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Abstract—The design of the back electromotive force (EMF) ob-
server is important in sensorless speed control of surface-mounted
permanent magnet synchronous motors. However, many exist-
ing back EMF observers are coupled with the phase-locked loop
(PLL), which not only complicates observer design but also poses
challenges in ensuring global asymptotic stability. To address this
challenge, this article introduces a reduced-order adaptive observer
(ROAO) characterized by PLL-independent, which greatly simpli-
fies the parameter design of the observer. In addition, the proposed
ROAO is globally asymptotically stable with rigorous proof via
the Lyapunov theorem. Finally, the effectiveness of the proposed
observer is verified by simulation and experiment.

Index Terms—Reduced-order adaptive observer (ROAO),
sensorless control, surface-mounted permanent magnet synchro-
nous motors (SPMSM).

I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) are

widely utilized due to their benefits, such as lightweight
construction, compact size, high efficiency, and rapid dynamic
response [1], [2], [3]. To lower hardware costs and enhance
reliability, encoderless control for PMSMs has been extensively
investigated [4]. Sensorless speed control schemes are typically
categorized into saliency-based sensorless control for low-speed
operation and model-based sensorless control for high-speed
operation. The saliency-based method involves injecting high-
frequency voltage as excitation to extract rotor position infor-
mation from the current response. However, the injection of
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high-frequency signals unavoidably leads to additional losses,
torque ripple, and acoustic noise [5], [6], [7].

Model-based sensorless control methods can be further sub-
divided into back electromotive force (EMF)-based and flux-
based methods. Typically, the stator flux is estimated using a
pure integrator. However, the dc component of the current can
saturate the integrator, and the initial value of the integrator can
also lead to inaccuracies in flux estimation. Using the low-pass
filter (LPF) [8] or disturbance observer [9], [10], [11], [12] can
effectively eliminate the dc component, which requires cum-
bersome parameter tuning due to multiple parameters involved.
The authors in [13], [14], and [15] proposed a nonlinear flux
observer based on a gradient-descent method, which is globally
stable. Since information on magnet flux linkage is necessary
for observer design, its performance may degrade when there
is an uncertainty in the magnet flux linkage. To improve the
robustness, Bobtsov et al.[ 16] proposed an observer that includes
an estimator for the initial value of the magnet flux linkage. Its
rotor position estimation error is globally asymptotically stable
when the speed meets the persistent excitation (PE) condition.

Back EMF-based sensorless control methods primarily con-
sist of model reference adaptive systems (MRAS) [17], [18],
extended Kalman filters (EKF) [19], [20], sliding mode ob-
servers (SMO) [21], [22], [23], [24], [25], [26], and extended
state observers (ESO) [27], [28], [29], [30], [31], [32]. The
rotor speed and position estimation approach based on MRAS is
straightforward, while its performance heavily relies on machine
parameters [18]. EKF can yield optimal/suboptimal state esti-
mates, featuring noise immunity and parameter robustness [19].
However, this method requires substantial online computation,
imposing a significant computational burden. SMO has gained
widespread attention in sensorless control due to its simple struc-
ture, robustness, and rapid convergence. To mitigate the adverse
effects of chattering resulting from switching control, numerous
enhanced methods based on SMO have been proposed. Various
switching functions are employed to reduce chattering, albeit at
the expense of observer robustness [22], [23]. Adaptive SMOs
can adjust observer gain according to operating conditions to
prevent undesirable chattering induced by excessive gain [24],
[25]. In addition, LPF and rotor position compensation can be
utilized to alleviate the impact of chattering [33]. ESO is utilized
to estimate back EMF as a form of disturbance observer. The
authors in[28] and [29] enhanced observer dynamic perfor-
mance by employing the estimated speed from the phase-locked
loop (PLL) to online tune ESO parameters. [30] combines
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proportional resonant regulator with ESO to mitigate adverse
effects of harmonic components on back EMF.

