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Abstract: This study designs an advanced single-loop output feedback system for speed servo
drive applications, in which a simple proportional-integral-integral (PII) controller equipped with
nonlinear feedback and feed-forward gains is formed. The resultant feedback system shows the
desired critically damped performance for wide-operating regions by actively handling the system
parameter and load uncertainties. There are three contributions: first, the third-order observer
estimates, independent from the system model, where the speed and acceleration are obtained
using the position measurement with the order reduction property; second, the observer-based
PII controller is compensated by active damping with a nonlinearly structured feedback and feed-
forward gains; and, third, a guarantee is achieved on the desired critically damped performance
through a closed-loop analysis. A hardware testbed that adopts a 500 W brushless DC motor is
used to experimentally demonstrate performance improvements over certain constant torque regions

under various scenarios.

Keywords: speed control; proportional-integral-integral control; active damping; observer; servo

drive

1. Introduction

Industrial mechatronics applications, such as mobile robots, electric vehicles, and
manufacturing processes, require high-performance servo drives to meet desired specifica-
tions. However, it is not obvious how to guarantee an ideal transfer function for servoing
tasks due to limited measurements and imperfect model and load information. Software
engineering enables this challenge to be handled by carefully designing control and signal
processing processes [1-8].

The trajectory tracking applications for unmanned vehicles necessitate an ideal speed
servo performance (e.g., transfer function: 1) to guarantee closed-loop stability and perfor-
mance. The idealization of servo drives is impossible in practice due to severe and uncertain
operating conditions. There have been numerous attempts to reduce the difference between
the actual transfer function and its ideal version to be as small as possible under feedback
system design approaches that are formed of conventional output feedback and novel
multi-variable structures [9,10]. The conventional output feedback strategy requires the
current, speed, and position measurements for each loop (e.g., the inner, middle, and outer
loops for the current, speed, and position errors, respectively). Then, each loop that adopts
a proportional-integral (PI) regulator results in a transfer function from the reference to
the output, which shows the multi-loop output feedback system structure. Tuning the PI
gains leads to bandwidth changes for each loop transfer function; therefore, its process is
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conducted through Bode and Nyquist design approaches. The resultant transfer function
with the desired bandwidth is only valid for a given operating mode due to the servo
motor parameter variations and load uncertainties. The gain switching technique could be
considered a solution to this practical problem as it requires an extra computational burden
to the controller [11]. The feedback-linearization (FL) controller that involves specially
structured system parameter-dependent PI gain and feed-forward compensation terms
resulted in a desired first-order transfer function via the pole-zero cancellation (PZC) for
all operating conditions (provided that the exact system model is available online [12]),
thereby leading to the removal of the necessity of gain switching logic but still requiring
the online system identifiers (as in [13-16]).

Recent multi-variable approaches have been used to estimate the uncertain system
parameters used for main control action, which can guarantee stability and desired per-
formance. This requires additional multiple dynamics for recursive parameter estima-
tors [17,18]. In particular, the adaptive integral back-stepping controller includes variable
feedback gain according to the controlled error, and this is similar to the online parameter
estimator. The offline optimization process yields its steady-state gain under bi-linear ma-
trix inequality constraints [17]. However, there is a practical concern about the high value
of steady-state feedback gains. Robust control includes an extended state observer (ESO)
to filter the measurements and estimate the disturbances for both the feedback and feed-
forward loops, whose performance could be limited in the presence of system parameter
and load uncertainties [19]. The other ESO-based approaches forming the output feedback
structure reduce the dependence level of system model information with the optimization
process for ESO gains [20-22]. The disturbance observer (DOB)-based PI controller removes
true system parameter dependency by only requiring nominal parameter values, and it
has also been used to secure an improved robustness by suppressing the disturbances that
occur when the model plant mismatches when using DOB (which is an improved version
of the FL controller with a PZC property and stability guarantee [23]). The conventional
sliding-mode controller (SMC) adopts a discontinuous sign function for both the feedback
and feed-forward loops to ensure the desired performance and closed-loop stability despite
the model plant mismatches, which leads to a conservative voltage command that suffers
from the steady-state chattering phenomenon. An improved version of SMC involves
the DOB to lower the steady-state chattering level by updating the feed-forward terms
continuously [24]. Finite control set model predictive controllers search the finite voltage
command set to determine the optimal control signal with a reduced dependency on the
pulse-wide modulation (PWM) operation [25-27], thereby requiring extra online system
identifiers to ensure optimality and to improve the precision of the state prediction. Novel
multi-loop proportional controllers embed DOB to replace the integral action and to es-
timate the feed-forward terms with performance recovery and the stability guarantees.
Moreover, they boost the feedback gain and restore it as it approaches a steady state [28],
which forms the simple structure and keeps the closed-loop system stable. The resultant
proportional-type feedback system structure could limit closed-loop robustness against
sudden load variations owing to the absence of integral actions in the controller.

