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Featured Application: Elimination of integral saturation and optimization of dynamic perfor-
mance of sensorless drive system of permanent magnet synchronous motor based on SMO-PLL
observation.

Abstract: The problem of integral saturation greatly restricts the engineering application of PID
controller in AC speed regulator systems, which also affects the control performance of sensorless
drive system with the phase-locked loop (PLL) structure. To address this, this paper proposes a novel
variable-proportion desaturation PI (VPDPI) control method for permanent magnet synchronous
motor (PMSM) sensorless drive system. Firstly, an overall scheme of sensorless control system with
sliding mode observer (SMO)-PLL observer is presented, which includes the equivalent mathematical
model and its parameter identification model of PMSM. Secondly, the control principle of the
VPDPI algorithm is innovatively designed. Note that the novel regulator scheme consists of two
interconnected components in terms of the concepts of threshold segmentation, i.e., the variable-
proportion link and desaturation PI part. Meanwhile, the stability analysis of the regulator is further
discussed by the root locus and the Bode diagram analysis. Finally, the numerical simulations of
speed regulation are carried out under the various operation conditions, and the effectiveness of
the proposed method is further verified by experimental platform. Several groups of comparative
experiments reveal that the proposed method has a more higher control performance for the sensorless
drive system, especially in the ability of overshoot suppression.

Keywords: permanent magnet synchronous motor (PMSM); sensorless; variable-proportion
desaturation PI (VPDPI); integral saturation; observation performance

1. Introduction

Permanent magnet synchronous motor (PMSM) has been widely used in electric
vehicle, ship electric propulsion system and other driving fields because of its advantages
of simple structure, high power density and high operating efficiency [1,2]. With the
development of electronic technology, PMSM drive structures are also constantly updated
to adapt to the needs of different operating conditions [3,4]. In the detection of traditional
drive system, the installation position of mechanical sensors such as photoelectric encoder
and rotary transformer is not accurate. In addition, the aging of sensors restricts the drive
system to achieve satisfactory control performance, which reduces the system reliability
and economics of production [5,6]. In order to solve the influence of traditional mechanical
sensors on the drive system, the sensorless idea is developed and applied in PMSM
drive system. PMSM sensorless drive system can construct the rotor position and speed
information required by detecting the voltage and current signals of the motor port [7,8].

At present, the sensorless control technology of permanent magnet synchronous mo-
tor can be roughly divided into two types based on fundamental wave observation and
salient pole effect [9,10]. The observation method based on salient pole effect has better
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observation performance for low speed operation condition [11,12]. However, it is a pity
that this method has some limitations for hidden pole machine [13,14]. Therefore, the
method based on fundamental wave observation is still used to obtain PMSM rotor infor-
mation in more control occasions. The fundamental wave observation method is divided into
four types: arc-tangent method, phase-locked loop (PLL) method, model reference adaptive
method and intelligent algorithm according to the different methods of obtaining rotor informa-
tion [15,16]. Among them, the model reference adaptive method has the characteristics of
simple structure. However, the accuracy of the observation is closely related to the design
rules of the adaptive law, which is difficult to be applied in practical systems [17,18]. In
addition, it is difficult to realize in the actual system. Meanwhile, intelligent algorithm
observation rotor information accuracy is closely related to the number of training samples,
the control structure is very complex [19,20]. On the contrary, the arc-tangent method can
use the sliding mode variable structure method to obtain the inverse electromotive force
information of the motor rotor, and directly construct the arc-tangent equation to obtain the
required position information [21,22]. However, this method has a low signal noise ratio
(SNR) and is greatly affected by back EMF harmonics [23,24].

Fortunately, the closed-loop feedback of rotor back EMF information based on phase-
locked loop method is constructed by introducing PI controller [25,26]. In the presence
of harmonics, closed-loop self-adjustment process can be adopted to alleviate the disad-
vantages of arc-tangent method [27,28]. It can be seen that the phase-locked loop method
is an observation method with relatively good comprehensive performance. Meanwhile,
PI regulator introduced by phase-locked loop method also aggravates the problem of
integral saturation and integral drift of the whole system. Therefore, in order to achieve
better performance of the sensorless system, it is necessary to perform integral saturation
suppression on the driving system. In terms of integral saturation suppression, most
engineering uses anti-saturation methods, such as variable speed integration and integral
separation, to suppress the integral saturation state of the drive system [29-31]. In [32], the
influence of saturation phenomenon has been suppressed to a certain extent, nonetheless
it does not eliminate the accumulated integral error. Hence, the anti-saturation method
is easy to fall into integral saturation again. In order to completely eliminate the integral
saturation of the system, the desaturated PI control structure is developed based on the
idea of anti-saturation [33-35]. The method can completely remove the integral from the
saturation state through the reverse accumulation of errors. However, it should be noted
that if the reverse error accumulation is too large, it is easy to weaken the role of the integral
link, so that the drive system has steady-state error and increases the response time of
the system.

In order to make PMSM sensorless system have better observation and drive perfor-
mance, the original contributions of this paper are shown as follows:

(1) Compared with the traditional model parameter equivalence, this paper uses MAT-
LAB/System Identification toolbox to realize the parameter identification of high-
order system, and the identification accuracy can reach 91.22%. Meanwhile, root
locus and Bode diagram are used to complete the stability analysis of the closed-loop
system and the selection of VPDPI regulator parameters.

