := —Riy(t) — kew(t) — %dc‘;—@ - d%ﬁ) + (% - %)d;;(t)/ which not

only reduces the model dependence of the control algorithm compared to the use of the
original dynamics in (2) and (3) but also eliminates the requirement for the current feedback.
The following sections present the observer-based speed control law that is based on the
second-order open-loop dynamics (4) and analyze the resulting feedback system using the

notation f(t) := %(tt) for any differentiable functions f(t), vVt > 0.

3. Proposed Solution

The two signals w*(t) and wy,¢(t) are defined as the desired closed-loop speed tra-
jectory and reference signal with their Laplace transforms (*(s) and (),,¢(s), respectively.
This study defines the target closed-loop performance in the low-pass filter form, which is
given as:

O*(s)  ws

- 7 v E (c/ 5
Qref(s) 8§ + Wsc ? ©)

where the tracking performance ws, represents the cut-off frequency of the system (5) in
rad/s (e.g., fsc = 5 Hz). The application of inverse Laplace transform to (5) yields

@ () = Wse(wWref (1) = W™ (1)), Yt 20, ©6)
defining the control objective as the exponential convergence

li t) = w*(t 7
lim w(t) = w*(t) @)
to assign the target transfer function (5) to the closed-loop, incorporating the adaptive
feedback gain into the inner loop, thus stabilizing the acceleration error.

3.1. Model-Independent Observer

The speed w(t) could be estimated using the servo system models in (1) and (2) by
applying the Luenberger observer design technique, depending on the machine parameter
information, as could the acceleration a(t) using the models in (1)—(3). The model depen-
dence could degrade not only the accuracy of the speed and acceleration estimation but
also the transient performance, which is a main challenge of this subsection.

Regarding the observer output 6, (t) with its error ey (t) := 6(t) — 0,(t), the speed and
acceleration estimates are defined as w,(t) and a,(t) for their actual measurements, with
w(t)(= 0(t)) and a(t)(= w@(t)) leading to the estimation errors e (t) 1= w(t) — we(t)
and ¢,(t) := a(t) — a.(t), and the augmented observer error is defined as
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eg == [ eg(t) ew(t) ealt) ]T. Based on these notations, this subsection presents the
proposed observer:

0c(t) = (2kg,e + Ae)eg(t) + we(t), ®)
we(t) = (kg, +2Ackae)eo(t) +a(t), ©)
a(t) = ki, Aeep(t), Vt >0, (10)

where the two tuning parameters k;, > 0 and A, > 0 define the gains for each subsystem
such that I; := 2k;, + Ae (for (8)), o := ké,e +2Ackg . (for (9)) and I3 := ké,e)‘e (for (10)).
The proposed observer comprising (8)-(10) requires no model information, including the
structure and coefficient values, and it ensures the beneficial convergence property:

tli_)rg ex(t) =ex(t), x=0,w,a,

exponentially for the desired output and estimation error trajectories that satisfies the
desired system ¢é;(t) = —A.ej(t) with ey (t) := x(t) — x}(t), x = 0,w,a, Vt > 0, as shown
in Section 4.

3.2. Outer Loop: Speed Control

The outer loop determines the desired acceleration reference signal a,.¢(t) according
to the speed error w,.f(t) — w(t). Consequently, the new variables are defined as z; (t) :=
we(t) and z(t) := a.(t), which yields the dynamics using (8):

Zq (t) = lzeg(t) + ﬂg(i’)
= aref(t) — Azp(t) + laeg(t), Vt >0, (11)

where a,.¢(t) denotes the additional design variable and Az (t) := a,,¢(t) — z2(t). This
study chooses to use the update rule for a,.¢(t) as the simple proportional feedback control:

aref(t) = wscZ1(t), Vt >0, (12)

with the error 2 (t) := wyef(t) — z1(t), which result in a controlled outer loop system by
substituting (12) into the open-loop dynamics (11):

21(t) = wscZ1 () — Azp(t) + el eg(t), vt >0, (13)

whereci:=[ 1, 0 0 ]T. See Section 4 for a further analysis of the controlled outer loop
wWref (t) = w(t).