Different from the extant results discussed above, this work systematically consid-
ers practical concerns, such as limited measurement, imperfect model information, and
implementability, to propose an advanced solution to the speed control problem of servo
drives. The proposed solution constitutes an observer-based output feedback system while
preserving a simple structure and lowering the system model dependence for convenient
actual implementations. The contributions of this paper can be summarized as follows:

1.  The proposed third-order observer yields the speed and acceleration along the diag-
onalized error dynamics through the order reduction property without any system
model information, thus specifying the nonlinear structure of the observer gain.

2. The proposed controller preserves the simple proportional-integral-integral (PII)
structure that involves the observer and active damping as the subsystems for indus-
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trial applications, thereby tuning only one of the design parameters, which determines
all of the control gains for a given specification.

3. Theresultant output feedback system guarantees the desired critically damped second-
order transfer function, which lowers the peak current level for transient periods.

Furthermore, a rigorous closed-loop analysis is conducted to derive beneficial closed-
loop properties, which includes accomplishment of the design purpose. The experimental
validation enlightens the practical contributions of the proposed technique using a hard-
ware testbed that includes a 500 W brushless DC motor (BLDCM) and a 32-bit digital signal
processor (DSP) as the servo motor and controller, respectively, under various scenarios.

2. Servo Motor Model

This work considers a DC servo motor (which includes DCM and BLDCM) to present
the design purpose and result effectively and clearly; it consists of a stator, rotor (inertia :
J (kgmz), and friction B (Nm/rad/s)) as the main parts. The voltage v, (V) causes an
armature current i, (A) across the stator coil (inductance : L (H) and resistance : R, (QQ)),
thereby generating the rotational torque T, (i) = kri; (Nm) for some kr > 0. Then, the
torque overwhelms the load torque Ty (Nm), thus resulting in the rotor speed w (rad/s)
and position 6 (rad) to lead to the back EMF ¢}, (w) = kew (V) for some k, > 0. These
mechanisms can be described by the third-order differential equations that satisfy

f = w, 1)
Lotg = —Ryig— ¢p(w) + 04, Vt >0, 3)

whose uncertain parameter variations A(-) are such that (-) = (-)g + A(-), and whose
mismatched uncertain disturbance T} plays a vital role in degrading the feedback system
performance or causing instability, where (-)o represents the known nominal parameters
for (-) =], B, kt, Ly, R,, and k, (for instance, | = Jy + A] with a known value Jj and its
uncertain variation AJ). Using this concept, the two equations in (2) and (3) yielded the
second-order system v, — w by applying the additional time derivative to (2):

Csc, 00 = Uy + dw, YVt >0, 4)
whereby the known constant cs. g and unknown time-varying signal d,, are defined as
Csc,0 i= J %1;”00 and dy, := —Acse@ — Bw — Rpig — ¢p — 15, respectively (where Acse = csc —

Csc,0 represents the deviation for the lumped constant defined as cs; := %). The system
representation of (4) made it possible to not only lower the system model dependence, but
to also remove the requirement of the current feedback, which was then used as a basis for
designing the proposed feedback system in the following section.

3. Design Purpose

When denoting the variable w* as the desired speed response, which is triggered by
the reference wy,y, the Laplace transforms Q*(s) = L{w"} and Qy,¢(s) = L{w,r} define
the desired transfer function for the actual feedback system w,,r — w as follows:

Q*(s) _Wse
Qref(s) $ + Wsc

2, Vs € C, (5)

which is critically damped by the multiple real pole at —ws for a given specification wsc. > 0
as the bandwidth ws. (rad/s, fsc = % Hz) for the transfer function (5).