Although back EMF-based sensorless control methods have
been widely adopted, the stability analysis of some of these
methods remains challenging. For example, there is little work
on the stability analysis of ESOs [27], [28], [29], [30]. The main
reason is that the estimated speed information from the PLL
is needed for the design of these observers, and the stability
analysis of the observer cannot be performed independently of
the PLL. The adaptive ESOs proposed by the authors in [34]
and [35] design adaptive terms to estimate the unknown speed,
thereby avoiding the dependence on PLL information. However,
only local stability analysis is provided.

In this article, a globally asymptotically stable reduced-order
adaptive observe (ROAQO) with the PLL-independent feature is
designed, which has the following advantages.

1) A ROAO with PLL-independent is introduced, which

greatly simplifies the parameter design of the observer.

2) The global asymptotic stability of the proposed ROAO is

proved via the Lyapunov theorem.

The rest of this article is organized as follows. Section II gives
the existing problems of the conventional back EMF observers.
In Section III, the design of the proposed ROAO is presented.
Furthermore, the stability of the observer and the guidelines
for parameter selection are given in detail. The comparison
results of the simulation and experiment are presented in Section
IV to verify the feasibility of the observer. Finally, Section V
concludes this article.

II. PROBLEMS WITH CONVENTIONAL OBSERVER
A. Mathematical Model of SPMSM

The voltage equations of surface-mounted permanent magnet
synchronous motors (SPMSM) in the stationary frame are as
follows:

dia _ _ Rs; Ua _ €q
g = T Ltat T2 0
dis _ _Rej | U8 _ 8
dt Lszﬂ Lg L

where u, and ug denote the o-axis stator voltages, i, and ig
are the a/S-axis stator currents, R is the stator resistance, L is
the stator inductance, and e,, and eg are the o3-axis back EMFs.

Assuming a uniform air-gap magnetic flux and neglecting
the high-order harmonics of the back EMFs, e, and eg can be
expressed as follows [30]:

{ea = —fwsinb,

eg = Y fw, cos b, @)

where )¢ denotes the magnet flux linkage, w, is the electrical
angular velocity of the rotor, and 6. is the rotor electrical
position.

B. Conventional Observer Revisit

By defining the state vector x; £ [ia i eq eg]T, the
state space model of x; can be obtained according to (1) and (2)

Fig. 1. Structure block diagram of the conventional observer.
as follows:
x; = Ajx; + By,
3)
yi = Cxy
R 1 1
_s _ Uu,
where A;=|"7.' .Y, Bi=|Z. |, w=| |, C/ =
0 wed 0xI ug

[oil}T’I: Ll) ?],and.] [(1) *01]

Since the augmented matrix [C:  CiA;]" is a full-rank matrix,
the system (3) is observable. The observer for (3) can be designed
as follows:

]T

& = Az + Biu, + L(Ciey — y)) “)

where the superscript ‘“” denotes the estimated variables, A =

. 1>1
0 @ed
to be designed. The structure block diagram of the conventional
observer is shown in Fig. 1.
Subtracting (3) from (4) yields

Rop _ 14 111
[_ L, L, } ,and L = { ! } is the gain matrix of the observer

2 = (A +LC) & + Ay ©)
where &; = @; — x; is the observation error, Al = [8 @? J} s
and W, = W, — We.

Numerous existing works overlook the coupling term Ay
with the PLL and simply think that the observer is stable if
A; + LC; is a Hurwitz matrix [27], [28], [29], [30]. Such a
simplification may lay a potential risk to system stability [35].
In addition, the parameter design of the conventional observers
is complex due to the coupling between the back EMF observer
and the PLL.

III. PROPOSED REDUCED-ORDER ADAPTIVE OBSERVER

To address the problems of the abovementioned conventional
observer, a globally asymptotically stable ROAO with the PLL-
independent feature is designed. Different from the conventional
EMF observers, the proposed adaptive observer estimates the
unknown speed information using an adaptive term, resulting
in cascaded structures for the proposed observer and PLL. This
structure guarantees the decoupling between the observer and
PLL.