3.3. Inner Loop: Acceleration Error Stabilizer

The inner loop determines the desired commands for the armature voltage v, (t)
according to the input signal a,,¢(t) from the outer loop (e.g., ar.f(t) = va(t)), which
comprises two parts: a desired acceleration trajectory generator that was driven by the
adaptive feedback gain (Section 3.3.1) and an error stabilizer (Section 3.3.2).

3.3.1. Desired Acceleration Trajectory Generator
For the input signal a,.¢(t) from the outer loop, the error @*(t) := a,.¢(t) — a*(t) is
defined as driving the subsystem that generates the desired acceleration trajectory a*(t)
such that
a*(t) = @ac(t)a*(t), Vt >0, (14)
subject to the adaptive feedback gain @, (t) that is updated by the rule:

Cbuc(t) = 'Yuc((ﬁ* (t>)2 + Pac@ac(t)), YVt >0, (15)



Actuators 2022, 11, 126

50f17

where @qc(t) 1= Wae — Wyc(t) for some steady-state gains and w,e > 0, which initializes
@ac(0) = wge. The first tuning parameter 7,. > 0 adjusts the excitation level of @, () and
the remaining p,c > 0 determines the decay ratio to the steady-state gain w,.. The two
subsystems of (14) and (15) constitute the input-output mapping a,.¢(t) +— a*(t) along the
adaptive feedback gain @;.(t). Owing to the time-varying nature of the feedback gain
@qc(t) for the subsystem in (14) and the nonlinear excitation term (*(t))? for the subsystem
in (15), the stability issue of the system a,,¢(t) — a*(t) remains questionable. See Section 4
for a further analysis.

3.3.2. Acceleration Error Stabilizing Control
For the input signal a*(t) from the subsystem in (14), the error
Zy(f) := a*(t) — za(t) is defined as yielding the dynamics (using (4) and (10)):
CwoZa(t) = —Cwote(t) + cwod"(t)
—0a(t) + fo(t) + cw0éa(t), V>0, (16)

with the newly defined lumped disturbance f,, () := ¢, 04* (t) — fw(t), which is stabilized
using the proposed active damping control:

t Y
Ull<t) = (kd,ac + Cw,OAac)ZZ(t) + kd,acAuC 0 Z2<T)dT +fw(t)/ Vi >0, (17)

with the two tuning parameters: active damping k; ,. > 0 and stabilizatjon rate A, > 0.
The DOB governs the dynamics of the feed-forward compensation term f, () as:
do(t) = —lofu(t) — 12cwoZa(t) + lova(t), (18)
fo(t) = qu(t) +1wcwo2a(t), VE >0, (19)

where the gain I, > 0. The substitution of the control law (17) into the open-loop dynamics
(16) produces the closed-loop dynamics for Z,(t):

Cw,OZLZ(t) = _kd,chZ(t) + CW,O/\EC(r(t) - 22(t>) + kd,ac)\uc /Ot(r(T) - 22(7))‘11—
+ep, (t) + cwoéa(t), Yt >0, (20)

where the dummy signal 7(f) := 0 and the disturbance estimation error ey, (t) := fu(t) —
ful(t), YVt > 0.

The proposed controller (17) improves the acceleration error stabilization performance
by assigning the first-order dynamics to the system r(t) — Z(t), which invokes the
pole-zero cancellation that is inherent from the active damping term k, ,.Z>(t), the formal
analysis of which is presented in Section 4. Figure 1 visualizes the configuration of the
proposed solution.

Outer Loop | Inner Loop R

w Ll

[e========-

Acc. Error

Adap. Gain
Stabilization

(15)

DC Servo
Machine

]
]
]
]
)
2, [Control] Va !
)
4.
_[DoB
18),(19

Figure 1. Configuration of the proposed solution.
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4. Analysis

Figure 1 shows the resultant closed-loop system within the multi-loop structure, which
comprises the observer, the outer loop to control speed and the inner loop to stabilize the
acceleration error. This system is sequentially analyzed in the following subsections to
guarantee the accomplishment of the control objective (7).

