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Undesirable Oscillations of Phase Locked
Loop-Based Position and Speed Estimator
for Sensorless Control

Guangqi Li"”?, Yongheng Yang

Bingqiang Li

Abstract—Phase-locked loops (PLL) are increasingly used for
position and speed estimation in speed sensorless control of
permanent-magnet synchronous motors. In this article, the saddle
point characteristic phase-portrait is developed to explore the un-
desirable oscillation phenomena of PLL-based position and speed
estimators for speed sensorless control. First, the large-signal model
of the PLL-based position and speed estimator is established. Then,
the saddle point phase-portrait method and Lyapunov-based argu-
ment are adopted to characterize its performance. It is revealed that
the PLL-based position and speed estimator has infinite conver-
gence regions. When the system state jumps from one convergence
region to another, it will induce undesirable oscillations. Experi-
mental tests are provided to verify the effectiveness of the proposed
saddle point characteristic phase-portrait-based analysis.

Index Terms—Permanent-magnet synchronous motor (PMSM),
position and speed estimator, saddle point characteristic phase-
portrait, speed sensorless control.

I. INTRODUCTION

ERMANENT magnet synchronous machines (PMSMs)
have been broadly employed in industrial applications due
to the merits like high power density, high efficiency, and low
maintenance cost [1], [2], [3], [4]. In high-performance PMSM
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drives, it is necessary to obtain high precision information of the
rotor speed and position. And, the position and speed informa-
tion is generally achieved by the mechanical position sensors
installed on the rotor shaft. However, the use of mechanical
position sensor brings several issues in PMSMs, such as in-
creasing system costs, reducing system reliability, and limiting
application fields. Thus, sensorless control has been widely
discussed in past decades [5], [6], [7], [8].

Recently, many sensorless control methods have been de-
veloped for the PMSMs, such as the high frequency signal
injection, the electromotive force (EMF) and flux excitation
[91, [10], [11], [12], [13], [14]. In these methods, position and
speed estimators are of importance, and the essential position
and speed information is obtained through the estimator.

To achieve position and speed information, a number of
effective methods are developed, e.g., the arctan calculation
function, the phase-locked loop (PLL), and the Luenberger
observer [15], [16], [17], [18]. Among them, the PLL-based
estimator is one of the most classical position and speed estima-
tors. Due to its simple structure and good steady-state accuracy,
the PLL-based estimator is increasingly used in the speed
sensorless control of PMSM systems. The PLL-based estimator
is nonlinear, and it is difficult to analyze the performance in the
nonlinear framework. To this end, many small-signal analysis
methods are provided to discuss its stability and steady-state
accuracy by linearizing the PLL estimator [19], [20], [21], [22].
However, the small-signal analysis methods are only available
for the case that speed jumps are small. In many industrial
applications, such as compressors, electromechanical brake
systems, flywheels, and urban subway traction systems, the
motor speed changes largely [23], [24], [25]. In this case, the
small-signal analysis methods are inaccurate.

In this article, the large-signal analysis is proposed for the
PLL-based speed and position estimator, and accordingly, the
conditions of the undesirable oscillations are explored. First, the
large-signal model of the PLL-based estimator is established in
this article. Then, the saddle point characteristic phase-portrait
and Lyapunov-based argument are adopted to explore the
undesirable oscillation phenomena of the PLL-based position
and speed estimator for speed sensorless control. It is revealed
from the exploration that the PLL-based position and speed
estimator has infinite stable points and for each stable point, the
PLL-based estimator has a convergence region. However, when


https://orcid.org/0000-0002-4004-8354
https://orcid.org/0000-0002-1488-4762
https://orcid.org/0000-0003-1416-4236
https://orcid.org/0000-0001-6415-8008
https://orcid.org/0000-0003-3746-2113
mailto:gqli@xidian.edu.cn
mailto:zydai@xidian.edu.cn
mailto:jhuang@mail.xidian.edu.cn
mailto:yoy@zju.edu.cn
mailto:zhaoyiyun@mail.nwpu.edu.cn
mailto:libingqiang@nwpu.edu.cn
https://doi.org/10.1109/TPEL.2023.3265390

LI et al.: UNDESIRABLE OSCILLATIONS OF PLL-BASED POSITION AND SPEED ESTIMATOR FOR SENSORLESS CONTROL

sy SVPWM]_ [ |
» OJ"‘_

i
Inverter

5,

B
Shdlng mode
Observer

Fig. 1. PMSM sensorless control based on PLLs for position and speed
estimation (PI — Proportional-integral; SVPWM — Space vector pulse width
modulation).

the system state jumps from one convergence region to another,
it will converge to another stable point that is far away from
original stable point. This inevitably will introduce undesirable
oscillations to the PLL-based position and speed estimator, and
eventually deteriorate the performance of the entire PMSM
system using the estimator.

