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Abstract: The aim of this study was to obtain accurate angular positions and velocities from resolver
signals; resolver-to-digital conversion (RDC) often adopts a phase-locked loop (PLL) as a demodula-
tion algorithm. However, resolver signals often come with quadrature errors and harmonics, which
lead to a severe reduction in PLL accuracy. The conventional PLL does not consider the impact of
the quadrature error, and the bandwidth of the PLL is much larger than the fundamental frequency
of resolver signals for pursuing a low dynamic error. These reasons render the retention of resolver
harmonics in the demodulation results. In this paper, a disturbance-compensated PLL (DC-PLL)
is proposed, which consists of a phase detector for suppressing quadrature error and harmonics
(SQEH-PD) and a second-order observer. Firstly, since the quadrature error does not change with
the angle velocity, the pre-estimated quadrature error is used in the SQEH-PD to compensate for
the quadrature error in resolver signals. Secondly, although the frequency of the harmonics changes
with the velocity, the amplitudes of the harmonics do not change. Therefore, the pre-estimated
amplitudes of harmonics and estimated angular position are used in the SQEH-PD to compensate
for the harmonics in resolver signals. Thirdly, a second-order observer is designed to estimate the
angular position and velocity by regulating the phase detector error. Compared with the conventional
PLL, the proposed DC-PLL has a stronger anti-disturbance ability against the quadrature error and
harmonics by configurating the phase detector error and the estimated position error, which have a
linear relation. Simulation and experimental results prove the effectiveness of the proposed method.

Keywords: resolver; PLL; phase detector; suppressing harmonics; quadrature error

1. Introduction

Resolvers are widely used in aviation, aerospace, and electric vehicle fields as angular
position sensors for their advantages of high precision and strong anti-disturbance abil-
ity [1-3]. The outputs of resolvers are two orthogonal signals modulated by high-frequency
excitation signals. To extract the accurate angular position and velocity from a resolver’s sig-
nals, a high-precision RDC algorithm is usually adopted, which mainly includes detection
and demodulation [4,5].

In the practical use of resolvers, there are many non-ideal factors in their signals, such
as the quadrature error and harmonics [6]. The quadrature error refers to the fact that the
phase difference between the two resolver signals is no longer 90 degrees [7]. Two major
reasons are accounted for in the quadrature error: one is that the state windings are not
installed orthogonally, and the other is that the number of winding turns is not ideal when
rounding [8]. Harmonics refer to resolver signals containing harmonics of a rotor angular
position. Harmonics are caused for two reasons: firstly, the inductance of winding is not
ideal, and actual inductance induces harmonics, more or less [9]; secondly, the magnetic
field of the resolver is distorted, which is usually caused by the non-ideal shape of the
rotor [10]. Although quadrature error and harmonics have little effect on detection, they
seriously reduce the accuracy of demodulation.
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Demodulation algorithms can be divided into open-loop algorithms and closed-loop
algorithms [11]. Although open-loop algorithms are simple and easy to implement, they
often have poor anti-disturbance abilities. Commonly used inverse tangent algorithms [12]
and the octant selection logic algorithm [13] have the problem of amplifying noise by
differential operations [14]. Although the lookup table algorithm [15] and the pseudolinear
signal algorithm [16] do not amplify noise, they have low demodulation accuracy and a
poor anti-disturbance ability under the condition of limited processor resources.

Compared with open-loop algorithms, closed-loop algorithms have stronger anti-
disturbance abilities, among which, a PLL is most commonly used for its high precision and
strong anti-disturbance ability. A PLL consists of a phase detector (PD), a loop filter (LF),
and a voltage-controlled oscillator (VCO) [17]. In [18], considering an unknown load torque
and friction effects, a PLL is used to estimate the angle position, and a robust position
backstepping tracking controller is designed to ensure the trajectory-tracking performance
of the motor. In [19], a decoupled double synchronous reference frame-based PLL is
proposed to suppress the amplitude imbalance in resolver signals. In [20], a composite PLL
is proposed to suppress random disturbances, and the steady-state accuracy of the proposed
composite PLL is greatly improved compared with the conventional PLL. However, the
PLL has great defects in dealing with resolver signals containing the quadrature error and
harmonics. To pursue a low dynamic error, the bandwidth of the PLL is often much larger
than the fundamental frequency of resolver signals. Therefore, when there are harmonics
in the resolver signals whose frequency is similar to that of the fundamental signal, the
PLL fails to suppress harmonics. In addition, the conventional PLL does not consider the
quadrature error in resolver signals, so it also fails to suppress the quadrature error.