4.1. Observer

The specialized design parameter structure that is adopted in the proposed observer
(8)—(10) drives the observer output error dynamics according to the first-order perturbed
system due to its order-reduction property, which is formally analyzed in Lemma 1.

Lemma 1. The observer that is driven by a system consisting of (§)—(10) ensures:
ég = —Aceg + X2, (21)
with the perturbation term x; filtered from f,, such that:
Xp = —kgeXo +x1, ¥1 = —kgex1 + fa, (22)
where a = ag (DC component) +Aa (AC component) and f, := Ad and |f,| < f,, Vt > 0.

Proof. The two additional time derivatives in the subsystem (8) leads to the dynamics
along the remaining subsystems (9) and (10):

69 = _(de,e + )Lg)ég — (kgi,e + ZAekd/g)ég - Agké/e&) + fa
= —2kgelp — k30 + Ae(F — &) + 2\ cka o (F — €g) + Aekd (r — €9) + fa, VE >0,

where f;, = 4 and r = 0 (so that 7 = # = 0). The other form is obtained after applying the
Laplace transform (©,(s), R(s) and F,(s) denote the Laplace transforms of 6,, r and f,):

(3 + (2kg, + Ae)s® + (kfi/e + 20 ek e)s + Aok )@e(s) = Ae(s® + 2kges + k5 . )R(s) + Fa(s),

which results in order-reduction (using the two factorization (s* + (2kg, + Ae)s® + (kfl, .t
2Aekge)s + Aekﬁle) = (s+kge)?(s+ Ae) and (5% + 2k s + k%re) = (s +kge)?):
(s+ Ae)®e(s) = AeR(s) + Xz(s), Vs € C,

with the filters X5 (s) = ﬁXl (s) and X;(s) = ﬁl—“ﬂ (s), which completes the proof by

taking the inverse Laplace transform. [

According to Lemma 2, the perturbation term x; rapidly vanishes, such that a first-
order convergence system governs the observer output motion, subject to a specific tuning
parameter range for k; .

Lemma 2. The observer that is driven by a system comprising (8)—(10) ensures:

lim ¢y = ¢j, (23)
t—o0

exponentially, where ey := 6 — 0, satisfies:

&5 = —Aeel, Vt >0, (24)

for any tuning parameter setting k; , > 0, such that %f‘: ~ 0.
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Proof. The error €y := 6; — 6. is defined to satisfy the dynamics (using (24) and (21))

as ég = —A.e9 — xp with its expanded version for xg := [ € X2 ]T being given by
(using (22)):
Xg = Agxg + bgxq, Vt >0, (25)
. A -1 . . 0
where the stable system matrix Ag := 0 k and the input matrix by := L
—Rde

This system guarantees the existence of a unique solution Py = Pg > 0 to the matrix
problem (called the Lyapunov equation) Al Py + PyAg = —I. The Lyapunov function
candidate is defined as:

Kx,

1
Vp = Exg Poxg + 7;&, Ky, >0, (26)

whose time derivative Vj is obtained along the trajectories (22) and (25):

Vo = xiPo(Agxg+boxy) + Ky, x1(—kgex1 + fa)

Kxkde o (— ke

X+ K x1 (= 5521 + fa)

~[lxp% + x5 oy —

IN

o F
(Kxykae — [[bo]|*)37, VE >0, V|xi| > kﬂ{“,
e

N —

1
5l -

where the Young’s inequality shows the inequality above. The selection xy, = ﬁ (Ilbg > + 1)

eliminates the indefinite term in the upper bound of Vy, such that:

1 1
Vo < —§||x9\|2 - Ex%
< —apVp, VE=0, (27)

where ag := min{m, i} and the tuning parameter setting k; , > 0 satisfies %fi ~ 0,

which completes the proof. [

Remark 1. The exponential convergence (23) as a result of Lemma 2 shows that the proposed
observer constrains the output error dynamics to |eg — ej| ~ 0 with the setting k, , > 0, such that