Hereafter, two assumptions are made, given as follows.
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1) Studied SPMSM system operates in nonzero speed con-
ditions: This is a common assumption for back EMF
observers, as the amplitude of back EMFs becomes zero
and the system becomes unobservable in the zero-speed
condition. This limitation can be overcome by the high-
frequency injection method.

2) Derivative of the rotor speed is zero: This assumption is
reasonable because the rate of change of the rotor speed
is much smaller than the bandwidth of the back EMF
observer [36].

A. Design of Reduced-Order Adaptive Observer

Defining the state vector &, = [e,{ én] (k = a, ), and the
state space model of x, can be described according to (2) as

follows:
&, = A, x,
Yr = Crwr
X 0 1 = 117
where A, = | - land C, = |
The state space model (6) remains the same whether x is equal
to av or (. In the following, an ROAO is designed for the case of
k = «acestimating the back EMF e, without using the rotor speed
information estimated by the PLL. Clearly, the same ROAO can

also be applied to the case of x = [ estimating the back EMF
€p

(6)

According to (1), the back EMF y,. to be estimated in (6) can
be rewritten as follows:

(N

To facilitate the design of the adaptive observer, a nonsingular
transformation is introduced as follows:

Yr = Uq — Lgla — Rlq.

z, =Tz, (8)
where T is an invertible matrix
1 ki —ko
T= 55— 9
Py [/@wg n ] ©
with k1 and ko are positive real numbers to be designed.
Substituting (9) into (8) yields
- k1zr1 + koz
-1, _ 12r1 2272
e =T 2 = {—kzzrlwi + k12r2] ' (10)

It is worth mentioning that w, is unavailable in (9) and (10).
However, the objective of this section is to estimate the back
EMF y,.. According to (10), this objective is achieved as long as
the new state vector z,. is estimated.

Substituting (8) into (6), the state space model of z,. can be
obtained as follows:

{ZT =A,z, an

Yr = Crzr
T
where A, = TA,T~! = [O 1} .G, =CT ! = [""1] ,
e 0 kg
and € = —w;.
Since the system (11) is observable, according to the certainty
equivalence principle of adaptive control, the adaptive observer
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for (11) can be designed as follows:

5= Az, + K (Crzr —ur) (12)

where A, = [g é , K=
with k3 > 0, and € is the adaptive term to be estimated.

Substituting (7) into (12), the adaptive observer can be rewrit-
ten as follows:

—1/ks] . .
_,/%2} is the observer gain matrix

2, =A% +KC, 2%, + LKio — Kug + RKio. (13)

To avoid using the information about stator current derivatives
in the observer, a new state vector is defined as follows:

¢4z — LKi,. (14)

According to (7) and (11), the state space model of & is
obtained as follows:

£=(A, +KC,) €+ LA, Kion—K (ug—L,C,Kio—Ryis) .
(15)

Proposition 1: If the information of stator resistance and sta-
tor inductance is known, according to the certainty equivalence
principle of adaptive control, the adaptive observer for (15) can
be designed as follows:

£ = (AT+KCT)¢§+LSATK1‘Q—K (o — LsC,Kiq — Ryia)

£q
(16)

where é a denotes the right-hand side of (16), and the updated
law of the adaptive term € in A, is given as follows:

. L2
€=x—7vLsia&1 + s i2
2ko
X:_'V (Cr _ua+Rsia +LsCrKia> T(t)+’yLs7;aCr£d
o Ls .
r(t) =& — —i

ko
A7)

where v > 0 is the adaptive gain for €.

The observation error of ROAO E = é — & and adaptive term
estimation error € = € — € converge to zero as t — 0o. Accord-
ingto (14), the observation error z,, = 2,. — z, also converges to
zero as t — oo and the estimation of back EMF can be obtained
from (10). The block diagram of the proposed ROAO is shown
in Fig. 2.