The rest of this article is organized as follows. Section II
reviews the PLL-based speed and position estimator for the
speed sensorless control applications. In Section III, the large-
signal analysis for the PLL-based position and speed estimator
is proposed, and then, its global performance analysis is given
in detail. The analysis can be of usefulness to the design of prac-
tical robust PLL-based estimator for speed sensorless control
applications. Experimental results are presented in Section IV
to verify the theoretical analysis. Finally, Section V concludes
the article.

II. PLL-BASED SPEED AND POSITION ESTIMATION FOR SPEED
SENSORLESS CONTROL

This section provides a review of the PMSM sensorless
control with the PLL-based position and speed estimator. The
overall control scheme is shown in Fig. 1. Consider the PMSM
model in the a— 3 reference frame

io] _ 1 fual 1 [Ry 0] [ia
ig]  Ls|us] Ls[0 R |is

1
5[] ®
with
€q = —Ajwsinf
eg = Afwcosl (2)

where u, ug, ia, ig, €, and eg represent the voltages, currents,
and the back EMF of the PMSM in the a- and (3-axis, respec-
tively; R, is the stator resistance; L is the stator inductance; A
is the magnetic flux; 6 and w are the rotor angle and electric
angular velocity, respectively.

According to (2), it has been established that the back EMF
contains information about the rotor position and speed of
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Fig.2.  Structure of the PLL-based position and speed estimator for the PMSM
combining with a sliding-mode observer (PD — Phase detector: LF — Loop filter;
and VCO — Voltage controlled oscillator).

PMSMs, which can be utilized to estimate the same. In the
conventional solutions, the following sliding-mode observer is
designed to obtain the back EMF of the PMSM

ia| _ 1 fuq
P EB _Ls up

B 1
fs
_ i ksgn(iq — za)] 3
[/fsgn( ig —ig) @
. Wy _
€a = - Yy ksgn(za la)
e = iw ksgn(is — ip) “4)

in which 4,, and i3, é, and ég are the estimated stator currents
and the back-EMEF, respectively; sgn(-) is the sign function.
According to the analysis and discussions in [26], the sliding-
mode observer given in (3) and (4) can effectively estimate the
back-EMF.

When the back-EMF is obtained, the PLL is the conventional
method to estimate the position and speed of the PMSMs.
Fig. 2 shows the general structure of the PLL, including a
phase detector (PD), a loop filter (LF), and a voltage-controlled
oscillator (VCO). With a small-signal analysis, the stability
and steady-state accuracy of the PLL-based estimator are well
discussed in [22]. However, the small-signal analysis for the
PLL-based estimator is accurate only under the condition that
the difference between the speed and its estimation is sufficiently
small,i.e.,w ~ @. In certain applications, where the motor speed
always changes widely, this condition is then not satisfied. In this
case, the small-signal analysis for the PLL-based estimator is
inaccurate. To deal with this issue, the saddle point characteristic
phase-portrait is proposed in the next section. The characteriza-
tion has revealed that undesirable oscillations of the PLL-based
position and speed estimator will occur in certain cases of large
speed changes.

III. SADDLE POINT CHARACTERISTIC PHASE-PORTRAIT
ANALYSIS

In this section, a global performance analysis for the PLL-
based position and speed estimator of the PMSM is proposed.
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First, the large-signal model of the PLL-based position and
speed estimator is established. Then, the saddle point charac-
teristic phase-portrait methods and Lyapunov-based argument
are adopted to show the global performance of the PLL-based
position and speed estimator.

A. Large-Signal Model

Fig. 2 shows the structure of the PLL-based position and speed
estimator of the PMSM. The inputs of the PD are the EMFs e,,
and e of the PMSM, which are obtained from the sliding-mode
observer, and the EMFs can be expressed as

o = —Apwsinf
eg = Afwcos. (®)]
Then, from the PD part in the PLL, it is clear that

eq = —eacosé—elgsiné
:Afw$n<9—é) 6)

where 6 is the estimation of the position . According to the LF
and the VCO in the PLL shown in Fig. 2, it is deduced that

é:/ww

w=kpeq + k‘i/equ (7
in which @ is the estimation of the speed w. It means that
0=
— kyiy + hicy. ®)

Define § =6 — 0 and @ =& — w. Then, by using (6) and
(8), it has

S8
I

w
& = —kyhpwcos 0 — ki pwsin § )

which is the large-signal model of the PLL-based position and
speed estimator of PMSMs. This model can accurately describe
the global performance of the PLL. Note that the large-signal
model (9) is nonlinear. Hence, the linear analysis methods fail to
obtain its global performance. In the following discussions, the
nonlinear analysis approaches are adopted to explore its global
performance.