(2) In terms of the ideal response curve as the design objective, this paper analyzes
the causes of system saturation phenomenon. Moreover, the influence of saturation
phenomenon on dynamic and steady performance of sensorless system is considered
in this paper, especially the ability to suppress overshoot, and the VPDPI regulator is
innovatively proposed. Meanwhile, the control rules of the proposed regulator are
further given.

(3) Simulations and experiments under various working conditions are presented in
detail, and the effectiveness and reasonability of the proposed method are both
amply verified.

In Section 2, the overall structure and mathematical model of PMSM sensorless drive
system are presented step by step. In Section 3, the requirements of ideal response curve are
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reviewed, and the design rules and threshold parameter selection rules of VPDPI regulator
are given in detail. Section 4 provides the comprehensive test results of the proposed
method on MATLAB/Simulink experimental platform. Meanwhile, the validity of the
proposed method on hardware platform is further verified in Section 5. Finally, the brief
conclusions are drawn in Section 6.

2. The Overall Structure of PMSM Sensorless Drive System
2.1. Equivalent of PMSM Mathematical Model

It is well known that PMSM sensorless system is composed mainly of the motor
ontology, the inverse model, the current controller and the speed controller. Accurate
equivalence of each component model is the basis of stability control system.

Generally speaking, the voltage equation of the PMSM in the d — g rotary transformer
can be expressed as (1):

g = Rig+ Lg%t — welgiy O
ug = Rig + Lq% + we(Lgig + l/Jf)

Among them, u; and u, are the d — q axis component of the stator voltage. iy and i,
are the d — g axis component of the stator current; R is the stator resistance. w, is electric
angular velocity. Ly and Ly are the inductance component of d — g axis. iy stands for
permanent magnet flux.

When the iy = 0 control strategy is used, the voltage equation can be reduced as

shown in (2):
{ Ug = —welygig

. d 2
ug = Rig+ Lygt + wetpy ®

When there is no external load disturbance, the torque equation and the motion
equation of the motor will be written as [36]:
J9%n = T, + Ty — B 3
To = 3Puigy

In (3), wy, is mechanical angular velocity. B is the damping coefficient. | is usually
thought of as the moment of inertia. T, and T}, are electromagnetic torque and load torque,
respectively. Py, is polar logarithm of PMSM.

After the laplace-transform, the transfer function of the PMSM electrical part Gppisase
and mechanical part Gppspr, can be equivalent to:

{ Gpmsmm (S) = L, 1+R

S
4)
Gpmsmm(s) = ]siB

It is obviously that PMSM are a second order system composed of two inertial
processes.

Meanwhile, the phase voltage of the inverter module output is not in response to the
input vector pulse synchronization, and the inverter does not do the voltage amplitude
scale transformation. Hence, the inverter gain K;,, = 1, and it is the initial equivalent of the
driving part:

_ Kin
C Ts+1

©)

Gsvpwm(s)

where T; is defined the switching frequency.
Unfortunately, the inverter is generally used to switch dead areas and delay in action.
Therefore, the small inertia link is compensated for (5). The transfer function for an inertia

element can be written: .

- tis+1

Gine (S ) (6)
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In (6), t; is the inertia time constant.
If the current controller is equivalent to a differential link and an integral link, the
transfer function block diagram of PMSM sensorless system can be expressed in Figure 1.

ap A Iex , I Te <N

ég ASR % ACR H Gsvrwm(s) M Gi pusm(s) K —)‘§<}—> Gn_pusu(s)
} A 1
-0 _T - T

Figure 1. The transfer function block diagram of PMSM sensorless system.

It is worth noting that the speed regulator control object Gy;(s) is made up of five
poles and a zero. Among them, ASC and ACR are the automatic speed regulator and the
automatic current regulator, respectively.

2.2. Parameter Identification of the Drive System

In order to better fit the actual mathematical model of the sensorless system, the
sensorless system is equivalent to a higher-order system in this paper. However, due to
the appropriate condition neglect and approximation in the equivalent process, there is a
certain gap between the transfer function obtained directly according to the parameters
and the real value. Therefore, MATLAB system identification toolbox can be utilized to
identify the known parameters of the zero-pole system. Figure 2 is used as the equivalent
control circuit for identifying the unknown parameters.

1 *
ASR —»  Gon(s)

Figure 2. The equivalent control circuit.

Where Gypj(s) = F]igz:;)l) (i=1...5).

General steps to realize unknown parameter Identification of equivalent control object
using MATLAB/System Identification toolbox:

Step 1: obtaining identification input signal I,y and output signal wy, as shown in
Figure 3;

Step 2: calling toolbox and import data;

Step 3: configuring the zeros and poles of the identification system (In terms of
Section 2.1, the number of poles = 5, and the number of zeros = 1);

Step 4: running and analyzing the feasibility of identification results.

On the basis of the same input data, the Zero-Pole-Gain (ZPK) model of the post-
identification controlled system is shown as (7), and the response is shown in Figure 4.

z = —10.4774
p = [~13405, —16.77, —92.5 + 368.8i, —0.0015] )
k = 8.0228 x 1011

From the response curve estimated by using “sysinit” as template, it can be seen that
the similarity between the response and the actual data after identification parameters
is 91.22%.

Generally, it can be utilized as the equivalent transfer function of the control object in
the parameter debugging process of the controller.



Appl. Sci. 2022,12, 9234

50f26

Input and output signals

= 1500
E
= 1000
3 500
(]
S 0
o 1 15 2 25 3
20
< 10
=
0
1 15 2 25 3
Time/(s)

Figure 3. The output and input data of the system to be identified.
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Figure 4. Identification result response curve.