Remark 1: Although the output matrix C,. of (11) is con-
structed by multiplying C,. and T, the final calculation result
of C,. does not contain unknown speed information. This implies
that the unknown speed information w, in the invertible matrix
T does not affect the design or stability of the observer.

Proposition 2: 1f the stator resistance and inductance deviate
from the rated values, the global asymptotic stability of the
adaptive observer (16) and (17) proposed in Proposition 1 will
weaken to global stability. The upper bound of the observation
error € depends on the observer gain ki(i =1,2,3) and the
degree of parameter mismatch.
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Transformation

(b)

Fig. 2. Block diagram of the proposed ROAO. (a) Adaptive observer.
(b) Adaptive term.

B. Stability Analysis Without Parameter Mismatch

To verify the rationality of Proposition 1, the stability of the
proposed ROAO without parameter mismatch is analyzed in this
part.

The dynamic equation of the observation error £ is obtained
by subtracting (15) from (16) as follows:

b p ~ - Ls .
E=AL+B,s (51 - ]{;21@) (18)
where A, = A, + KC, = [E_flk/l 1223 3 kz kJ is a Hurwitz ma-
trix and B, = [(1)] . According to (18), the transfer function can
be described as follows:

G(s) = C, (sI—A,) ' B,

ko
=—" 19
s+ kaks (19
Since G(s) is a strictly positive real transfer function. By the
Kalman-Yakubovich—-Popov (KYP) lemma for passive systems,
there exists a matrix P = P7 > 0 satisfying as follows [37]:

ATP+PA.=-Q<0

PB, =C!. (20)

Using the positive definite matrix P from the KYP lemma,
a candidate Lyapunov function is constructed according to (18)
as follows:

1.7~ 1
V=& PE4+ 2 1)
2 2y
Taking the derivative of (21) with respect to time along the
trajectory of (18) yields

V= L¢" (ATP 1 PA,)E + E'PB,z (él - Lm) + =,
2 ko o
(22)

Substituting (20) into (22) and combining the definitions of
yr and € in (11) and (14), (22) can be rewritten as follows:

Ee

V= —%éTQE +9,€ (51 - iza> +— (23
2 v

According to (23), the updated law of the adaptive term £ is
designed as follows:

.. - Ly .
L (gl _ k22a> (24)
results in
. 1~7 -~
v=-3¢at
1 T~
< —5hmin (Q) € € (25)

By the Lyapunov stability theory, the closed-loop system (18)
and (24) is globally stable.
Integrating both sides of (25) gives

g, 2[V(0) =V (o0)]

Since V() > 0 and V() < 0, the following inequality can
be derived:

(26)

27)

Using Barbalat’s lemma, it can be concluded that tlim 1) =
—00

0.

Furthermore, according to (18), when é’ (t) =0 and él —
Lgin/ko # 0 hold, there is no solution can stay identically in
S ={é e R|&=0}, other than the trivial solution &(t) = 0.
According to LaSalle’s invariance principle [37], it can be con-
cluded that tli_)nolc £(t) = 0.

It is worth mentioning that g, = CTE is unavailable in the
update law of the adaptive term (24). Combining (7), (11), and
(14), rewrites (24) as follows:

b=y [Cré ~C, (2 — LSKz'a)] r(t)
— (C,E — g + Laio + Raig + LSCTKz'a) r(t) (28)
where r(t) = él — Lgio/ko.

In order to avoid using the information about stator current
derivatives in the updated law of the adaptive term, a new state
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Modulation signals Motor parameters
u.(x=a, ) R, L,

v v

Step 1: Design the adaptive observer for the new state vector &
&=(A, +KC)E+ LA Ki,—K(u,— LCKi,— Ri,)

&

v

Measured signals

i.(k=a, B)
v

(16)

Y
h

|

1

Step 2: Design the updated law of the new adaptive term X i
A — a )
7=—7(C&—u +Ri.+ LCKi)r()+LiCé,  (30) )
|