B. Global Performance and Undesirable Oscillations

Based on the large-signal model in (9), the saddle point char-
acteristic phase-portrait of the PLL-based position and speed
estimator can be obtained, as it is shown in Fig. 3. The way to
draw the boundary of the convergence region is provided in the
Appendix. According to Fig. 3, it is known that the following.

1) The PLL-based estimator has infinite stable points

(2km, 0), k = 0, £1, £2, . For each stable point,
there is a convergence region. For any initial states in a
convergence region, the PLL-based position and speed
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Fig. 3. Phase-portrait of the PLL-based position and speed estimators.
TABLE I
PARAMETERS OF THE SPMSM
Parameter Value Parameter Value

Rated Power (kW) 0.2 Rated Speed (r/min) 3000
Rated Voltage (V) 24 Stator Resistance (€2) 0.11
Rated Current (A) 12.5 Stator Inductance (mH) 0.19
Rated Torque (N-m) 0.64 Number of Poles 10

estimator will converge to the unique stable point of that
convergence region.

2) When the system states of the PLL-based estimator jump
from one convergence region to another, the PLL-based
estimator converges to another stable point. This will
inevitably induce oscillations that are undesirable.

A strict theoretical analysis is provided to discuss the above
global performance of the PLL-based estimator in the following.
According to the definition of the equilibrium point in nonlinear
systems, the equilibrium points (é*, @*) of the nonlinear system
(9) satisfy

0:

0=—-k AwaOSHM —kkfwsme (10)

A simple calculation implies that the system has infinite
equilibrium points, and they are (nm,0), n =0, =1, £2 .... The
qualitative behavior near these equilibrium points can be derived
through linear approximation of the nonlinear system at the
equilibrium points. To this end, we define 6,, = 6 — nr, @, =

w — 0. From (9), the following linear approximation of the
nonlinear system can be obtained:

(1T)
where

e 0 1
" | =kidgwcos(nm)  —kphpwcos(nm) |

Whenn =2k, k=0, +1, +2 ..., the matrix A,, is

0 1
An T {—kikfw —k‘p)nfw}
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Fig. 4.  Undesirable oscillations of the PLL-based position and speed estimators.
which means that A,, has two eigenvalues with negative real part, Let
and the equilibrium points (2k7, 0), & = 0, £1, +2,..., are ai() = a(0~)9~ + B
. 1(1) =
stable points.
When n = 2k+1, k = 0, £1, £2, ..., the matrix A,, can be go(+) = 55 + 60 (15)

expressed as

0 1
An 1= [kikfw kp)\fw} ’

A direct calculation implies that A,, has an eigenvalue with
positivereal part, and the other with negative real part. Hence, the
equilibrium points ((2k+1)m, 0), k=0, 1, £2..., are unstable,
and they are called saddle points.

In the following, it is proven that the PLL-based estimator is
input-state stability (ISS). In practice, the input of the PLL-based
estimator contains disturbances. Without loss of generality, it
is assumed that the PLL-based estimator has the disturbance
d(t), and the large-signal model of the PLL-based estimator with
disturbances is

=1l

=w

@ = —kyhpwcos 0 — kidpwsin§ + d(t) (12)

which is nonlinear, and it is difficult to directly construct the
Lyapunov function and analyze its stability. Hence, the variable
gradient method is introduced to (12) to establish the Lyapunov
function. More specifically, let V(0~ , &) be a scalar function, and

9(0,0) = VU = ( ‘9‘//89~ ) = ( gl(g’@) > (13)

oV /0w
The derivative V (¢) along the trajectories of (12) is
V =g1(0,0)0 + g2(0,0) x (—kpA pw cos O

— kidpwsinf) + go(8,@)d(t). (14)

The idea of the variable gradient method is to select g; () and
g2(+) such that g;(-) and g2(-) are the gradient of a positive def-
inite function V(-), anq at the same timg, the function gy (-)w +
g2(+) X (=kpA jw cos 0 — k; A w sin 0)is negative definite.

where the scalar function «(-) and constants /3, J are to be
determined. Then, it has

91(-)@ + ga () X (—kpA jw cos 0 — kA jwsin §)
= a(0)00 + B* — Bkyh pw cos 00 — Blih jwsin 09
— Okph pw cos 007 — 6Bk pw sin O

= — Bkirjwsin B0 — (5kprjw cos§ — B)0?