27
The accomplishment of the exponential convergence can be expressed as follows:

tli_glo w = w¥, (6)
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which thus permits the feedback system to ensure the desired transfer function (5). There-

fore, the exponential convergence (6) was defined as the design purpose of this paper,

where w* satisfies the system for the x* := [ Z* ] (which is obtained by inverse Laplace

transform for (5)). As such, this can be expressed as follows:

X" = A X" + by Wrep, w* = cz,scx*, YVt >0, (7)
o . . 0 1 0
which involve matrices defined as A, := 2 by, 1= > |,and cu,, =
—ws.  —2wse Wi,

o)

4. Implementation of the Proposed Single-Loop Feedback System

This section presents the structure and algorithm of the proposed solution for a conve-
nient implementation. Sections 4.1 and 4.2 provide the implementations of the proposed
single-loop feedback system, which consist of an observer and controller, respectively,
including a system block diagram as the conclusion of this section. Sections 5.1 and 5.2
show how the closed-loop properties were derived so as to prove the accomplishment of
the design purpose, which is described in Section 3.

4.1. Observer

The position measurement 6 that is obtained from the hall sensor or rotary encoder
suffers from discontinuity due to limited sensor resolution, which involves undesirable
high-level noises when obtaining the speed and acceleration via the time derivative op-
eration (e.g., w = 0 and a = &(= 0)). This challenge can be addressed by adopting the
conventional Luenberger observer, which requires exact model information (model depen-
dency). To remove the model dependency, this work adopts the general identity for any
function yielding a = ag + Aa for 4y = 0 (e.g., DC offset) and Aa # 0 (e.g., AC variations).

6
With the facts that § = w and & = a, this leads to the observable system for 0 := [ w ] :
a

= A0 +Dbyf,, (8)
0 = cl6, vt>0, 9)

where Ay :=
1 0

010 0 1
0 0 1]|,bg:=|01{,co:=| 0 [, (unknown disturbance) f; := Aag,
0 0O

and |fs| < fa, Vt > 0. The proposed observer estimates the speed and acceleration by
0
updating 8 := | & | such that
a
0 = Agh+1y(0-90), (10)
0 = clo vt>0, (11)
lo1
thereby equipping the gainly = | lg» |, which is defined as
lo3

log = koj +2kop, lgn = 2ko1kop + K35, lgs = ko1k3 5, (12)
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whose nonlinear structure for the two design parameters k,; > 0 (for estimation error
convergence) and k, 2 > 0 (for disturbance attenuation level) corresponds to a main feature
of this study.

Remark 1. The proposed observer of (10) and (11) equipping the gain (12) yields the diagonal

(] 0—0
system foreg:=0—0(= | ew | = | w—a@ |)as follows:
€s a—a

ey = —kolleg, Vt>0,

which, due to the nonlinear structure of the observer gain ly, constrain k, into some admissible
range. Therefore, the proposed observer requires a simple repetitive tuning process for only one scalar
design parameter k, » for the desired convergence rate k, 1. Thus, unlike a conventional observer,
which involves complicated matrix calculations for the tuning process, this is a practical merit of
this paper. Section 5 includes the detailed property with the proof.

4.2. Controller

An open-loop system (4) yields another system for v, — @ via the identity cs. o0 =
Cse,0W + Csc,0€w, Which can be expressed as follows:

Csc,000 = Vg + do + ¢l g, Vt >0, (13)
0

where ¢; := | ¢50 |. The proposed algorithm for v,, driven by the error @ := wyf — @,
0

is given by incorporating the observer state 6 in the form of PII control as follows:

V0 = kg1 — kyo® — k30 + kp ol + ki s /0 Lot + ki /O t /O ‘Gdr >0, (14)
whereby the active damping gains are equipped as
ki1 = 2(wscCsc0 + \/Cseoke), kio := 4ker/Coeowse + k2, kg3 i= 2k2wsc, (15)
and the PII gains are
kpse = Csc0Wacs Kise = 2ker/Csoowiz, kinse = kews, (16)

whose nonlinear structure with respect to the design parameter k. > 0 for a given specifica-
tion wse > 0 corresponds to a main feature of this work.