! e

Step 3: Calculate the update law of the original adaptive term & '
&=y —yLyi & +yL2i2/(2k,) (29)

v

Step 4: Calculate the estimation of the state vector z,
7, =8+ LKi,  (14)

v

Step 5: Obtain estimated back EMF by coordinate transformation
Xn=kizn +kazp (]0)

N

Y Y D
)

__/

Fig. 3. Final implementation flowchart of the proposed ROAO.

variable is defined as follows:
2

vL 32
2ky

Taking the derivative of (29) with respect to time along the
trajectory of (28) yields

X 2 &+ 7Lsiab — (29)

. : S .2 LZ Lo
X=¢€ + ’YLsZozgl + ’yleagl - ,YTZQZQ
2

— (Cré—ua+Rsia+LsCTKia) ()4 LyiaCry,
(30)

Combining (21), (24), (25), (29), and (30), the correctness of
Proposition 1 is proved.

The final implementation flowchart of the proposed ROAO is
illustrated in Fig. 3. In which, only five mathematical operations
are required to obtain the estimated back-EMF. In addition, the
proposed ROAO clearly does not rely on PLL information and
does not require any pure derivation operation.

Remark 2: Many existing works have also made contributions
to the stability of PMSM position observers. Table I depicts a
comparison between the proposed work with other typical ob-
servers. The results indicate that the proposed adaptive observer
has advantages in stability properties.

C. Stability Analysis With Parameter Mismatch

The proposed ROAO requires accurate information on the
stator resistance and inductance to estimate the rotor speed and
position. However, obtaining accurate parameter information in
practice is challenging. Therefore, the stability of the proposed
ROAO with parameter mismatch is analyzed in this part.

The adaptive observer for (15) under parameter mismatch can
be rewritten as follows:

£ = (A'r + KCT) é"" LSOArKia_ K(ua_ LSO CrKia_ RsUioz)
(€2Y)
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TABLE I
COMPARISONS OF PROPOSED WORK WITH OTHER TYPICAL OBSERVERS

Comparative Flux observer Back EMF observer
items [13] [15] [16] [27],[28], [34] [35] Proposed
[29]1, [30]
Sability -5 G gas LS LS GAS
properties
Magnet flux No No No No No
linkage Need Need need need need need need
PE . No No Yes No No No No
assumption
. Purely No Yes No No No No
integrator
. PLL . No No Yes No No No
informationr

GS: Global Stable. GAS: Global Asymptotic Stable. LS: Local Stable.

where L4 and R are the nominal values of the stator resistance
and stator inductance, respectively.

The dynamic equation of the observation error &€ can be
obtained by subtracting (15) from (31) as follows:

bt pe A Ls .
§=AL+ B, ¢ (51 1 Za> +Baidai +Brda2
2

k1L, R .
dAl == (kBLsA + ! 2A - kSLsA - A) (7
k2 ks
kiksLg L, .
dps = (kagLSA g AfTed | Poed kgRsA) ia
ko ko

(32)

where Bo1 = and L, 5 and R, 5 are the deviations between

1]
0 9
the nominal value and actual values of the stator resistance and
stator inductance, which are defined as follows:

LSA = LSO - Ls

33
Rsa = Rso — Rs. 49

Taking the derivative of (21) with respect to time along the
trajectory of (32) yields

. -7~ _ _[x L, . ce
T T
2 ko v

+E"PBaydas + € PB,das. (34)

Considering the parameter mismatch, the updated law of the
adaptive term € can be redesigned as follows:

A 2 ~ £ LSO.
E=E= 0 (G e

(35)
results in

. 1.7 _~ =T T =T
V:*§€ Q¢+ & PB.das+ & PBaidai +& PB,dao.
(36)

where das = ELgs Al /Ka.
Under the reasonable assumption that L,4 and Rsa are
bounded, PB,d a3, PBA1d a1, and PB,.d Ao satisfy

|IPB,das| + [[PBaidai| + [|[PBrdaz| < g (37
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where g is a positive constant.
Substituting (37) into (34) yields
1

V< _2 min

@l -+ el

<= (50) puin (@] + 5 €] - o2 @ ]

< (% _e> win (@) [ ¥ [ > T @)
(38)

where 0 < 0 < 1/2.