In order to solve the problem of reduced demodulation precision by non-ideal factors
of resolver signals, filtering and calibration methods are often used. In [21], low-pass filters
are introduced to suppress harmonics. However, the frequency of harmonics is close to
that of the fundamental signal. It is easy to damage the fundamental signal in the process
of harmonics filtering, which introduces new errors in the RDC. In [22,23], two calibration
algorithms are proposed to eliminate amplitude imbalances, DC offsets, and quadrature
errors in resolver signals. However, the introduction of calibration increases the cost and
reduces the reliability of the RDC. Moreover, the frequency of harmonics varies with the
angular velocity, so it is difficult to suppress harmonics with calibration.

In this paper, a DC-PLL is proposed to suppress the quadrature error and harmonics
in resolver signals. Firstly, since the quadrature error does not change with the angular
velocity, the pre-estimated quadrature error can be used in SQEH-PD to compensate for the
quadrature error in the resolver signals. Secondly, although the frequency of the harmonics
changes with the velocity, the amplitudes of the harmonics do not change. Therefore, the
estimated angular position is used to substitute the phase of the harmonics. The estimated
angular position and pre-estimated harmonics amplitudes are used in the SQEH-PD to
compensate for the harmonics in the resolver signals. Thirdly, the second-order observer
estimates the angular position and the velocity by regulating the phase detector error from
the SQEH-PD. For the resolver signals containing the quadrature error and harmonics, the
proposed DC-PLL can improve the accuracy of the RDC significantly.

2. Effect of Non-Ideal Factors on RDC
2.1. RDC Principles

Figure 1 shows the principle of the software-based RDC. The resolver signals v} and

vy are two orthogonal signals modulated with the excitation signal vey:

{v;‘ = 1 sin 0 cos wet + w%vl cos 0 sin w,t 1)

V¥ = v1 cos 6 cos w,t — w%vl sin 6 sin wet
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where w; is the excitation frequency, which ranges from 1 to 10 kHz [24], and w is the
angular frequency of the rotor. Since w, is much bigger than w, the second term of (1) can
be regarded as zero [25]. The resolver signals can be expressed as [26]:

V¥ = v18in6 cos wet
 _ @)
v} = v1 cos 6 cos w,t
NFC-PLL
Detection
A
— vex s vex
) fxtiation . Pre-estimation
VWYL Genperation | W > -
Figure 1. Schematic diagram of software-based RDC.
After detection, the pair envelope signals v5 and v, were obtained as:
vg = sinf.
3
{UC = cosf ©)

When we inputted vs and v, into the demodulation, estimated position 6 and estimated
velocity @ were obtained. However, in the practical use of the resolver, the output signals
were not the ideal form as shown in (3), and there were various non-ideal factors. Although
some of them could be suppressed with calibration, they could not be eradicated completely,
and the residual quadrature error and harmonics would seriously reduce the accuracy of
the demodulation.