Remark 2. The resultant system controlled by the proposed controller is obtained by substituting
(14) into (13) such that

Coc0 @ = —kg1@ — ko — kga® + kp sl + ki@ + kipsc@ + do
el e g+ cheg+cleg, Vi >0, (17)
kaile ka2l
where ¢y = 0 and ¢c3 = 0 . At this time, it is questionable that the
0 0

complicated fourth-order system (17), which includes the six gains kg 1, ki, ka3, kp,sc, k1,sc, and
k11 sc, ensures exponential convergence (6). Section 5 systematically addresses this issue by further
analyzing the closed-loop dynamics (17). Figure 1 visualizes the proposed feedback system structure
as the block diagram by showing the simple output feedback structure and convenient tuning tasks
via the four design parameters of k, 1, ko, wsc, and ke.
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Servo Drive

iy

3-phase
inverter

Observer
(10),(11)

Figure 1. Block diagram of the proposed feedback system structure with four design parameters.

5. Convergence Analysis Results

The main objective of this section is to prove the accomplishment of the design
purpose (6) through the analysis of the controlled system of (17) with the gains of (15) and
(16), as well as the observer of (10) and (11) with the gains of (12). Section 5.1 starts from
the analysis of the observer dynamics, which makes the control loop analysis convenient,
as shown in Section 5.2.

5.1. Observer

This subsection proves the statement of Remark 1. To this end, Lemma 1 derives the
output error dynamics as the perturbed first-order system through the combination of the
systems of (10) and (11), as well as the nonlinear structure of the observer gain of (12),
which invokes the order reduction property.

Lemma 1. The proposed observer of (10) and (11) drives its output error ey to be governed by

ép = _ko,lee + B{PQ/ (18)

with py(= { g Z’; ] ) solving the perturbed system by f, as follows:

Po = Apepg +exfa, Vt >0, (19)
) ) ] —kop 1 1 |o
where the matrices are defined as A, := [ 0 koo ], e = { 0 }, and e; 1= [ 1 ]
Proof. The error ey satisfies (8) and (10) such that
& = Ageg+b,r+bgfs, (20)

cleg, Vt >0, (21)

€
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with the matrices defined as Ag; := Ay — lgcg(: —(2ko1kop + kg,Z) 0 11|),b,:=
—ko,1k§,2 00

ko,l

[ 2ko 1ko 2 ] ,and r := 0, whose Laplace transforms (e.g., Eg(s) = L{ep}, R(s) = L{r},
ko,lk%,z

and F,(s) = L{f,}) yield that

Eg(s) = ¢} (sIzxsz — Agy) "'b,R(s) + ¢ (sI3x3 — Ag;) "'bgFs(s), Vs € C. (22)

The pair of (Agll, br) derive interesting calculation results for the first term of the right-hand
side (RHS) of (22) as

cf (sIsx3 — Agy) by = G —Iic—oiclo(j)—gsk—tzk)jz)Z = 4k-o;<10,1 . (23)
The second term of the RHS is obtained as
cj (sT3x3 — Ag1) by = G ka,l)is ko2 (24)
which follows from (22) that
(s +ko1)Eq(s) = (S_:WF,Z(S), Vs € C. (25)
Therefore, the definitions Py1(s) := %Pglz(S) and Py, (s) := ﬁl—“ﬂ(s) confirm the

result of this lemma by ey = L {Eg(s)}, po1 = L H{Py1(s)}, pao = L H{Py2(s)}, and
fa=LHF(s)}. O

Lemma 2 provides the essential property for the diagonalized error dynamics (stated
in Remark 1) with the feasible tuning range of k,» > 0 via the result of Lemma 1.

Lemma 2. The proposed observer of (10) and (11) ensures
tli_)n; ep = ep (26)

which exponentially, with e}, satisfies the following system:
ép = —ko16p, Yt >0, (27)

for any k, » such that % ~ 0.