2.3. The Observer Design of the Rotor Speed and Position Angle

Since the sensorless observation of arctangent method is greatly affected by the back
electromotive force, the observation accuracy of position and speed is not ideal. Therefore,
this paper adopts phase-locked loop to ensure the accuracy of estimation of rotor speed
and rotor position Angle [37].

The construction of reliable sliding surface is the basis of effective sensorless realization.
Based on PMSM voltage equation in (1), the observed current equation is constructed

as follows: N
dig _

it = 1 (—Rig + ug + Lywely — Vy)
dig _ 1

- - ®)
a = I (=Rig + g + Lgwetq — Vy)

where V; and Vj, are defined the observed electromotive force .
If the observed electromotive force is constructed by (9), it can be used as the input of
the PLL [37]. .
{ Vd = kSng(id - ld) (9)
Vi = ksgn(ig — ig)

Hence, the SMO-PLL structure is shown in Figure 5.

Udg ‘
—Uday, [ve

S >
i

Figure 5. The structural diagram of SMO-PLL technology.

It can not be ignored that the phase-locked loop uses PI controller to achieve accurate
position Angle tracking, but also aggravates the system integral saturation phenomenon,
which will enhance the speed control performance of system overshoot and stability.



Appl. Sci. 2022,12, 9234

6 of 26

3. Proposed VPDPI Speed Regulator
3.1. The Design of the VPDPI Regulator

There is no doubt that the proportion link can quickly amplify the speed error signal,
and it can quickly adjust the speed to the reference value. Unfortunately, the single
proportion link will make the system have a certain steady-state error, which can not meet
the performance requirements of the most control systems. Fortunately, the integration
link is extremely effective in eliminating static errors. However, the control system has a
new integral saturation problem since the accumulation of error signals, which leads to the
increase of overshoot and even out of control. In order to ensure the control performance
of PI controller, it is highly necessary to eliminate the integral saturation phenomenon in
the integral link. At present, the anti-saturation ideas is widely used to suppress integral
saturation phenomenon, which weakens the negative impact of saturation problem but has
not been fundamentally solved. Different from the traditional controller design ideas, a
new regulator designed in this paper is based on thoroughly eliminating integral saturation
phenomenon and the actual performance requirements of fast response. The ideal response
curve with fast response and no overshoot is shown in Figure 6. Therefore, a novel VPDPI
regulator is further designed.

A n(r/min)
nrefpes- Stmemsvesseeseees
5 . A
A 45%nref
50%nref

»

Figure 6. The curve of the ideal response.

In details, the dynamic response process of the controlled system can be simply divided
into three stages according to the ideal response of the system (i.e., Stage A, B and C). The
Stage A is called as the fast rising zone, in which the speed error signal is large and the
integration process rapidly accumulates the speed error. Therefore, this stage will be the
main process leading to the phenomenon of integral saturation. The Stage B is defined as
the steady-state regulation zone, in which the system response transitions from dynamic
regulation to steady-state process, and the integral regulator in the steady-state regulation
zone still accumulates a certain speed error, which can play the role of the integral link
in this stage to eliminate the system deviation. The Stage C is generally considered to be
the stability zone, in which the system response is within the error band and runs stably
around a given speed.

In order to realize the actual output tracking in terms of the ideal output curve, the
primary tasks in Stage A have to ensure that the integral will not fall into saturation state.
Hence, the logical threshold method is used to judge the speed error in real time, and
the feedback compensation coefficient ¢ (y < 0) is introduced in Stage A. In Stage B, the
rotation speed should be adjusted smoothly to the steady-state interval, and the traditional
PI control idea can be adopted without additional compensation process. Stage C is in the
steady-state interval, and the response speed can be appropriately improved at this stage.
On the one hand, the effect of integral link is not obvious due to too much desaturation,
and on the other hand, the response speed of the system can be significantly improved. The
structure diagram of VPDPI control method proposed in this paper is shown in Figure 7.
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u(t) =T+
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Figure 7. The structure diagram of VPDPI regulator control algorithm.

Where K1 and K are proportional coefficients, respectively. K; is the integral coeffi-
cient. In terms of the ideal response curve, c is the threshold used to determine whether
to change the proportionality coefficient. Meanwhile, the threshold ¢ is used to judge the
saturation condition.

In practical application, the control parameter configuration of the proposed VPDPI
regulator can usually be divided into the following steps.

(1) completing the mathematical model equivalence of PMSM drive system;

(2) analyzing the influence of different control parameters (such as Kp1, Kpz2 and K;j) on
the stability;

(3) selecting the control parameters according to different drive performance require-
ments and observation performance;

(4) verifying the validity of the selected parameters under different conditions.

Remark 1. The specific steps for selecting threshold c, threshold ¢ and the feedback compensation
coefficient «y are as follows.

(1) According to the ideal curve, the threshold c,or should be selected around 0.95n,,s. Meanwhile,
the threshold ¢, ¢ should be selected near 0.5n,,.

(2)  The effects of different threshold values and the feedback compensation coefficient on response
performance and observation performance of the system should be analyzed.

(3)  Fine-tune the selected threshold near the reference value cy.r and @z, respectively.

(4)  Adjust the feedback compensation coefficient 7y (v < 0) to ensure that the cumulative error
is eliminated.

(6)  Verify the effect of the selected thresholds under different conditions.

It is obviously that the VPDPI regulator can be divided into VP regulator and DPI reg-
ulator. When the speed error e is higher than the threshold ¢, the compensation coefficient
7 (v < 0). The rest is governed by the normal integral coefficients K;. Similarly, when the
speed error e is higher than the threshold ¢, VP link moves. Meanwhile, K,» acts as the
proportional coefficient of PI controller (K, > Kj1).