2.2. Analysis of Quadrature Error and Harmonics Effect on PLL

Using # denoted the estimated position from the PLL, and the phase detector error
demodulated from the resolver signals shown in (3) could be expressed as:

£ = vscosf — v, sinf 4)
Substituting (3) into (4), the phase detector error was:
e=sin(0—0) ~ 0 (5)

where 0 is the actual position, § = 6 — 6. Since § was very small, sin6 ~ 0. The phase
detector error reflects the difference between the actual and estimated positions. By reg-
ulating the phase detector error to equal 0, the estimated position and velocity could be
obtained [27]. In the production of the resolver, the number of stator turns needed to
be rounded so that the quadrature errors could be approximately equal to each order’s
harmonics to a certain extent [6]:

vs =sinf+ Y a,sinnf
=2 (6)
ve =cos(6 — B) + ¥ aycos(nd — B)
n=2

where B expresses the value of the quadrature error, while a4, is the amplitude of harmonics.
Substituting (6) into (4), the actual phase detector error was:



Machines 2022, 10, 709

40f 15

(o)

= sinf cos § — cos fsinf cos  — sinfsin Hsin B + Y an sin 16 cos § — ) ay cosnfsinf cos f — Y an sin 10 sin § sin B (7)

n=2 n=2 n=2

As (7) shows, when the quadrature error and harmonics existed in the resolver signals,
the phase detector error contained many unexpected terms. It is impossible to make 6 be
zero by regulating ¢ to also be zero. That is the reason why the accuracy of the PLL reduced
greatly when the resolver signals contained the quadrature error and harmonics.

3. Disturbance-Compensated PLL

In order to solve the problem of when the quadrature error and harmonics reduce
the PLL accuracy, a DC-PLL was proposed, which was composed of the SQEH-PD and
second-order observer. The schematic diagram is shown in Figure 2. The SQEH-PD was
proposed to eliminate the quadrature error and harmonics in e. Additionally, the second-
order observer was used to estimate the angular position and velocity from e. Strictly
speaking, this paper studied the angle-tracking observer, which is a kind of PLL.

b ..

v, a1l 1 |o 1 |[6
—_— SQEH— | o P ; n ; :>
1 + 1
= || :
¢ >k, :
ol Tg 1Ll Second-order Observer!

Figure 2. Schematic of the proposed DC-PLL.

3.1. Phase Detector for Suppressing Quadrature Error and Harmonics

The conventional PD simply feeds back the sinusoidal and cosinusoidal values of the
estimated position, which makes the conventional PLL track not only the fundamental
signal of the resolver, but also the non-ideal factor in resolver signals. Therefore, ¢ contains
the quadrature error and the harmonics as shown in (7). Considering that the quadrature
error and the amplitude of the harmonics would not change, the estimation method in [23]
was adopted to obtain the value of the quadrature error, and the amplitudes of harmonics
were obtained with the Fourier transform from the resolver signals.

As shown in Figure 3, the SQEH-PD could be expressed as:

ue = cosf +tan Bsind + Y. ay[cos(nf) + tan Bsin(nd)]
n=2

Us = Colsﬁ[siné—i— § ansin(_né)] ®
n=2
The phase detector error of SQEH-PD could be expressed as:
€ = Vgl — Vcllg 9)
By substituting (6) and (8) into (9), the phase detector error could be described as:
e=sin(f —0) + i ay sin(nf — 0) + i ay sin( — nd) + i ay sin(n) i a, cos(nf) — i ay cos(nb) i a, sin(nf) (10)
n=2 n—=2 n=2 n=2 n=2

n=2
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Figure 3. Schematic of proposed SQEH-PD.

In (10), € had no correlation with the quadrature error, which indicated that the
quadrature error was eliminated. £ could be divided into three parts: the terms without
harmonics, the terms with harmonics, and the terms with the product of harmonics as:

g1 =) apsin(nd —0) + Y_ a,sin(6 — nd) (11)
n=2 n=2
&2 =Y apsin(nf))_ ay cos(nf) — Y aycos(nf) ) ay sin(nf) (12)
n=2 n=2 n=2 n=2

The phase detector error could be rewritten as:

e=sin(0 —0)+e; +er (13)
where ¢ could be simplified to:
. (n+1)(6-60) (n—1)(6+9)
=32 14
€1 ,;:2 ay sin 5 cos > (14)

Considering the resolver manufacturing, the impact of the high-order harmonics was
very low, so the high-order harmonics could be ignored [28]. Therefore, the following
approximation could be used:

i (15)
cos Mﬂ = cos(n —1)6

{sin (n+1)2(9—é) _ (n+1)2(9—9‘)
)
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By substituting (15) into (14), £; could be simplified as:

€ = i an(n+1)(6 —8) cos(n —1)0 (16)
n=2

gy could be simplified as:

P

e = Y a?sinfi@—0)]+ Y. 2aagsin T k>2<9 —0) o U=RE+0)
i=2

2
j=3
k=2;
j>k

In a similar way, substituting (15) into (17), &, can be rewritten as:

e =Y a’sinfi(0—0)]+ Y} ajar(j+ k) (6 — 6) cos(j — k)6 (18)
i=2 ]': 3;
k=2;
>k

By substituting (16) and (18) into (13), the phase detector error can be expressed as:

e=sinf+ Y an(n+1)fcos(n—1)0+ Y a?sini0+ Y ajar(j+k)0cos(j—k)o (19)
n=2 i=2 j: 3;
k=2;
j>k

When 6 was close to 6, 6 could be considered very small, so (19) could be simplified to:

e=01+ Y ay(n+1cos(n—1)0+Y ai+ Y ajar(j+k)cos(j —k)8]  (20)
n=2 i=2 i =3
]_ 7
k=2;
i>k

In (20), € and 6 had a linear relationship, so 6 could be actualized to be zero by
regulating ¢ to be zero. Therefore, the proposed SQEH-PD could improve the accuracy of
the PLL in the presence of harmonics and the quadrature error.

3.2. Second-Order Observer

By using the phase detector error & from the SQEH-PD, a second-order observer could
be designed to estimate the angular position ¢ and velocity @. As shown in Figure 2, the
error transfer function of the angular position and velocity were expressed as:

O
Eo(s) = 0(s) 2 +kgs + ke @1)
Eo(s) = w(s) _ s? + kgs (22)

w(s) s+ kgs + ke

where @ = w — @. According to (21) and (23), the steady-state error of the angular position
and velocity could be expressed as:

¢g(00) = limsEq(s)8(s) (23)
ew(00) = imsE, (s)w(s) (24)

s—0
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In the fixed-velocity conditions,«w = A was assumed. The Laplace transforms of the
angular position and velocity were 0(s) = A/s?,w(s) = A/s, and when substituting them
into (23) and (24), both eg(o0) and e, (c0) were zero. In the fixed-acceleration conditions,
we assumed that w = Bt. The Laplace transforms of the angular position and velocity were
0(s) = B/s%, w(s) = B/s? and when substituting them into (23) and (24), eg(0) = B/k,,
and e, (o0) = Bky/k,. Obviously, the proposed second-order observer could give an
accurate estimation of the angular position and velocity without steady-state errors in the
fixed-velocity conditions, and with constant deviations in fixed-acceleration conditions.

4. Simulation and Experimental Results
4.1. Simulation Results

In order to verify the effectiveness of the proposed DC-PLL, a simulation was con-
ducted in the MATLAB/Simulink platform. The pair envelopes of resolver signals were
simulated directly with certain harmonics and the quadrature error as: 1 for the funda-
mental signal, 0.09% for the 3rd harmonic, 0.11% for the 5th harmonic, 0.15% for the 11th
harmonic, 0.13% for the 13th harmonic, and 0.3° for the quadrature error. Considering
that the resolver is often used as an angular position sensor of servo systems, three typical
working conditions were selected: constant velocity, constant acceleration, and sinusoidal
velocity. For ensuring the fairness of the comparison, the PLL parameters were chosen as
kg = 888, ko, = 394, 000.

4.1.1. Case 1: Constant Velocity (w = 360" /s)

Figure 4 shows the resolver signals. Figure 5 shows the spectrum of the resolver
signals. It can be seen from Figure 5 that there were 3rd, 5th, 11th, and 13th harmonics in
the resolver signals, which seriously reduced the demodulation accuracy.