Proof. It follows from the definitions of §g := [ ;9 ] and &y := ey — ey, as well as the
0,1
systems (18) and (19) that
Sg = Ay, 09 + e2pgo, Vt >0, (28)
. . ko1 —1 0 .
where the matrices are defined as A, := 0 ’ K and e; = 11 The conditions
—Ro2

ko1 > 0and k,» > 0 ensure the solvability of the equation AZ;; Ps, + Ps,As, = —Iox2 with
respect to a unique solution Ps, = PZ;; > 032, which yields for the positive definite function
Vo = %52;13(5959 + %péz with &, > 0 that V, = 52;1’59 (A59(59 +expg2) + xopo2(—ko2pen +
fa) when using the second row of (19) and (28). The fact xTy < §||x/|? + 5= [y|?>, Vx,y € R",



Actuators 2024, 13, 2

8 of 16

Ve > 0 (Young’s inequality) leads to the inequality V, < — 1|8/ — (%2 — 1P, 112) g, +

%PQ,Z(_kOT’zPe,z + fa) results in
. z_fa
Vo < =70 Vo, ¥t >0, V|p9| > o (29)
0,2

whereby the removal of the indefinite terms by the choice &, = é (IIPs, [I* + Disye =

min{ 5

Doin B3’ ,% }, thus validating the proof of this lemma. O
min 0 0

The property (26) as the result of Lemma 2 means that one can infer that ég = —k, 1¢9
after a short transient period. Through this, the chain reasoning process is derived using
the first row of (10) such that éy = —k, 169 < (W —0) = —ko1(w —0) & (@ — (Ip1ég +
d))) = _ko,l (w - (19,169 + (2))) & 6w+ 19,1k0,169 = —kollew + lgllko,leg. Thus, it holds that
éw = —k, 160 is from ég = —k, 1€, thereby showing that é, = —k, ¢, is obtained via the
same process detailed above when using the second row of (11). Therefore, this subsection
concludes that

&y = —ko1€9, Vt >0, (30)
as the proof of Remark 1.

5.2. Control Loop

Before proceeding with the proof of the accomplishment of the design purpose (6),
Lemma 3 derives the controlled speed dynamics as a perturbed second-order system
through a further analysis of the system (17) with the nonlinear structure of control gains
(15) and (16), thus invoking the order reduction property.

Lemma 3. The proposed PII controller of (14) equipping the gains (15) and (16) drives & to be
governed by the second-order system:

@ + 2w + w?cd) = wgcwref + CZJ,l (pw,l +pw,2>/ 31)

withp,, (= [ Palt }) and p,,»(= { Pw2i ]) solving the systems as follows:

Pwi2 Pw22
Poi = ApoiPor T bpofow (32)
Pop = AporPun tbp,ze0, VE20, (33)
_ kc _ kc _ kc 1
where the matrices are defined as Ap, | := l csc0 \/,C;j JAp,, = l VCsed p ]/
w, 0 _ c w, 0 _ c
Csc,0 +/Csc,0

0 1 4
defined as f,, := dy,, thereby satisfying |fu| < fu, ¥t > 0.

1
Cwl = [ Csc0 ], bp,, = { 1 } and by, , = [ 03:?3 ] In addition, the disturbance f,, is

Proof. It follows from the systems (17) and (30) that & = kg Kaags kasg

Csc,0 Csc,0 Csc,0

kpsc = ks » kipse ~ 1 7 1 T 4 2
f f f : —+ vt > 0.
Coc0 w + CSC,OC(J + Coc w + Coc0 dw + Csc C, €9, where C4 ko,lcl ko,l Co k0,1C3/ t 0

Defining signals such that z; := fot(—kdlzcb + kpse@ + zp + de)dT, 23 1= fot(—kdjd) +
kyse@ + z3)dT, zg4 == kyps fot @dt, and dy,e = d + ¢} fot fot epdT? for the vector z,, :=

[ @& 2z z3 z4 ]T yield another expression for the system (17) as

Zy = Ap,zy+ bzw,rcuref + bzw’ddw’g, (34)
& = 2y, V>0, (35)
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2(C*Jsccsc,OﬂL\/Csc,O C) 1
Csc,0 Csc,0 00
with the matrices defined as Az, := — (4kc \/Csc 0wsc + k2 + cse Owsc) 0 10 ,
—(2Kk? wsc+2kc Csc w2 0 0 1
—k (U 0O 0 O
0 0 1
2
o Csc,0W5, o 1 o 0 . A .
b, r = ok, Csc W2 | b, 4 = o |’ and ¢z, = ol The variables Q)(s) =
K2w?. 0 0

L{@D}, Oyep(s) = L{wyer}, and Dy e(s) = L{dw,e} (= Dw(s) + 2c4 I'Eg(s)) derive an equiv-
alent expression for the system, consisting of (34) and (35) as