+ @ a(é)éf Blph pw cosééféﬁki)\fw siné} . (16)
Choosing «(8)6 such that
a(0)0 = Bkyh pw cos 00 + 8k pwsin (17)

results in
91(-)@ + g2(+) x (—kpkfw cos 0 — ki jwsin 5)
= — BkiAjwsin 60 — ((5k‘pkfw cosf — B) o2, (18)
According to (15) and (17), the function V'(+) is obtained as
0 @ ~
V()= / g1 (y1,0) dys +/ g2 (G,yz) dy2
0 0

6
= 5kp/\fw/ y1 cos y1dys + B
0

0
+ 0B8kih jw / siny dy; + %6@2. (19)
0
It is easy to check that
ov - . .
PY; = BkpApwcos 00 4 6Bk;d pwsin 6 + B
v _ B0 + 6 (20)

o
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TABLE IT
EXPERIMENTAL CONDITIONS
Case Conditions Convergence region With/without oscillations
Case A speed jump from 2500 to 2000 r/min Region I Without oscillations
Case B speed jump from 2500 to 1200 r/min Region V With oscillations
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Fig. 5. Photo of the experimental platform. )
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which means that g1(-) and go(-) are the gradient functions of Position estimated error (rad)
the scale function V(-). @

Next, it is shown that there are positive constants 3 and ¢ such
that the function V(:) is positive definite, and g1 (-)@ + ga(-) x
(—kphpw cos 00 — kirpwsin f) is negative definite. A simple
calculation implies that

V() > %Mprwé? + A& + %5@2
: 1 1
V()< —Zﬁkixfw? — 5 (Okphgw — 48) o2 + cd(t)?

where c is a positive constant. Hence, choosing

4B

B> 0,andd > Tk

@

results in that the function V() is positive definite, and g, (-)& +
92(-) X (—kph fwcos 00 — k;Apwsin 0) is negative definite. Tt
means that the PLL-based estimator is ISS in the stable point
(0, 0). For other stable points, the same Lyapunov-based argu-
ment can be provided to show its stability.

The above stability analysis shows that for each stable point,
there is a convergence region, and for any initial states that be-
long to this convergence region, the PLL-based estimator is ISS.
In addition, when d(¢) = 0, it is easy to prove lim; ., 6 (t)=10
and lim; ., @ (t) = 0.Hence, for any initial states belonging to
this convergence region, the PLL-based estimator will converge
to the unique stable point of this convergence region. However,
when the system state of the PLL-based estimator jumps from
one convergence region to another, it will converge to the sta-
ble point that is far away from its original stable point. This
will cause undesirable oscillations. For instance, as shown in
Fig. 4, a rotor speed jumps from 1750 to 800 r/min, the states
of the PLL-based estimator go from the convergence region I
to the convergence region IV. Then, the PLL-based estimator
converges to the stable point in the convergence region IV, and
it endures several undesirable oscillations and presents rather
slow dynamics.
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Fig. 6. Experimental results of the system under case A. (a) Saddle point
characteristic phase-portrait, when measured position and speed are used in
closed-loop control. (b) When the measured position and speed are used in the
closed-loop control. (c) When the estimated position and speed are used in the
closed-loop control.

IV. EXPERIMENTAL RESULTS

In this section, the experiments are performed to verify
the above discussion. Fig. 5 is the experimental platform.
The 0.2-kW PMSM is selected as the target machine and
its parameters are listed in Table I. The magnetic powder
brake (SKISIA PB-1.2) provides the load torque, which is
mechanically connected to the target machine. The digital signal
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Experimental results of the system under case B. (a) Saddle point characteristic phase-portrait, when the measured position and speed are used in

closed-loop control. (b) When the measured position and speed are used in the closed-loop control. (c) When the estimated position and speed are used in the

closed-loop control.

processor TMS320F28335 has been implemented to execute the
control algorithms. N-Channel Power MOSFET, IPD200N15N3
G, constitutes the voltage inverter, and the PWM switching
frequency of the inverter is 10 kHz. The dc-link voltage is set
as 24 V. An incremental encoder with 2500 PPR is utilized to
acquire the actual rotor position and motor speed for comparison.
The data storage oscilloscope, GDS-2104A, is used to record
the experimental results. The current and speed loop operation
frequencies are 10 and 5 kHz, respectively. The parameters of
the speed Pl regulator are ky,, = 1.5 and k,; = 0.02, respectively.
The parameters of the current PI regulator are k., = 1 and k; =
0.025, respectively. The parameters of the PLL-based estimator
are k, = 92 and k; = 0.4232. The PLL-based senorless control
scheme is tested under the two cases given in Table II.