Az ! T T " v
> S s~ ¢
p— H
21 f
< H
=] :
=y ;
w0 ¢ :\
s-q :
] N
= :
o -1 i
b :
] :
~ i
8 0.5 1 1.5 2

Figure 4. Resolver signals at fixed speed in simulation.

The conventional PLL and the proposed DC-PLL were used to demodulate the resolver
signals. When the DC-PLL was adopted, it can be seen from Figure 6 that the phase detector
error was basically zero, and the spectrum of the phase detector error did not contain any
harmonics. In Figure 7, when the PLL was adopted, the harmonics in the resolver signals
led to a large number of harmonics in the phase detector error, where the 2nd, 4th, 10th,
and 12th harmonics were dominant.

Three methods were used to demodulate the resolver signals: the conventional PLL
(PLL), the DC-PLL only for the quadrature error compensation (Compensate ), and the
DC-PLL for the quadrature error and harmonics compensation (DC-PLL).

As shown in Figure 8a, due to the existence of the quadrature error, the position
error was asymmetric about the x-axis when the PLL was adopted. However, when using
the proposed DC-PLL for compensating the quadrature error, the asymmetric part of the
position error was eliminated. Furthermore, when using the DC-PLL for compensating
the quadrature error and the harmonics, the position error was greatly reduced, and the
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disturbance of the quadrature error and the harmonics was completely eliminated. As
shown in Figure 8b, the influence of the quadrature error on the velocity estimation was not
as great as its influence on the position estimation. When using the DC-PLL to compensate
for the harmonics disturbance, the velocity error was greatly reduced.

gx 107
‘ ‘ ‘ ‘ — Sinusoidal Channel

~ 2.5 fe==Fundamental Frequency
< | P |
= 2bef
=
E 150
=TI
g
<osp i i

7 2 3 2 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20

5% 107 Frequency (Hz)

| - ‘ - “—C osinusoidal Channel

82'5“" e o I 7

2L S SO U SOOI OO AU SUOUN SR SUVO SO SUNT SO a
D
=
R O R I i
Beoqb e i
g
<€ 0.5

9 2 3 2 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
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Figure 5. Spectrum of resolver signals at fixed speed in simulation.

45
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5 —DC-PLL
=15
(]
b H > N
S0 i
Q HE
&
=2 -15F
Q
w2
= 30
A
] 0.5 1.5 2

1
Time (s)
Figure 6. Phase detector error at fixed speed.

In order to show the performance of the proposed DC-PLL more clearly, the average
(AVG) and the standard deviation (STD) were calculated under three working conditions.
Table 1 shows the statistics of the position estimation error. Table 2 shows the statistics of
the velocity estimation error. It is clear that the STD of the position estimation error and
velocity estimation error with the DC-PLL were reduced by 99.9% and 99.9% compared
with the PLL. In Table 1, the AVG of the DC-PLL was smaller than that of the PLL, which
indicated that the DC-PLL had better performance on quadrature error suppression.
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30 45
TS R A, N S . PLL 2 e PLL
» ===Compensate 3 ~ ===Compensate [}
0 R X X —DC-PLL NS —DC-PLL
i AR n A & F3 A & a =
= noas
s WA ARAR L ARRR ARAR. AL g .
50 ‘:‘h"" Il';;;', I“i,:h"’& 1dida L 1x10 5]
SO AT AT RURT ARt VRURTICRGUR TRy AR Al A g
= ¢ f 1oy § Ny £y ! TNa =
D 10 ¥ av ¥ouv EA ¥ 1 R=)
=] 17
< 0 S 0
> 20 30
i
- - - - 1
38 0.5 1 1.5 2 115 1.75 2 48 0.5 A1 1.5 2 11.5 1.75 2
Time (s) Time (s)
(a) (b)

Figure 8. Demodulation errors at fixed speed in simulation. (a) Position estimation error; (b) velocity

estimation error.

Table 1. The statistics of position estimation error (6(') ).