Therefore, the VPDPI control law can be expressed as shown in (10):

u(t) = [p(Kpz — Kpn) + Kpale + 1K [ edt (10)
In (10), p is defined the selection coefficient, and if e > c then p = 0, otherwise p = 1.

3.2. The Stability Analysis of Regulator

Based on the transfer function block diagram in Figure 1 and the system identifica-
tion results Gobj in (7), it can be seen that the open-loop transfer function Gope (s) of the
sensorless system can be equivalent to below:

KP(S + Kz)

Gopen(5> = s

Gobj(s) (11)
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According to (11), the driving system designed in this paper is equivalent to a sixth-
order system, which has six open-loop poles and two open-loop zeros. Therefore, it
is a better choice to use root locus analysis system stability. When the PI parameters are
standardized, the open-loop transfer function of the system can be further written as follow:

B K(8.023 x 10'0s% 4+-9.208 x 10'!s + 8.406 x 10'1)
564+ 1.4 x 1045 4+ 2.9 x 10654 4+ 2 x 10953 + 3.3 x 101052 4 4.8 x 107s

Gopen(s) (12)
In (12), K, is the amplification factor.
The root locus of the closed system is obtained by using the root trajectory drawing
rule, as shown in Figure 8. Among them, Figure 8a is the overall root trajectory, and
Figure 8b,c are magnified zero-pole images.

Y (b) (©
4 X:'I_O T u T T l 15 v H
600
1 L
i o 400F 1o
[%) Tw [%)
° ° °
: : £ o5
3] {13 200f 10
D ) D
K2 &£ &L
2 2 of——@-{Z opx-o
< < <
) P )
=) =) =)
© J@© ©
E £ 400t 1E
_1 o
-600} : :
i 15 A i
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- - ; -1
Real Axis (seconds™) Real Axis (seconds™)

4 2 0 2
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Figure 8. (a) The overall trend of the root locus. (b,c) show enlarged images of different proportions
of poles, respectivelyof the sensorless system.

It is well known that, to ensure the stability of the system, all root trajectories should
be restricted to the left half plane of the complex frequency domain. However, it can be
seen in Figure 8b that when K, is greater than 0.45, the root locus crosses the imaginary
axis and enters the right half-plane of the complex frequency domain. This means that the
system is stable when the limit K, is less than the critical value.

When the integral coefficient K; = 1, the Bode diagram under different proportionality
coefficients is shown in Figure 9, and the corresponding amplitude-frequency margin and
phase frequency margin information are shown in Table 1.

Table 1. The characteristics with different proportionality coefficients.

Proportionality Coefficient Magnitude Margin Phase Margin Stability
Ky Gm Py, (Yes/No)

0 20.3 (at 65.8 rad/s) 11.1 (at 18.8 rad/s) Yes

0.1 12.9 (at 377 rad/s) 81 (at41.1rad/s) Yes

0.2 6.89 (at 378 rad/s) 83.8 (at 85.5 rad/s) Yes

0.3 3.39 (at 378 rad/s) 78.8 (at 140 rad/s) Yes

04 0.897 (at 379 rad/s) 18.4 (at 349 rad/s) Yes

0.5 —1.04 (at379rad/s) —11.9 (at398 rad/s) No
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Figure 9. The bode diagram under the different k,.

As above aforementioned results, K, has a positive phase margin in the range of
0 ~ 0.4, and the control system is more stable. To ensure the stability of the sensorless
system, the proportionality coefficient K,; and Ky, should be less than 0.45 when the
integration coefficient K; is set to 1. Therefore, When the median of this range K, = 0.2
is selected, the different K; is selected to discuss the optimal value of K; in the selected
data. The Bode diagram under different integral coefficients is shown in Figure 10, and the
corresponding amplitude-frequency margin and phase frequency margin information are
shown in Table 2.

In terms of the above results, when the system is purely proportional control, it is
an unstable system. However, with the increase of the integral coefficient from 0 to 1, the
stability margin of the system decreases slightly, but it is always stable. Therefore, the
influence of proportion coefficient and integral coefficient on position sensorless system is
comprehensively considered in this paper, and the final control parameters are shown in
Table 3.

Bode Diagram

200 . . . . -
F 100 \ 08t |
)
v Of ) < 0.6 b
o
=
‘€ -100 | 0.4 [ -
[@2]
©
= L0k 024 |

300 . . . e

0 T T T T i

= 90 i
g \__/%\\
=2 \
o -180 | 0.5 1 1
(%]
[ \
ey N\
o 270 F ~ -

-360 " " " " 1)

104 102 10° 10? 10* 10°

Frequency (rad/s)

Figure 10. The bode diagram under the different K;.
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Table 2. The characteristics with different integral coefficients.
Proportionality Coefficient Magnitude Margin Phase Margin Stability
K; G P, (Yes/No)
0 6.94(at 379 rad/s)  87.1(at 85.7 rad/s) No
0.2 6.93(at379rad/s)  86.5(at 85.7 rad/s) Yes
04 6.92(at 379 rad/s)  85.8(at 85.7 rad/s) Yes
0.6 6.91(at 378 rad/s)  85.1(at 85.7 rad/s) Yes
0.8 6.9(at 378 rad/s) 84.5(at 85.8 rad/s) Yes
1 6.89(at 378 rad/s)  83.8(at 85.5rad/s) Yes
Table 3. The setting of regulators parameters.
Regulator Type Parameter Value
PI Proportionality coefficient K, 0.2
Integral coefficient K; 1
VPDPI Basic proportionality coefficient K 0.2
Changing proportionality coefficient Ky, 0.4
Integral coefficient Kj 1
Proportional switching threshold ¢ 50
Compensate switching threshold ¢ 500
Compensation coefficient «y —14

4. Simulation Verification and Result Analysis

To demonstrate the correctness of the proposed method in the sensorless control
system of PMSM, the offline simulation and the real-time experiment are used to verify the
performance of the proposed method under various operating conditions, respectively.