A

QO(s) = ¢l (sLyxa — Az )bz Qper(s) + el (slya — Az, )by, 4Dwe(s), Vs € C. (36)

The pair (A, b, ;) derive an interesting calculation result for the first term of the RHS
of (36) as

T (shos — Ag )by, = (VG0 Hk)® _we (37)
Zw \OLd x4 Zw ) Pzw,r (S+wsc)2(m5+kc)2 s+ ws’

and the second term of the RHS is obtained as

52

(5 + wsc)z(\/csc,OS + kc)zl

l (slysq — Az, )by, g = (38)

which follows from (36) that

1 1
— D(s) +
Csc0 s+

(s + Wse)2Q(s) = WEOyer(s) + ciep, (39)

1
)2

k¢ I}
V/Csc,0 SC’O( T T Csc

_ ke

Vs € C. Therefore, the definitions P, 11(s) = (1 — VCS;CO )Puw12(s), Py1p(s) = (1 —

S+\/Csco
ke
50 )Dao(s), Pu2a(s) = (=) Pu22(s), and Puja(s) = (—e—)c[Eq(s) complete
V/Csc,0 ﬁsc,() \[sc 0

the proof by p.,; = ,C’l{Pw,i(s)} and pyp;i = E’l{Pwlzli( )}, i = 1,2, with Pu1 =
T T
[ Pwil Pwte | andpgr=[ pwp1 Pwp2 |- O

In conclusion, Theorem 1 ends this section by proving the accomplishment of the
design objective (6) with the specification of the tuning range of k. > 0 when using the
results of Lemma 3 and the diagonalized observer error dynamics of (30).

Theorem 1. The proposed controller depicted in Figure 1 establishes the design purpose (6) (e.g.,
lim;_y00 w = w* exponentially) for any k. such that LCIZO‘” ~ 0.

Proof. The vector x defined as x := [ g ] yields the vector form for the system (31) as

X = A X+ by, Wrer + ea( ﬁpwm + Czjll P 2)- This leads to another system for deviation,
which is defined as &, 1= x* — x together with the two systems of (7) and (32):

8w = As,0w+bs,1Pw11+Bs, 2P0 (40)

Pwil = Pwi2 + fo, (41)

ke o ke
v/ Csc,0 Poll v/ Csc,0
Pwi2 + fw, VE >0, (42)

. ke
Pwiz =
v/ Csc,0
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where A5 = Aw,., bs,1 = —ﬁez, and B;, o := —ezczjl. The conditions ws. > 0,
’ sc,! 4 ’
ke > 0 and csp > 0 ensure the solvability of the equation Agw Ps, +Ps, A5, = —Iax2
and A;w’z Pp,» + Pp,2Ap., = —lox2 with respect to a unique solution Py, = Pgw > 02x2

and Py, = P;wz > 042, respectively, which leads to the positive definite function

Vie 1= 300Ps, 00 + 510011+ 520012+ S50 PG 2 PpusPun + 5t leo]|* with e, > 0,1 =
1,2,3,4 such that Vi, = 5TP§w(A5w5w +bs, 1Pw,1,1+Bs,, 2sz)+lxsc1pw11(*\/kic—17w11 -

pru + fow) + tsc2Pwi(— \/7}%112 + fw) + asc3pw2Ppw2(pr2Pw2 + bp,,,e0)—

Csc

Xscako, 2 when using (30), (33), and (40)—(42). The Young’s inequality leads to
the inequality
. 1 1 o 1kc 43 zk DC 1kc
V. < 2812 = D=L 3ps 11P1Ib 2y,.2 (R, sc,
1« 3
—5 (=57 =3P, II? IIB(sw,z Pwall® = (aseakor — ase3 [Py, |17 prw,zH ?)lleqll?