According to (21) and (38), the observation erroré‘ is bounded
with upper bound g/(0Amin(Q)), which proves the rationality
of Proposition 2.

D. Parameter Design

Based on the above discussions, the parameters to be designed
for the proposed ROAO include k1, ko, k3, and . The specific
design steps and parameter selection method are summarized as
follows:

Step I : Design k;(i = 1,2, 3) in coordinate transformation
matrix T (9) and observer gain matrix K (12).

First, k; must be selected as positive real constants to ensure
that A, in the observation error dynamic equation (18) is a
Hurwitz matrix. Second, according to (18), the eigenvalues of
the matrix A are —k /k2 and —koks, and the values of k1, ks,
and k3 can be determined by the relationships as follows:

:1 = koks =27 fop
2
where f,, is the bandwidth of the back EMF observer, which
is recommended to be less than 1/10 of the switching fre-
quency [30].

Step 2 : Choose a positive adaptive gain «y in (17) to ensure
the Lyapunov function in (21) is positive definite.

It should be noted that excessively large adaptive gains can
deteriorate the control performance or even lead to system
instability. Suitable adaptive gains can be selected by trial and
error.

Step 3 : Design ROAO based on (16) and (17) to estimate &.

Step 4 : Calculate the estimation of back EMF g,. according
to coordinate transformation (10) and (14).

Step 5 : Using PLL to estimate rotor position 6. and speed
We, which are used for encoderless vector control.

The overall block diagram of the sensorless speed control
based on the proposed ROAO is depicted in Fig. 4.

(39)

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the effectiveness of the proposed ROAO is
verified through simulations in MATLAB/Simulink platform
and experimental tests. The motor under test is an SPMSM fed
by a three-phase voltage source inverter (VSI) using the space
vector pulse width modulation. Fig. 5 shows a prototype of the
SPMSM sensorless speed drive system. The sensorless control
algorithm is implemented on a TT TMS320F28335 DSP and

Ugpe S b

aff

M/ abc

) e E
@, - Transformation
PLL m Eq(10) and Eq(14)) & ROAO]

Fig. 4. Overall block diagram of the sensorless speed control based on the
proposed ROAO.

u

Fig. 5. Prototype of the laboratory platform.

connected to the VSI via a modulation board. A photoelectric
encoder is employed to determine the actual position of the
rotor, solely used for evaluating the estimated rotor position.
The current-to-frequency (IF) starting scheme proposed in [38]
is adopted to achieve the startup, transitioning to closed-loop
sensorless control at 100 r/min. The specifications of the experi-
mental platform are detailed in Table II. To assess the observation
performance of the proposed observer, a comparison was made
with the adaptive ESO proposed in [28]. The bandwidth of the
speed controller, PLL, and current controllers can be selected
as 4, 40, and 400 Hz, respectively. The specific controller and
observer parameters are outlined in Table III.

A. Simulation Results

Fig. 6 illustrates the simulation comparison results of the sen-
sorless speed control using different observers when subjected to
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TABLE II

PARAMETERS OF THE EXPERIMENTAL SETUP

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

Symbol Description Value

In Moment of inertia 0.0015 [kg:m?]
B, Viscous friction coefficient 0.0002 [N-m-s/rad]
Vin Rotor flux linkage 0.007235 [Wb]
np Number of pole pairs 5

Lg Stator inductances 0.655 [mH]

Rs Stator resistance 0.17 [Q]

Vie DC-link voltage 24 [V]

fs Switching frequency 10 [kHz]

Whate Rated speed 3000 [r/min]

TABLE III
CONTROLLERS PARAMETERS OF THE EXPERIMENT

Control Structure Control Parameters

ROAO ki = kg = o
Observer k1 = ks = 2513, k2 = 1, v = 100
28] €max = 0.04, wo min = 200,
W0, max = 3000
PLL kp,prr = 355.4, k; prr = 63165