Fig. 6 shows the experimental results under case A. In this
case, the speed reference jumps from 2500 to 2000 r/min.
Fig. 6(a) is the saddle point characteristic phase-portrait of the
PLL-based estimator, when the measured position and speed
are used in the speed and current controllers. It is observed that,
even when the system states change, the state (6(t),&(t)) still
belongs to region I and hence no oscillations emerge. Fig. 6(b)
shows the estimated speed and the back EMF by the PLL-based
estimator when the measured position and speed are used in
the closed-loop control. From Fig. 6(b), there are no oscilla-
tions of the position and speed estimator, and it confirms the

analysis in Fig. 6(a). Fig. 6(c) presents the sensorless control
experimental results when the estimated position and speed are
used in the closed-loop control. Since no oscillations occur in
the PLL-based estimator, the sensorless control of the PMSM
achieves a good performance.

In case B, the speed reference jumps from 2500 to 1200 r/min.
The experimental results under case B are provided in Fig. 7.
Fig. 7(a) is the saddle point characteristic phase-portrait of the
PLL-based estimator in this case, when the measured position
and speed are used in the closed-loop control. Observations in
Fig. 7(a) indicate that the states (0(t),@(t)) jump from region I
to region V, and the PLL-based estimator converges to the
stable point of region V. Although the actual position and speed
can be estimated through the PLL-based position and speed
estimator, the estimator has several undesirable oscillations in
the estimation process. In addition, Fig. 7(b) shows the actual
position, and the estimated position and speed by the PLL-based
estimator when the measured position and speed are used in
the closed-loop control. According to Fig. 7(b), it is known
that the actual position and speed can be estimated through
the PLL-based position and speed estimator. However, in the
estimation process, certain undesirable oscillations occur when
the system state jumps from one convergence region to another.

To further demonstrate the impact of the oscillations, the
measured position and speed are replaced by the estimated
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position and speed in the closed-loop control, and the
experimental results are shown in Fig. 7(c). From Fig. 7(c), it
is known that the undesirable oscillations seriously deteriorate
the performance of the sensorless control, and the PMSM goes
to uncontrollable state, and eventually, stops.

In summary, when the states do not jump out the convergence
region, the PLL-based estimator can obtain the information of
the position and speed of the PMSMs with fast dynamics, and
the PLL-based estimator realizes the sensorless control well.
Unfortunately, when the states jump out of the convergence
region, the PLL-based estimator presents many oscillations that
are undesirable, and it will significantly deteriorate the perfor-
mance of the sensorless control. In these cases, the PMSM may
be uncontrollable and even stop in operation.

V. CONCLUSION

The large-signal analysis for the PLL-based position and
speed estimator has been provided in this article. The saddle
point characteristic phase-portrait method and Lyapunov-based
argument have been adopted to analyze its global performance
under large speed variations/changes. This can be the guidelines
for designing robust PLLs for the speed sensorless control. The
main contributions of this article are concluded as follows.

1) The PLL-based speed estimation in sensorless control has
infinite stable points and saddle points. For each stable
point, the PLL-based speed estimator has a convergence
region. When the initial state belongs to this convergence
region, the PLL-based estimator will converge to the
unique stable point of this convergence region.

2) When the system states of the PLL-based estimator jump
from one convergence region to another, it causes undesir-
able oscillations. These undesirable oscillations will dete-
riorate the performance of the sensorless control signifi-
cantly, and the entire machine may go to an uncontrollable
state or stop.

APPENDIX

The way to draw the boundary of the convergence region for
the PLL-based position and speed estimator is provided in this
section. In details the boundary can be drawn as follows.

Step 1: For the large-signal model of the PLL-based

estimator, 0=w ~ _,
W = —kpAywcos 0w — ki pwsin

equilibrium points.

Step 2: For saddle points, use linearization to obtain the sad-
dle point characteristics. Specifically, let the eigenvalues of

ki)(»)fw kp)%fw} be A1 > 0 > Ay and the
corresponding eigenvectors be vy and vs.

Step 3: The boundary of the convergence region is drawn by
solving the equation in a backward way

find all

the matrix A,, = [

0 = @ i
) —k;Vsin0 — k,Vcost .
= ((2k + 1), 0)" £ awy
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That is, solving the equation in the forward way
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