4.1. Simulation Experiment Platform and Key Parameters Setting

Based on the overall structure of PMSM sensorless drive system in Section 2, the
structure diagram is built as shown in Figure 11.

Speed regulator

> Power
I’ converter

g

IRotor position
I observer

e

y. y T
y NS
Y
J
5 y \\ [
< 4 | 4 2
b e e e e e = — —

Figure 11. The structure diagram of sensorless PMSM drive system.

Moreover, the simulation model of sensorless drive system is built on the MAT-
LAB/Simulink simulation platform. Meanwhile, the VPDPI regulator and the conventional
Pl regulator are tested under the same circuit parameters configuration, respectively. Table 3
present the parameters configuration of controller. The parameters configuration of PMSM
are listed in Table 4.
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Table 4. The setting of PMSM parameters.

Parameter Value
Stator phase resistance Rs (Q2) 0.011
d-axis and g-axis phase inductances Ly, L; (mH) 16,1
Moment of inertia | (kg m?) 0.0008
Rotor pole pairs py 3
Reference speed 71, (rpm = r/min) 1000
Flux linkage 9y (Wb) 0.077

4.2. Performance Testing under Multiple Operating Conditions

It is worth noting that the sensorless drive system desires to be operated at rated condi-
tions. However, the control system may run in an unsatisfactory mode when the influence
of disturbance or fault factors are considered in the actual site. Therefore, on the basis of
analyzing the performance of the motor at rated speed, it is necessary to test and analyze
the performance of PMSM at low speed (80% of rated speed) and high speed (120% of rated
speed). Meanwhile, the detection accuracy and stability of feedback signals have gradually
become the focus to evaluate the performance of sensorless system. Therefore, the dynamic
performance, steady-state performance and detection accuracy between the VPDPI regu-
lator and conventional PI regulator are comprehensively compared and analyzed under
multiple working conditions based on the SMO-PLL sensorless control structure.

4.2.1. Performance Verification at Rated Speed

As shown in Table 4, all the comparative experiments are conducted on the same
control parameters, and the performance can be fairly compared with different control
algorithms. Meanwhile, all the simulation results are obtained under the same running
operations, which refers to the load that changes from no-load to 2 N-m at 0.4 s.

When the speed is set at rated speed (1000 r/min), the speed response and the system
estimated speed error using the proposed VPDPI regulator are shown in Figure 12a,b,
respectively. Figure 13a,b show the speed response and the estimated speed error using the
traditional PI regulator, respectively. Figures 14a and 15a record PMSM rotor position Angle
information under VPDPI regulator and PI regulator, respectively. The Angle tracking
error of the sensorless system under the above two regulators are shown in Figures 14b
and 15b, respectively. Moreover, the output torque and three-phase current state of PMSM
are shown in Figures 16 and 17, respectively.

1500
E (a)
£ 1000
§ 955/ —— Observed speed
o 500
o —-——-Actual speed
wn
o L L L
0 0.2 0.4 0.6 0.8
300 i : !
= Error of observation
E 200 b 1
?}’ 100 1o
2 o =4
n
100 ' : :
0 0.2 0.4 0.6 0.8
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Figure 12. The speed response of VPDPI regulator under 1000 r/min. (a) Observed speed and actual
speed. (b) Estimation error curve.
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Figure 13. The speed response of PI regulator under 1000 r/min. (a) Observed speed and actual
speed. (b) Estimation error curve.
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Figure 14. The estimation of rotor position Angle using VPDPI. (a) Observed and actual rotor position
Angle. (b) Rotor position Angle observation error.
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Figure 15. The estimation of rotor position Angle using PI. (a) Observed and actual rotor position

Angle. (b) Rotor position Angle observation error.
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Figure 16. Three phase current response process under two control methods. (a) Current response
under the proposed VPDPI control. (b) Current response under the PI control method
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Figure 17. Torque response process under two control methods. (a) Torque response under the
proposed VPDPI control. (b) Torque response under the PI control method

From Figures 12 and 13, It is worth noting that the VPDPI regulator has a only 0.05 s
adjusting time, whereas the adjustment time of the traditional PI regulator is about 0.113 s.
Meanwhile, the sensorless system is no overshoot or steady state error under the control of
the VPDPI regulator. However, the overshoot can reach 461 r/min using the traditional PI
regulator. On the other hand, the traditional PI regulator experiences a 280 r/min dynamic
landing when the load changed, and a 45 r/min dynamic landing is happening in the
VPDPI regulator. The adjustment process of sensorless system can also be further seen
from the current and torque response results in Figures 16 and 17, respectively.

In the observation accuracy, the observation speed controlled by the VPDPI is about
£1.2 r/min. On the contrary, the observation speed of the traditional PI regulator has a
more higher fluctuation, which even can reach £2.8 r/min. Meanwhile, the observation
error curves in Figures 14 and 15 show that the Angle tracking error on the basic of VPDPI
regulator is more stable, which ensures the observation accuracy of PMSM sensorless
system. In summary, the performance advantages of VPDPI regulator can be effectively
verified at rated speed.