Speed Controller kp,w = 0.196, k; o, = 3.492

kp,id = kp,iq = 2.328, ki,id = ki,iq =4137.3

Current Controller

speed and load variations. Throughout the simulation, the speed
of the motor accelerated from 500 to 1000 r/min at 0.1 s, the load
stepped from 1 to 2 N.m at 0.15 s, and the speed slowed down
from 1000 to 500 r/min at 0.2 s. The results indicate that during
the acceleration transient, the maximum back EMF estimation
error of the proposed ROAO is 0.1 V, and the maximum position
estimation error is 1.7°. In contrast, the adaptive ESO exhibits
a maximum back EMF estimation error of up to 0.3 V and a
maximum position estimation error of up to 3.5°. Compared
with the proposed ROAO under load variation, the maximum
back EMF estimation error of the adaptive ESO increases by
270%, and the maximum position estimation error increases
by 67%. During the deceleration transient, both the back EMF
estimation error and the position estimation error fluctuate more
significantly, but those of the proposed ROAO are smaller than
those of the adaptive ESO. Based on these findings, it can be
concluded that the proposed ROAO exhibits better dynamic
performance than the adaptive ESO under load variation and
speed variation.

B. Experimental Results

Fig. 7 depicts the experimental comparisons of the steady-
state performance with different observers at 500 r/min operating
conditions. The signals shown from top to bottom in Fig. 7
include the estimated rotor position, the estimated back EMF,
the speed estimation error, and the rotor position estimation
error. As shown in Fig. 7(a), the maximum estimation error
of rotor position under the proposed ROAO is 2.58° and the
maximum estimation error of speed is 4 r/min. In contrast,
when using the adaptive ESO, the maximum estimation error
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Fig.6. Simulation comparison results of different observers under the load step

and speed variation. (a) Proposed ROAO. (b) Adaptive ESO proposed in [28].

of rotor position increases to 6.3° and the maximum speed
estimation error increases to 9 r/min. These experimental results
indicate that the proposed ROAO exhibits a smaller steady-state
estimation error than the adaptive ESO. This is attributed to
the global asymptotic stability of the proposed ROAO, en-
suring that the estimation error of the back EMF eventually
converges to zero. However, the adaptive ESO can only guar-
antee stability, and the accuracy of back EMF estimation is
highly dependent on the motor speed and the bandwidth of the
observer.

The experimental comparison results of sensorless speed con-
trol using different observers under load steps are illustrated
in Fig. 8. It is evident from the results that both sensorless
speed control schemes successfully regulate the motor speed to
return to the reference value despite the load torque steps. The
settling time of the adaptive ESO is 323 ms, with a speed drop
is 52 r/min. The proposed ROAO exhibits a shorter settling time
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Fig. 7. Experimental comparison results of different observers under the
steady-state. (a) Proposed ROAO. (b) Adaptive ESO proposed in [28].

(225 ms) and a smaller speed drop (36 r/min) than the adaptive
ESO. In addition, the maximum position estimation error using
the adaptive ESO reaches up to 9.4°, and the maximum speed
estimation error reaches up to 23 r/min. However, the maximum
estimation error under the proposed ROAO is 5.2° for position
and 14 r/min for speed. It is noteworthy that the rotor position
estimation error slightly increases when the load torque steps
up. This phenomenon is attributed to environmental noise when
the current increases [39]. The performance remains acceptable
based on the experimental results.