% ~ 0. Thus, the use of the observer output error dynamics is acceptable:
ég = —)\gEQ, Vit 2 O, (28)

which leads to the results (using the observer subsystem (8)):

g = —Aebyp & (w — (llé‘g +(bg)) = —)\e(a) — (1169 +(Ue))
& Cw +hAeeg = —Aeew + 1 Acep,

which indicates:

leading to the following result by using the same process above (using the observer subsystem (9)):
éq = —Aeey, Vt > 0. (30)
Therefore, this remark concludes this subsection by showing the estimation error dynamics for
ep through the combination of (28)—(30) as:
eg = —Aeeg, Vt > 0. (31)
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4.2. Outer Loop

According to Lemma 3, the outer loop in the form of the proportional feedback with
gain w;c ensures a conditional stability from the input w,.s to output z; considering the
observer error dynamics (31). The analysis result is adopted to show the guarantee of the
control objective (7) in Theorem 1.

Lemma 3. The outer loop system that is shown in Figure 1 ensures the Ly stability of the input—
output mapping (Z + a* + Wypef) — Z1.

Proof. Regarding the relationship Az, = 2, + d*, the closed-loop system (13) yields the
error dynamics for Z; as:

ZL] =—wsehi + 0+ — C{ef) + wref/ vVt >0,
which turns the time derivative of the Lyapunov function candidate:

1
1‘:§

Ks

Vs 24 %Heenz, Kz, >0, Vt >0, (32)

into (using (31) and Young's inequality (xy < §x* + %yz, Vx,y € R, Ve > 0)):

Vfl = Zl(—wS(;Z1 +Zr 4+ at— ClTeg + wref) — Kzl/\gHegHz
Wsc -2 lea? 20 (s 4% s
S 5 A (k5 Ae — 27)||99|| + (22 + 8" + Wpef)21, VE > 0.
Wsc
2

Its indefinite term is cleared by choosing «z, = %ﬂ (% + 1) as:
. Wse p 1 2 ~ ~x . -
Vz < Ty AT §||99H + (22 +a" + Wref)2r

A

—az Vi + (22 + 3" + wref)zlz vt >0, (33)

where az, := min{ws, ;% }, which indicates the strict passivity of the input-output map-
“1

ping (22 + a@* + Wy, f) — Z1, ensuring the £, stability of this system [27]. O

4.3. Inner Loop

The inner loop exponentially stabilizes the acceleration error Z; that involves the active
damping, DOB and adaptive feedback gain, which is formally provided as the result of
Lemma 8. Lemma 4 begins with the analysis of the adaptive gain system (15) to ensure the
existence of its lower bound.

Lemma 4. The acceleration feedback gain @, from the subsystem in (15) ensures the existence of

Wy as its lower bound, e.g.: O > e YES 0 (34)
ac — acr - ¥

Proof. The acceleration feedback gain ;. solves the differential Equation (15), which is
given by:

t
Qpe = ef%fp’”t(uac—l—/o 677”Ep”5(t7T)(’)/acPucwac+7ac(‘~]/§c)dl—

> wﬂCI Vt 2 0/

owing to the property 7,.@3, > 0. This validates the result of this lemma. [

Lemma 5 determines an energy function with a dissipation property for the desired
acceleration reference trajectory generator that is driven by the two systems in (14) and (15),
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which clarifies the stability issue of the time-varying system in (14) by incorporating the
dynamics in (15) within the analysis task.

Lemma 5. The subsystems in (14) and (15) ensure the two boundedness properties: the adaptive
feedback gain boundedness |@ac| < oo, Vt > 0 and the desired acceleration trajectory boundedness:

f“ref

%] < bie ™2, Vi >0, V|a*| >

for some b; > 0and i = 1,2, where fan,f 1= e, \fan,f| < ﬂmf and Vt > 0.