There is no doubt that dynamic performance and steady-state performance are impor-
tant performance indicators of the regulating ability of the reaction regulator. However, in
order to meet the complexity and uncontrollability of the actual field conditions, robust-
ness has gradually become an important reference in measuring the performance of the
regulator. Therefore, Appendix A tests the robustness of the proposed regulator at rated
speed when parameters R; or | do not match. Since R; is configured as 0.011 in Table 4,
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VPDPI regulation performance is tested when R; is 0.0011, 0.021 and 0.031, respectively.
On the other hand, since ] is configured as 0.0008 in Table 4, VPDPI regulation is tested
when | is 0.0006, 0.001 and 0.0012, respectively.

4.2.2. Performance Verification at Various Speed

The running state of the rated speed is the pursuit of the most driver systems. Due
to the disturbance, it will need the sensorless system to run smoothly around the rated
speed. Therefore, testing near the rated speed will be more comprehensive to verify the
performance of the proposed regulator.

(1) Performance verification at 80% rated speed:

When the speed is set at 800 r/min, the estimated speed and speed error curves
under two regulator are shown in Figures 18 and 19, respectively. Figures 20a,b record the
response of position Angle and the response error under VPDPI regulator, respectively. The
response of position Angle and the response error under VPDPI regulator are presented in
Figures 21a,b, respectively. Moreover, the output torque and three-phase current state of
PMSM are shown in Figures 22 and 23, respectively.
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Figure 18. The speed response of VPDPI regulator under 800 r/min. (a) Observed speed and actual
speed. (b) Estimation error curve.
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Figure 19. The speed response of PI regulator under 800 r/min. (a) Observed speed and actual speed.
(b) Estimation error curve.

Observed 6 |1
— = —-Actual 8

6(rad)

M oN A O
-

0.4 ]

Error of observation

0o
0] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Times(s)

Figure 20. The estimation of rotor position Angle using VPDPI. (a) Observed and actual rotor position
Angle. (b) Rotor position Angle observation error.
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Figure 21. The estimation of rotor position Angle using PI. (a) Observed and actual rotor position
Angle. (b) Rotor position Angle observation error.
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Figure 22. Phase current response process under two control methods. (a) Current response under
the proposed VPDPI control. (b) Current response under the PI control method.
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Figure 23. Torque response process under two control methods. (a) Torque response under the
proposed VPDPI control. (b) Torque response under the PI control method.

The operation results in Figures 18 and 19 can reveal the control performance of
the proposed control method from two perspectives. From the perspective of sensorless
observation: the estimation errors generally exists in the starting stage. After a period
of adjustment, the speed estimation errors tend to be stable. When the liability torque
is added to the original system, the speed estimation error of VPDPI regulator changes
little, and it soon achieves stable again. However, the control system using PI regulator
once again experience an oscillation process, and it finally reaches a steady state process.
From Figures 18 and 19, the proposed method controls the error range within +1.4 r/min,
and it improves the error observation accuracy by 64.1% than the traditional PI regulator
(£3.9 r/min). Therefore, the dynamic performance and steady-state performance of the tra-
ditional PI regulator have improved in the observation process, especially the suppression
of overshoot.

From the perspective of speed response curve performance: the traditional PI control
system has a large overshoot since the integral saturation influence. Through a adjusting
process, the traditional PI control system is gradually stabilize within the error band at
0.13 s (A = 5%). On the contrary, the proposed VPDPI method takes into account the
influence of integral saturation. The VPDPI control system is more faster and more stable
entering the error band, which greatly weakens the influence of overshoot on system
balance. After the load is added to the sensorless system, the dynamic landing under the
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traditional PI regulator reaches 290 r/min, which go through a long period of disturbance
rejection process. Unexpectedly, the control system under the VPDPI regulator only has
a dynamic landing of 32 r/min, and the response quickly recovered to a stable state.
Therefore, it is worth noting that the proposed method has more advantages in response
curve performance analysis.

In addition to the emphasis of the observation effect, the accuracy of the observa-
tion is also an important indicator of the control of the sensorless system. As shown in
Figures 20 and 21, the system estimation under the control of steady state time is similar.
Nonetheless the position Angle error of the VPDPI regulator is more smoother. Meanwhile,
the dynamic landing of VPDPI system is more smaller when the load is added.

In Figures 22 and 23, it can be seen that the VPDPI regulator converges to the steady-
state value with a more shorter adjustment time than the traditional PI regulator.

In conclusion, when the speed is set at 800 r/min, the sensorless system using VPDPI
regulator has a better dynamic performance, steady-state performance and observation
effect than the traditional PI system.

(2) Performance verification at 120% rated speed:

When the speed is set at 1200 r/min, the speed and speed error curves under the
control of VPDPI regulator and PI regulator are shown in Figures 24 and 25, respectively.
Figures 26 and 27 record PMSM rotor position Angle information under the control of
the two regulators and the error of tracking the rotor position Angle of the actual system,

respectively. Moreover, the output torque and three-phase current of PMSM are shown in
Figures 28 and 29, respectively.
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Figure 24. The speed response of VPDPI regulator under 1200 r/min. (a) Observed speed and actual
speed. (b) Estimation error curve.
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Figure 25. The speed response of PI regulator under 1200 r/min. (a) Observed speed and actual
speed. (b) Estimation error curve.
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Figure 26. The estimation of rotor position Angle using VPDPI. (a) Observed and actual rotor position
Angle. (b) Rotor position Angle observation error.
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Figure 27. The estimation of rotor position Angle using PI. (a) Observed and actual rotor position

Angle. (b) Rotor position Angle observation error.
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Figure 28. Three phase current response process under two control methods. (a) Current response
under the proposed VPDPI control. (b) Current response under the PI control.
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Figure 29. Torque response process under two control methods. (a) Torque response under the

proposed VPDPI control. (b) Torque response under the PI control.