Fig. 9 displays the experimental comparison results of sen-
sorless speed control using different observers under the speed
reference changes from 500 to 700 r/min and back to 500 r/min.
Both sensorless speed control schemes effectively regulate the
motor speed to the desired value during the speed reference
change. During acceleration transient, the adaptive ESO exhibits
an overshoot speed of 40 r/min and its settling time is 264.5 ms.
The proposed ROAO demonstrates a reduced overshoot speed
of only 22 r/min, representing a 45% reduction. Moreover, the
settling time under the proposed ROAO is 127.2 ms, showcasing
a faster response. Besides, the proposed ROAO outperforms
the adaptive ESO with smaller estimation errors of speed and
position during the speed reference changes. Specifically, the
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Fig. 8. Experimental comparison results of different observers under the load
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maximum speed estimation error of the adaptive ESO reaches up
to 17 r/min and the maximum position estimation error reaches
up to 8.31°. The maximum estimation error of the proposed
ROAO is less than 10 r/min for speed and 4.2° for position.
Based on the results of Figs. 8 and 9, it can be concluded that
the proposed ROAO exhibits better dynamic performance than
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Fig. 10. Experimental results of the speed reference decreasing under the

proposed ROAO. (a) 400 to O r/min. (b) 100 r/min.

the adaptive ESO. This is attributed to the fact that the adaptive
ESO relies on rotor speed information estimated by the PLL
for its design, necessitating a lower bandwidth frequency for
the observer compared with the PLL. As a result, the dynamic
response of the state observation is limited.

To test the lowest speed that the motor can achieve using the
proposed ROAO, Fig. 10(a) presents the experimental results of
the speed reference gradually decreasing from 400 to O r/min.
The experimental results demonstrate that the system remains
stable until the speed is reduced to 100 r/min (3.3% of the rated
speed), which meets the requirements of most practical applica-
tions [29]. In addition, Fig. 10(b) depicts the estimated results of
the rotor speed and position at 100 r/min operating conditions.
The results indicate that the performance of the observer dete-
riorates as the motor speed decreases. This phenomenon occurs
because the amplitude of the back EMF becomes very small
when the motor operates at low speeds, and the performance of
the observer is deteriorated by environmental noise and voltage
distortion. This limitation is a common shortcoming of back
EMF observers. Fig. 11 presents the experimental results of the
proposed ROAO under rated speed with rated load. The results
indicate that the proposed ROAO maintains good estimation
performance at high speeds.

To verify the performance of the proposed observer under the
parameter mismatch. Fig. 12(a) and (b) shows the experimental
results of the proposed ROAO with a 20% parameter mismatch
in stator inductance and resistance at a motor speed of 300 r/min,
respectively. The experimental results depict that the maximum
speed estimation error is 7.6 r/min under stator inductance
mismatch, and the maximum position estimation error is 10.32°.
With stator resistance mismatch, the maximum speed estimation
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Fig. 12.  Experimental results of the proposed ROAO with a 20% parameter

mismatch. (a) Stator inductance. (b) Stator resistance.

error is 4.7 r/min and the maximum position estimation error is
6.19°. Based on the above analysis, it can be concluded that
the proposed observer ensures system stability under parameter
mismatch, which verifies the rationality of Proposition 2.

Fig. 13 shows the estimated results of the adaptive term under
different adaptive gains. The results indicate that the adaptive
term can ultimately converge to the true value, which confirms
the analytical results in Proposition 1. However, the dynamic
performance of the adaptive term is poor. By comparing the
experimental results of Fig. 13(a) and (b), it can be concluded
that increasing the adaptive gain can improve the dynamic
performance of the adaptive term. However, excessively large
adaptive gains increase adaptive term chattering and may even
lead to system instability. Therefore, the speed estimated by the
adaptive term was not used for vector control.
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V. CONCLUSION

This article proposes a sensorless speed control scheme based
on ROAO for SPMSM. Unlike most existing back EMF ob-
servers, the design of the proposed observer is independent of
the PLL. In this case, the bandwidth frequency of the observer
is not limited by the PLL, effectively enhancing the dynamic
performance of the observer. In addition, the proposed ROAO
ensures global asymptotic stability with rigorous proof via the
Lyapunov theorem, which provides reasonable guidance on
parameter design. Comparisons between the proposed ROAO
and the adaptive ESO proposed in [28] are conducted under
both steady-state and dynamic conditions. Simulation and exper-
imental results demonstrate that the proposed sensorless speed
control strategy has good performance with small estimation
errors and fast response.
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