Proof. The system consisting of (14) and (15) yields the dynamics for errors
i = Aref — a* and @y = wWge — Wye:

i = —Qudt + fares

- Wae | Wac -« Wac 7t

= T U T o fay
Cbac = —'Yuc(( ) +Pacwuc) vt >0,

where f; ;= Aref, | fa,, f| < famf and Vt > 0, which turns the time derivative of the
Lyapunov function candidate:

Ve i= = (a")? ,VE>0, 35
a 2(a ) +4,)/acwllc ( )
into:
. B Wae . Wae B w p @ N -
e o= ' (— zﬂca*‘f‘ zaca*)+”*( 2ac *+fan'f) ;C((a*)2+PucwaC>
~k fﬂref
S — N g Vﬁ* VYt > 0 V|IZ | > (36)

where az+ 1= min{wqc, 27YacPac }, which confirms the result of this lemma using the compar-
ison principle [27]. O

Remark 2. The feedback gain magnification property (34) (e.g., Wac > wye and ¥t > 0) means

that a set of tuning parameters 7y, > 0 and pgc > 0 could be chosen, such that e “f ~ 0 during
transient periods. Thus, it roughly follows from (36) that:

Vﬁ* < —apx Vﬁ*, Vit >0, (37)

which is used to prove Theorem 1.

The DOB in (18) and (19) does not explicitly identify the disturbance estimation
dynamics, which is addressed using Lemma 6 by applying the additional time derivative
to the output (19), considering the dynamics (18).

Lemma 6. The DOB that is driven by a subsystem comprising (18) and (19) ensures the disturbance
estimation error dynamics for ey :

és, = —lwes, +cf eg+dg,, Vi >0, (38)

where dy,, = feor g, | < d_fw,‘v’t > Oand cf, = [0 0 lyCwore ]T.
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Proof. The output (19) satisfies the dynamics along the trajectory (18):

A

fo = o+ lwCwoza

Lo (fuo — lwCwpZ2) — 200,022 + lw0a + lwCuw022
Lo (Ceo022 4 Va — fu)

= lo(fo — fw) = lwCwoAeea, Yt >0,

where f, = ¢, 0Z2 + Va — € 06 (Obtained from the open-loop dynamics in (16)) and (30)
are applied for the last equality, which is equivalent to the result in (38) from ez, = fo — fw,
thereby confirming the result of this lemma. O

The proposed controller (17) in the inner loop assigns the first-order dynamics to
the acceleration error stabilization task by incorporating the active damping term into
the feed-forward loop through the use of specialized design parameters, which is shown
in Lemma 7.

Lemma 7. The acceleration stabilization loop from the subsystem of the stabilizer in (17) and
the DOB in (18) and (19) ensures the first-order dynamics:

Zy = —AacZy —ep +az,1 (ef, + czTe@) (39)
perturbed by the filtered signal er, such that:
ér = —az,er + ﬂ§2,3(€fw + czTeg), YVt >0, (40)
for some az,; >0 andi=1,2,3.

Proof. Using the result in (31) of the closed-loop dynamics in (20), it holds that:

t
Cw,sz = _kd,,c22 + Cw,O)\ac(V - 2'2) + kd,ac/\ﬂc 0 (7 - ZZ)dT + ef, (t) + CzTee, vt >0,

where ¢ :=[ 0 0 —cypole | T, which yields the Laplace transform after applying the
additional time derivative to this system as:

(Cw,OS2 + (kd,,c + Cw,O/\uc)S + kd,ac)\uc>22(5> = /\ac(cw,OS + kd,ac)R(S) + S(Efw (S) + CEEG (S)),

Vs € C, with Z,(s), R(s), E f.(s) and Eg(s) representing the Laplace transforms of 2,
r =0, ef,, and ey, respectively. The factorization (w08 + (ki ge + Cworac)s + ki gehac) =
(5 + Aac)(Cw,08 + kg o) results in:

(5 + Aae)Za(s) = —Er(s) + ——(Eg, (5) + cJEq(s))

Cw,0
kd,ac
with the filter Ep(s) = Clo( C“,j; )(Efw (s) + ¢} Egy(s)), owing to R(s) = 0 and Vs € C.
w, g dac
€w,0

This validates the claim of this lemma. O

As the main result of this subsection, Lemma 8 proves the exponential acceleration
error stabilization using the observer and disturbance estimation error dynamics and the
pole-zero cancellation result from Lemma 7.