Ftse 1 P11 (— Pwai + fw) + ascopwi2(— Pwi2 + fw), VE >0,

ke ke
2\/Csc,0 2\/ Csc,0
thereby resulting in

Vsc S ')/scvsc/ vt > O V‘pw11| > \/? “ SC “ (43)

with the removals of the indefinite terms by choices such that as.1 = 27vkczco (3||Ps,, |12
2 sc,0 SC, kC
Ibo1l” +1), ascp = “EL (T +3), ases = 206IIPs, [7[Bs,, |7 + 1), and agcq =
11 1 1

2 .
k, 1(“sc3HPszH “bpwz” ) where ;¢ 1= mln{y\mm(p%) F oot Bacp” Boeahmin(Pp,5)” ach )"

This validates the results of this theorem. O

6. Experimental Results
6.1. Configuration for Experiments

This study constructed the dynamo-meter shown in Figure 2 (500 W BLDCM for test
motor and 700 W permanent magnet synchronous motor for load motor) as the servo drive
to experimentally demonstrate the advantage of the proposed solution. The commercial
board (model: DRV8305; manufacture: Texas Instrument (TI)) used as the three-phase
inverter operated the BLDCM by the duty command from the controller, whose DC source
voltage was set to 25 V. The TI 32-bit DSP (model: LUNCHXL-F28379D) outputted the duty
command from the C-programming implementation of the proposed feedback system, as
shown in Figure 1, through the internal interrupt period of 0.1 ms, which was synchronized
to the control, PWM, and measurement process. The datasheet and repetitive offline
identification experiments found the BLDCM parameters given by (for rotor) ] = 1.7 x 1074,
B =29 x 1075, (for stator) L, = 0.13 x 1073, R, = 0.0785, and (for flux) kT = k. = 0.068.
The controller area network constituted the real-time communication between the controller
and desktop PC to collect the experimental data through MATLAB/Simulink.
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Controller + Inverter
(LUNCHXL-
F28379D+DRV8305)

Figure 2. Hardware testbed: 500 W BLDCM for test motor, PMSM for load, and 32-bit DSP
for controller.

The nominal values chosen as Jo = 0.8], L,9 = 0.7L,, and k1 = 1.4kT yielded the
known lumped coefficient c5.0 = %, which was used for the controller to consider the
model plant mismatches detailed in Section 2. As shown in Figure 1, the proposed feedback
system provided the four design parameters ws. and k. for the controller and k,; and
ko2 for the observer, which were determined as fsc = 5 Hz (wsc = 275 rad/s), k. = 0.5,
ko1 = 50, and k,» = 1000, respectively.

The novel multi-loop PZC (MLPZC) controller (in [8]) was adopted to evaluate the
performance improvement of the proposed technique through a comparison study. For
a fair comparison, the speed loop bandwidth was set to be the same as the proposed
controller under the current loop bandwidth of f., = 100 Hz (w.. = 271100 rad/s), and the

remaining design parameters were tuned for the best performance.

6.2. Step-Up Reference Tracking Tests

For the step-up reference from the initial value w;,; = 500 to the final value 1500
rpm, this experiment was conducted three times for the different loads of T; = 0.2, 0.4,
and 0.6 Nm to evaluate the speed tracking performance. Figure 3 shows the compari-
son results between the proposed and MLPZC controllers. Both controllers effectively
assigned the desired transfer functions with the bandwidth of f;; = 5 Hz to the closed
loop under different load conditions, as well as for the critical damped transfer function
for the proposed controller and simple damped transfer function for the MLPZC. There
were no significant performance differences between the two controllers, but the critically
damping characteristic by the multiple pole at —wj, resulted in the improved peak current
suppression capability by the proposed controller, as shown in Figure 4. This corresponded
with a main advantage of this work, in practice, by adopting the second-order transfer
function (5). The speed and acceleration estimation results by the proposed observer are
presented in Figure 5. According to the comment of Remark 1, the proposed observer
renders the speed (left side of Figure 5) and the acceleration estimation errors (right side of
Figure 5) to be rapidly convergent with the zero under the same estimation error dynamics
despite the different load conditions.
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Figure 3. Speed responses for the step-up reference tracking tests under the different loads of T;, = 0.2,

0.4, and 0.6 Nm.
50 [A] <Pr6posed Controller> | | <MLPZC Controller>
40
| —:i,(@T, =0.6Nm) —:i (@T, =0.6Nm)
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Figure 4. Currentresponses for the step-up reference tracking tests under the different loads of
Tp = 02,04, and 0.6 Nm.
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20 [rad/s] - - - —[rad/s*]
<Observer Errors>

10y 100

0 m . "“I“I“I’I“I".m“ 0
ol —:0-&(@T, =0.6Nm) -100 :a—a(@T, =0.6Nm)
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Time (s) Time (s)

Figure 5. Speed and acceleration estimation errors for the step-up reference tracking tests under the
different loads of T;, = 0.2, 0.4, and 0.6 Nm.