From the above experimental results, the control performance of the two regulators is
similar to the above two working conditions.
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The maximum overshoot of the traditional PI regulator is 548 r/min, and the ad-
justment time is about 0.115 s. When the load mutation occurred, a dynamic landing of
272 r/min occurred. In terms of observation accuracy, the traditional PI observation error
pulsation reaches 4.5 r/min. On the contrary, the proposed VPDPI regulator does not
have overshoot, and the adjustment time is only 0.053 s. The dynamic landing under load
mutation is only 32 r/min. Meanwhile, the steady-state observation error fluctuation is only
1.8 r/min. The position Angle observation error is more gentle, and the observation result
is more stable. Therefore, the capability of VPDPI regulator to solve integral saturation in
PMSM sensorless control system is proved again.

5. Experimental Verification and Results

After the effectiveness of the proposed control method is tested through simulation
experiments, the VPDPI control method is further loaded into the hardware-in-the-loop
experimental platform to better verify the reliability of the proposed algorithm. The
structure of the experimental platform is shown in Figure 30. In addition, the experimental
platform is clearly presented in Figure 31. Hence, the performance differences of various
control algorithms can be accurately compared. Without losing generality, the simulation
control parameters are completely consistent with the experimental control parameters.
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DO PWM pulses >D1
ontrol Circuit
I - DI (Scnsor pulses DO
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A [ gSurrent, VoltaEer
Hardware in
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Figure 30. The structure of the experimental platform.

Figure 31. Experimental test platform for the proposed algorithm

5.1. Experimental Verification at Rated Speed

When the speed is set to 1000 r/min, the observed speed response of the two regulators
under no-load and 2Nz load are presented in Figures 32 and 33.
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Figure 32. The observed speed using PI at rated speed. (a) The overall response diagram of observed
speed at 1000 r/min. (b) Observed speed under no load. (c) Observed speed under 2 N-m load.
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Figure 33. The observed speed using VPDPI at rated speed. (a) The overall response diagram

of observed speed at 1000 r/min. (b) Observed speed under no load. (c) Observed speed under
2 N-m load.

From Figures 32 and 33, it is worth noting that the adjustment time of the proposed
VPDPI regulator is clearly shorter, while almost no overshoot. However, the observed
speed overshoot under the traditional PI regulator is about 75 r/min. Meanwhile, the
speed pulsation of the proposed regulator is more smaller under both no-load and load
conditions, especially with load condition. In addition, the observation accuracy is more
higher than the traditional PI regulator when the system runs stably. Hence, the proposed
regulator has outstanding dynamic performance and precision of speed estimation, which
proves the validity of the method again.

5.2. Experimental Verification at Various Speed
(1) Experimental verification at 80% rated speed
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When the speed is set to 800r/min, Figures 34 and 35 show the observed speed
response of the two regulators under no-load and 2 N-m load, respectively.

From Figures 34 and 35, the observed speed under the traditional PI regulator has a
large overshoot in the dynamic response process, and the result also exists a large speed
ripple when the response is stable. In contrast, the maximum overshoot of the VPDPI
regulator is about 0.3% of the maximum overshoot of the traditional PI. Compared with
the traditional PI regulator, the speed pulsation of the proposed method is reduced about
90% under no-load condition. Moreover, the traditional PI speed pulsation becomes more
serious under changing load condition, and the pulsation is up to £25 r/min. Fortunately,
the proposed method can control the pulsation within 5 r/min, which reflects a more
higher stability.
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Figure 34. The observed speed using PI at 800 r/min. (a) The overall response diagram of observed
speed at 800 r/min. (b) Observed speed under no load. (c) Observed speed under 2 N-m load.
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Figure 35. The observed speed using VPDPI at 800 r/min. (a) Observed speed at 800 r/min.
(b) Observed speed under no load. (c) Observed speed under 2 N-m load.
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(2) Experimental verification at 120% rated speed:

When the speed is set to 1200 r/min, the observed speed response of the two regulators
under no-load and 2 N-m load are presented in Figures 36 and 37.

From Figures 36 and 37, it can be seen clearly that the overshoot of the traditional PI
regulator is about 64 r/min. However, the overshoot of the VPDPI regulator is only 1.6%
of the traditional PI regulator, which indicates a significant overshoot suppression effect.
Meanwhile, the observed speed pulsations using two regulators are obviously reduced
than others operation conditions, especially the VPDPI regulator. Nevertheless, it can still
be detected that the pulsation of the traditional PI regulator is as high as 25 r/min with
2 N'm load condition. It is worth noting that the pulsation of VPDPI regulator is less
than 0.15 r/min. In brief, the experimental results under this condition are similar to the
performance reflected before.

The experimental results in this section verify the effectiveness of the proposed method
to suppress integral saturation, which further improve the control performance and obser-
vation accuracy of the traditional sensorless system.
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Figure 36. The observed speed using PI at 1200 r/min. (a) The overall response diagram of observed
speed at 1200 r/min. (b) Observed speed under no load. (c) Observed speed under 2 N-m load.