Lemma 8. The subsystem comprising the acceleration error stabilizer in (17), the DOB in (18)
and (19) and the observer in (8)-(10) ensures:

limz, =0,
t—o0
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exponentially for any DOB gain setting of 1, > 0, such that f‘” ~
Proof. Consider the vector xz, := [ Zo ep ]T obtaining the dynamics:
Xz, = Az, Xz, +b52(efw + c2Te9), Vvt >0, 41)
. AT | . .
where the stable system matrix Az, = 0 4 and the input matrix bz, :=
Uz 2

as . . . .
[ azz’l } . This system guarantees the existence of a unique solution Pz, = P;; > 0 to the
53

Lyapunov equation AZT2 P;, + P;,A;, = —I. The Lyapunov function candidate is defined

T
for the augmented vector X = [ xgz e, e} } using the positive definite matrix

Py := diag{Pzz,wa,Kgl} with kg, > 0and xg > 0 as:

1
Viace Exgccpaccxacc/ vt >0, (42)
1 w
< = EXZZ;PZZXZZ + £ €%, fHQQH PP 0, kg > 0)

whose time derivative V. is obtained along the trajectories in (31), (38) and (41):
Viee = x%;PZZ (Az,xz, + bz, (ef, + cleg)) + Ks,ef, (—lweg, + c}weg +dy,) — KoAeleg||?
lw
- ||x22\|2+x221’22b22(efw+c2e9)+xfwefa( ef, +<f,ep)

Z
+xg,er, (= > %o +dy,) — xpAclleg|?

IN

1
Hxey | = 2 (g o = 311B, P, | ~ 1),
2 e, |12

2 Zd-fw
5 leal®, V=0, Veg, | > =2,

3
—(xohe — 5 [P, [I? bz, ]| 2 ||* —
2 lw

where Young’s inequality obtains the inequality above. The selection of
w7, lego 17 i

Kfo = & B3I [2llbs, |2 +2) and kp = £ (3P, 2[lbs, [2eal]2 + 15 + 1) eliminates

the indefinite terms in the upper bound of V%,, such that:

1 1
2 2 2
8”"22” 2% §||e9||

< —agecVace, Yt >0, (43)

VKZCC

IA

with a;c > 0 defined as ag¢ := min{m L1 and the DOB gain setting l,, > 0

PZZ)’ Kf ’ Ko

satisfying — f‘” ~ 0, which completes the proof. [J

4.4. Entire Loop

Theorem 1 concludes this analysis section by proving the accomplishment of control
objective (7) using the energy functions that are obtained from (32), (35) and (42).

Theorem 1. The feedback system that is shown in Figure 1 accomplishes the control objective (7),
e.g., ensuring exponential convergence:

lim w = w*.
t—o0
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Proof. Consider the performance error €, = w* — z; leading to the closed-loop motion
along the trajectories in (6) and (13):

€ = —Wsc€w +27+d" — clTeg, vVt >0, (44)

with the identity Az; = Z; + @*. Define the function using (32) as:

Ve, i=Va, , (45)

f1=€w
leading to its time derivative along (44):
Ve, < —az, Ve, + €0(22 + %), Vt > 0. (46)
The Lyapunov function candidate is defined by compositing (35), (42) and (45) as:
V* = Ve, + 12 Var + ace Vace, a+ > 0, face >0, VE >0,

which yields its time derivative using the inequalities (37), (43) and (46) and the Young’s
inequality as:

A Vew + 1+ Vﬁ* + 7’]uccVucc
< —ae, Ve, T €w (ZZ + ﬁ*) — Na<ta+ Ve — Nacc®ace Vace
Qe 3 3
< 50V (pasask — — ) Vs — — Wy, VE> 0.
< 3 Vew (77:1 A ‘Xew) il (Waccoéacc “ew)\min(Pacc)) acc =