6.3. Constant Reference Regulation Tests

This section fixed the speed reference to w,,f = 1500 rpm. The three step-up load
torque increments T;, = 0.4, 0.6, and 0.8 Nm from the initial setting T;, = 0.2 Nm (e.g.,
Tr : 0.2 — 0.4/0.6/0.8 Nm) were considered to evaluate the speed regulation performance
under the same settings with Section 6.2. Figure 6 shows that the proposed controller’s
critically damped system also improved the speed regulation performance by significantly
reducing the over/undershoot level for all three different load variation scenarios. Figure 7
indicates that the proposed controller makes the current response similar to the MLPZC
despite improving the speed regulation performance.

1800
<|Pr0p0seld Controller <MLPZC Controller>
—:w,,(@T, 0.2 - 0.8Nm)
1550 7 — @, (@T, £D.2—0.6Nm)

—:0,,(@T, =0.2—0.4Nm)

rpm

1500

1450 -

1400 ' ' ' : : : ‘ ‘
0.9 1 1.1 1.2 1.3 0.9 1 1.1 1.2 1.3
Time (s) Time (s)

Figure 6. Speed responses for the constant reference regulation tests under the sudden increasing
load torques of T, : 0.2 — 0.4/0.6/0.8 Nm.
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[A]
30 <Proposed Controller> " <MLPZC Controller>
257 —:i,(@T,|=[0.2 — 0.8Nm)
20l —:i (@T, 0.2 — 0.6Nm)
(0.2 - 0.4Nm)

0.9 1 1.1 1.2 1.3 0.9 1 1.1 1.2 1:3
Time (s) Time (s)

Figure 7. Current responses for the constant reference regulation tests under the sudden increasing
load torques of T : 0.2 — 0.4/0.6/0.8 Nm.

6.4. Performance Assignability Tests

This experiment was conducted to highlight the effectiveness of the result of Theorem 1.
For this purpose, this section fixed the load torque to T;, = 0.2 Nm and adopted the same
step-up reference used in Section 6.2. The three increasing bandwidths of fsc =5, 8, and
15 Hz were applied to the feedback system to observe the performance changes according to
such various bandwidths. The left of Figure 8 shows that the proposed controller precisely
assigned the desired transfer functions to the closed loop for each bandwidth due to the
accomplishment of the design purpose by Theorem 1. Meanwhile, the right of Figure 8
presents the corresponding current responses without the peaking phenomenon due to the
assigned second-order transfer function (5). With this result and the practical advantage
from Section 6.2, the proposed solution would guarantee consistent performance for the
actual industrial applications despite the load and user specification changes.

rpm [A]
[rpm] | | | %
1600
1400 - .
—:@,,(@f, =15H7) —i.(@f, =15Hz)
1200 o, (@f =8Hz) —:i,(@f =8Hz)
1000 ¢ —: 0 (@f =5Hz) |10} —:i, (@f, =5Hz)
rpm sc

800 1

600

4001 ‘ ‘ ‘ ‘ ‘ ‘ ‘ , ‘

0.4 0.6 0.8 1 1.2 0.4 0.6 0.8 1 1.2
Time (s) Time (s)

Figure 8. Speed responses for the step-up reference tracking tests under the different bandwidths of
fse =5,8,and 15 Hz.

7. Conclusions

This paper exhibited an observer-based feedback system in a simple form for servo
drive applications, which includes the model-independent speed and an acceleration
observer, based on the order reduction technique. The resultant feedback system did not
require the exact system model information, and its nonlinearly structured control and
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observer gains resulted in a desired performance that is subject to a simple or critically
damped system via the PZC. Moreover, it was rigorously proved that the resultant feedback
system accomplished the design purpose by specifying the feasible range of the tuning
parameters. The experimental validation was also conducted to highlight the practical
benefits, such as improved performance consistency and peak current attenuation, despite
the simple output feedback system structure. Therefore, the proposed solution would
be considered as promising actuators for industrial unmanned exploration robot and
aerial vehicle applications. In the future, this result will be applied to multiple servo
drive synchronization applications that adopt large-power three-phase motors with a
systematical closed-loop tuning process by solving an optimization problem.
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