1201.2
12008
£ 12004 if [
= 12000 . WWW
5
2 999,
2
& 9992
998.8
0 2 4 6 g 10
1200.04 @
. A\
— A 17
£ 1200.027; v/“\ [Vn NH‘ ¥ A
= i ] A
2 el A AN
& 1199.98 ]\(.\f \,AK/ V} .
1199.96 L |

2.00 2.01 2.02 2.03 2.04 2.05

1200.15§
F 120005 T
£1200.00 PEVITUM
| e WL L
S1199.957 '. T w\{ ! e U

1199.90 5

1199.85 3 .

meogodl | T |

.00 6.05 6.1 6.15 6.2
. ©)
Times(s)
Figure 37. The observed speed using VPDPI at 1200 r/min. (a) The overall response diagram
of observed speed at 1200 r/min. (b) Observed speed under no load. (c¢) Observed speed under
2 N-m load.
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6. Conclusions

In this article, a VPDPI control method is creatively proposed to eliminate the integral
saturation phenomenon of PMSM sensorless system, and its original contributions can be
extracted as follows:

(1) The essence of integral saturation in traditional PI controller is unexpectedly revealed
based on the classical control theory, and the corresponding control scheme is further
developed from the perspective of dynamic response characteristic. Consequently, the
novel VPDPI contains two interconnected regulators with independent effects: (a) a
DPI regulator stably eliminates integral saturation by utilizing feedback compensation
coefficients <y, and (b) a VP regulator ensures the system response speed by switching
the proportional coefficient between kj; and k.

(2) According to the distribution of root trajectory curve, the stability of the system is
analyzed. Meanwhile, the parameters range of speed regulator is given by using
frequency domain analysis method based on the identified model. Thereinto, the
system has a higher stability margin when the proportional coefficient is selected
in the range of 0~0.4. When the integral coefficients are set as 0~1, it can be found
that the system is always in a stable state, but the amplitude-frequency margin and
phase-frequency margin are slightly weakened.

In addition, the simulation and hardware experiments with different speed regulators
are tested under the same control parameters. On the one hand, the simulation results can
demonstrate the effectiveness of the new regulator under random operation conditions.
Compared with the traditional PI regulator, the adjusting time of the proposed regulator
is about 0.05 s under rated speed with no—load torque, which is less than 44.2% of the
tradition PI regulator. More importantly, the overshoot is totally eliminated, which is about
461 r/min in traditional PI regulator. When the system exists a low load disturbance, the
dynamic landing is reduced about 16% than that of traditional PI regulator. Moreover,
the observed speed error fluctuation is also decreased about 42.9%. Similarly, the control
performance remains consistent under variable speed. On the other hand, the experimental
results further verify the dynamic performance, accuracy and stability of the novel regulator
under multiple working conditions, especially in the suppression abilities of overshoot and
the estimated speed ripple. In summary, the effectiveness and reasonability of the proposed
method are both amply verified. In the future, some intelligent algorithms will be combined
with the proposed method to achieve automatic adjustment of threshold parameters.
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Abbreviations

The following abbreviations are used in this paper:

PMSM  Permanent Magnet Synchronous Motor

PI Proportional Integral
VPDPI  Variable-proportion Desaturation Proportional Integral
ACR Automatic Current Regulator

ASR Automatic Speed Regulator
SNR Signal Noise Ratio

ZPK  Zero Pole and Gain

PLL  Phase-locked Loop

SMO  Sliding Mode Observer

RCP  Rapid Control Prototype

Nomenclature

The following nomenclatures are used in this manuscript:

ug/ug  stator voltage under d/g-axis

Vi/V,;  observed back-EMF under d/g-axis

iq/iq stator current under d/g-axis

iq/1q observed stator current under d/g-axis

Ly/L;  stator inductance under d/g-axis

moment of inertia

stator resistance

damping coefficient

polar logarithm

electromagnetic torque

load torque

feedback compensation coefficient

The judgment threshold of proportional coefficient selection
The judgment threshold of compensation coefficient selection
The selection coefficient

Te ORI HET® R

Appendix A. Robustness Test Considering the Mismatch of R; or]

Figures A1-A3 show the test results when the parameters R are not matched at rated
speed. Figures A4-A6 show the test results when the coefficient ] is not matched.
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Figure A1l. The speed response of VPDPI regulator when R = 0.0011 and ] = 0.0008. (a) Observed
speed and actual speed. (b) Estimation error curve
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Figure A2. The speed response of VPDPI regulator when Rs = 0.021 and ] = 0.0008. (a) Observed

speed and actual speed. (b) Estimation error curve
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Figure A3. The speed response of VPDPI regulator when Rs = 0.031 and | = 0.0008. (a) Observed

speed and actual speed. (b) Estimation error curve
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Figure A4. The speed response of VPDPI regulator when ] = 0.0006 and Rs = 0.011. (a) Observed

speed and actual speed. (b) Estimation error curve
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Figure A5. The speed response of VPDPI regulator when | = 0.001 R; = 0.011. (a) Observed speed
and actual speed. (b) Estimation error curve
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Figure A6. The speed response of VPDPI regulator when ] = 0.0012 Rs = 0.011. (a) Observed speed
and actual speed. (b) Estimation error curve

According to the test results of the appeal, it can be seen that when the parameters fluc-
tuate, the adjustment performance of the proposed VPDPI regulator changes little, which
ensures that the system without position sensor can still run stably when the parameters
change, and further verifies the robustness of the proposed regulator.
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