The settings 1+ = a; (% +1)and #4ec = %M(Wi(l,m) + 1) show the upper bound
of V* to be:

14
*%Vew - Vﬁ* - Vucc

< —a*V*, Vt>0,

V*

IN

koo : Kew
where a* := min{ =2, T

,737 }, which completes the proof. [

5. Experimental Results
5.1. Set-Up

In this section, the servo system comprising the QUBE-servo2 and myRIO-1900 was
used to validate the effectiveness of the proposed technique in reference tracking tasks,
which is shown in Figure 2. The datasheet of QUBE-servo2 provided the identification
results of the servo machine parameters for J, B, kr, L, R and k.. This section chose their
nominal values as Jo = 0.6/, By = 1.2B, Ry = 0.7R, Ly = 1.2L and k7 = k.o = 1.2kT, so as
to consider the effects of the lumped disturbance f,, from the model-plant mismatches and
load variations. The internal interrupt 0.1 ms implements the controller (both the inner and
outer loops) through a pulse-width modulation of 10 kHz using the LabVIEW software
including the MathScript.

E

\ -

\\ myRIO 100
4 |
L)
[\
L

Figure 2. Servo system implementation for the experimental study.
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This experiment tuned the proposed solution as: k;, = 3000 and f,, = 95 Hz for
Ae = 600 for the observer; f,c = 3 Hz for wsc = 67 rad/s for the outer loop control;
Yac = 5, Pac = 2/Yac and wye = 6 for the adaptive feedback gain; I, = 300 for the
DOB; and k;,, = 0.1 and A, = 10 for the acceleration error stabilizer. The following
experiments were conducted by comparing the proposed solution to the integral back-
stepping controller including the recent active damping compensator (called ADBSC),

which was given by: i, ,.r = ﬁ ( — kasew + Jowse(Wrep — w) + kg s fot(wref - w)dr) for

the stator current reference; v, = —ky ccia + Lowee (iaref — fa) + Kka ccWee fot (iaref — ia)dT for
the control input; and the tuned results k; ;. = 0.1, wsc = 27fsc rad/s with f,c = 3 Hz
and wee = 27 fe rad/s with f,. = 100 Hz for the current-loop cut-off frequency for the
best performance.

5.2. Tracking Comparison for Stair Speed Reference

This experiment evaluated the stair reference tracking performance of the proposed
controller and the ADBSC and the main comparison results for the speed and stator
current responses are presented in Figure 3. The left-hand side of Figure 3 shows that the
current-loop independence when using the proposed solution not only effectively reduced
the steady-state ripples but also lowered the over/undershoot in transient operations.
Meanwhile, the right-hand side of this figure indicates that the adaptive feedback gain
reduced the required current level in transient periods by automatically adjusting the inner
loop gain (as shown in Figure 4). This benefit (the reduction in maximum current level)
could be enlarged for high-power servo system applications and could lead to an increase
in power efficiency when using the proposed solution. Figure 5 presents the proposed
model-independent observer performance, which shows its capability for rapid estimation
error removal. The desired adaptive feedback gain response is shown on the left-hand
side of Figure 4, where lowering the steady-state gain improved the closed-loop stability
margin. The right-hand side of this figure presents the estimated disturbance that aided
the performance of the main control action.

1000

-=-:® (desired performance)

500 1

—: w(Proposed Controller) J i, (Proposed Controlle I)
—: w(ADBSC) —:i (ADBSC) ~ ====-
0 ‘ : : — 15 ‘ : ‘ ;
4 6 8 10 4 6 8 10
Time(sec) Time(sec)

Figure 3. Comparison of speed and stator current responses in stair speed reference tracking mode.
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5.3. Frequency Response Comparison

This experiment demonstrated the effectiveness of the proposed solution for the in-
creasing sinusoidal speed references of 1, 2 and 3 Hz. Figure 6 presents the main comparison
results. These results show that the proposed controller successfully drove the actual output
speed to be almost equal to the desired trajectory w* from the system in (6) owing to the
collaboration of the novel subsystems (the model-independent observer for feedback-free
current, active damping and adaptive feedback gain). The ADBSC, however, failed to
show this desired performance due to the dependence of the current feedback, which
required the additional low-pass filter and caused the phase and magnitude distortions in
the current measurements. Figure 7 reveals the decreased stator current using the proposed
controller, which resulted in improved power efficiency and was similar to the case of the
stair reference tracking comparison in the previous subsection.