Cases Case 1 Case 2 Case 3
AVG 9.008 9.104 9.747
PLL STD 8.747 9.012 8.391
Compensate AVG 2.009 x 105 0.071 0.176
STD 5.996 6.392 5.847

AVG 3.811 x 10712 0.036 4260 x 105

DC-PLL STD 4721 x 1011 7.468 x 104 0.1599
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Table 2. The statistics of velocity estimation error (@(" /s) ).
Cases Case 1 Case 2 Case 3
PLL AVG 2211 x 1077 0.412 7.278 x 1012
STD 5.819 17.814 6.443
Compensate AVG 2.195 x 1077 0.390 5.939 x 1012
P STD 5.664 17.350 6.323
AVG 2586 x 1010 0.379 1.288 x 10712
DC-PLL STD 5.387x10~10 0.002 1.733

4.1.2. Case 2: Constant Acceleration (w = 180t °/s)

In the case of constant acceleration, the influence of the quadrature error on the
position estimation was obvious. As Figure 9a shows, when the PLL was used, the position
error was asymmetric about the time-axis. This was because the quadrature error caused
the phase detection error and position error to no longer have a linear relation. However,
the proposed DC-PLL caused the phase detection error and position error to have a linear
relation, so as to eliminate the influence of the quadrature error on the phase detection error.
In Figure 9a, the position error of the DC-PLL was much smaller than that of the DC-PLL,
only suppressing the quadrature error, which indicated that the proposed DC-PLL had a
good ability of harmonics suppression.

Position error (")

30
..... PLL 20 e PLL
===Compensate kg .2 ===Compensate }
—DC-PLL 10 . TEH —DC-PLL
o FRoadanora
=] I
=] PN 1
O 0 TN
£l
£l >
=
e 5 -10¢
a3
a2
G
b
bl
£l

Time (s)

-
|
8

o

Time (s)

(@) (b)

Figure 9. Demodulation errors at fixed acceleration in simulation. (a) Position estimation error;
(b) velocity estimation error.

With the increase in velocity, the influence of the harmonics on velocity estimation
became more and more serious. As Figure 9b shows, when the PLL was adopted, the
velocity error became larger and larger. That was because the harmonics affected the
position estimation through differential operations. Although the content of the harmonics
was unchanged, the velocity error would become larger and larger with the increase in
velocity. When the DC-PLL was adopted, the fluctuation in the velocity error was basically
zero because of its good harmonics suppression.

As can be seen in Table 1, the AVG of the DC-PLL was reduced by 99.6% compared with
PLL. It was clear that the proposed DC-PLL suppressed the quadrature error completely.
In Tables 1 and 2, the STD of the position estimation error and velocity estimation error
with the DC-PLL were reduced by 99.9% and 99.9%, respectively, compared with the PLL.

4.1.3. Case 3: Sinusoidal Velocity (w = 720 + 90sin(90¢t) °/s)

In Figure 10a, when the DC-PLL was used to compensate for the quadrature error,
the amplitude of the position error was symmetric about the x-axis, and the position error
was greatly reduced. Because of the superior suppression on the quadrature error, the
AVG of the DC-PLL was reduced by 99.9% compared with the PLL in Table 1. It can be
seen from Figure 10b that the velocity error changed periodically. When the DC-PLL was
adopted, the harmonics were well suppressed, so that the velocity error was the smallest
among the three lines. From Tables 1 and 2, it could be seen that the STD of the position
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Position error (")

estimation error and velocity estimation error with DC-PLL were reduced by 98.1% and
73.1% compared with the PLL.

45

w
S

Velocity error (°/s )

Time (s)

Time (s)

(a) (b)

Figure 10. Demodulation errors at sinusoidal speed in simulation. (a) Position estimation error;
(b) velocity estimation error.