600 - - - 8 : : :
Adaptive Feedback Gain DOB Response

500

v i —~
400 t ~ac —:f,
300 ¢ 4t
200

2r \/
100 |
0= : 0 ' ‘ : ‘
4 6 8 10 4 6 8 10
Time(sec) Time(sec)

Figure 4. Comparison of adaptive feedback gain and DOB responses in stair speed reference track-
ing mode.

N

r[rad/s]— Speed and Acceleration Estimation_El_‘lPE Responses
[rad/s®] 1

| —:a—a,

|
|
|
|
1 50 1
|
|
|

2 [ 100 =

4 6 4 6 8 10
Time(sec)
T R R R .
:170 [rad/s’]
160 ..
' —:a (= 9)
1150 —:a
! t
1140
1
1130
!
!
{120
!
4110
l100 L-
Actual Speed and Estimated Speed Actual Acceleration and
Responses Estimated Acceleration Responses

Figure 5. Comparison of observer responses in stair speed reference tracking mode.
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<3Hz Operation>

-—w (desi.red performance)
—: @(Proposed Controller)

3 3 3

I af(désirecl berf rmance )
—: @(Proposéd ﬁ(-)n"tr-(illler)
—: w(ADBSC

S

400 <1Hz Operation> <2Hz Operation> 1 <3Hz Operation>
5 52 54 5.6 5.8 6 5 5.5 6 5 5.5 6
Time(sec) Time(sec) Time(sec)

Figure 6. Comparison of speed responses for increasing sinusoidal speed references of 1, 2 and 3 Hz.

1

<1Hz Operation> <2Hz Operation> <3Hz Operation>

—:i, (Proposed Controller)
—:i,(ADBSC)

05

0.5

5 52 54 56 58 6 5 55 65 55 6
Time(sec) Time(sec) Time(sec)

Figure 7. Comparison of stator current responses for increasing sinusoidal speed references of 1, 2

and 3 Hz.

6. Conclusions

This study presented a current-feedback independent speed servo system, which
included analog to digital converer (ADC) sensitivity for current sensing and a model-
independent observer for ensuring order reduction properties in order to eliminate current
feedback and strengthen measurement noise. The various closed-loop properties were
derived by analyzing the closed-loop dynamics using the Lyapunov stability criterion.
The resultant beneficial property (performance recovery) used a low inner loop feedback
gain, which was experimentally verified using an experimental servo system comprising
QUBE-servo2 and myRIO-1900, and demonstrated the actual robustness improvements,
even with errors in the current sensor. However, the proposed controller needed to tune
the numerous design factors via an ad-hoc process, which will be solved in a future study
incorporating the optimization problems and the constraints that were described by the
linear and bilinear matrix inequalities.
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Nomenclature

Plant variable
Va(t), ia(t)
0(t),w(t),a(t)
J,B,L,R

Te/ TL

ke/ kt

Controller variable
w* (t)r wref(t)
ar (S)r Qref(s)

e (t), we(t), ar(t)
eg(t), ew(t), ea(t)
kd,EI Ae

Wac, Yacr Pac

feolt)

DC voltage and current

Position, speed and acceleration of rotor

Inertia, viscous friction, inductance and resistance of rotor
Electric torque and load torque

Back electromotive force coefficient and torque coefficient

Desired closed-loop speed trajectory and reference signal
Laplace transforms of w*(t), w.f(t)

Observer output, speed and acceleration estimation
Observer error

Observer tuning parameters

Steady-state gain, tuning parameter and remainder
Lumped disturbance

@ac(t) Adaptive feedback gain

kaacr Aac Active damping and stabilization rate tuning parameters
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