4.2. Experiment Results

In order to verify the effectiveness of the proposed method, an experimental platform
was used. As shown in Figure 11, the experimental platform was mainly composed of a
permanent magnet synchronous motor (PMSM) with a resolver, a drive board, a power
supply, and a PC. The parameters of the PMSM and the resolver are shown in Table 3. In
the drive board, the resolver signals were, firstly, inputted into the AD7606 for envelope
sampling, and then, the envelope signals were inputted into the DSP for calibrating the
amplitude imbalance and the DC offset with the calibration method proposed in [1]; finally,
the calibrated envelope signals were inputted into the PLL proposed in this paper to
estimate the angular position and angular velocity. The estimated angular position was
used to generate a reversing current, and the estimated angular velocity was used to control
the motor running at a constant speed of 360°/s. The power supply was responsible
for providing a stable voltage to the drive board. The PC was responsible for receiving
the demodulation results from the drive board. The quadrature error and the harmonics
amplitudes were obtained with the calibration method in [23].

& Power Supply £

PMSM and Resolver | |

Figure 11. Experimental platform.
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Table 3. Parameters of PMSM and resolver.

PMSM Resolver
Pole pairs 2 Pole pairs 1
Rated speed 3000 r/min Excitation frequency 10 kHz
Torque constant 0.15Nm/A Electrical error 10/
Phase resistance 8 Q) Input impedance 95+ 14 Q)
Phase inductance 10 mH Quadrature error 0.3°

The resolver signals after detection are shown in Figure 12. Figure 13 shows the
spectrum of the resolver signals, and the harmonics were mainly 2nd, 3rd, 5th, 11th, and
13th. However, these harmonics were not only caused by the resolver itself, but the cogging
effect of the motor also affected the harmonics content.

2 I I
~~ H ) H
> : ; N Vs_vc'
N
24
<
=) ;
on :
. v '
7 ;
— :
() H
2 H
Qo '
7] :
[0} :
~ i
- 1 1 1
8 0.5 1 1.5 2

Figure 12. Resolver signals at fixed speed in experiment.
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Figure 13. Spectrum of resolver signals at fixed speed in experiment.

Different from the simulation, the true angular position and angular velocity could
not be obtained in the experiment. Therefore, to compare the estimation accuracy of the
DC-PLL and the PLL, the phase detector error was used to measure the accuracy of the
position estimation instead of the position error, and the estimated velocity was used to
measure the accuracy of the velocity estimation instead of the velocity error.
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It can be seen from Figure 14 that there were a lot of harmonics in the phase detector
error when using the PLL, which greatly decreased the accuracy of the position estimation.
However, when the DC-PLL was used, the harmonics in the phase detector error were
obviously suppressed. In Figure 15, the fluctuation of the DC-PLL was the smallest
among the three curves, which indicated that the DC-PLL had good performance on
harmonics suppression.
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Figure 14. Phase detector error at fixed speed in experiment.
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Figure 15. Velocity estimation at fixed speed in experiment.

In Table 4, when comparing the phase detector error, the AVG of the DC-PLL was
nearly an order of magnitude smaller than that of the PLL, which indicated that the DC-PLL
had a better suppression ability on the quadrature error. Comparing the estimated velocity,
the AVG of the DC-PLL was closer to 360° /s than that of the PLL. Moreover, the STD of the
phase detector error and estimated velocity with the DC-PLL was reduced by 72.0% and
74.5% compared with the PLL.

Table 4. The statistics of experiment demodulation results.

Cases () (2;((’/5)
PLL AVG 2482 x 1074 359.999504
STD 37.335 32.6144
AVG 3.620 x 1075 359.999721
DC-PLL STD 10.443 8.333

5. Conclusions

In this paper, a disturbance-compensated PLL was proposed, in which the phase
detector for suppressing the quadrature error and harmonics was the main component.
In the proposed phase detector, the estimated angular position was used to substitute the
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phase of the harmonics, and the harmonics of the resolver signals were compensated with
the estimated angular position and the pre-estimated harmonics amplitudes. Additionally,
the quadrature error in the resolver signals was compensated in the proposed phase detector
by using the quadrature error estimated in advance. Compared with the traditional PLL,
the proposed method could suppress the quadrature error and harmonics better by making
the phase detector error and position error have a linear relation, and improving the anti-
disturbance ability without changing the bandwidth. Simulation and experimental results
showed that the proposed method had good performance on the quadrature error and
harmonics suppression.
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