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Abstract: The traditional canned electric valve consists of an induction motor and a reducer, which
need to be matched with the position sensor to achieve precise control of valve position. The position
sensor and reducer are not only easily damaged in high-temperature liquids, but also the slip rate of
the induction motor is greatly affected by the liquid temperature, which makes it difficult to achieve
accurate control. To address the above problems, this paper introduces a new topology of canned
electric valve permanent magnet synchronous motor (CEV-PMSM), and a new maximum torque
per ampere (MTPA) model is proposed. The new MTPA control equation considering the canned
sleeve parameters is derived theoretically. By comparing it with i; = 0 control and ideal MTPA control
strategy, it is proved that the new MTPA model reflects the electric valve operation characteristics more
realistically. In order to achieve sensorless control of the electric valve, and to achieve fast response and
high-precision control under external disturbances and parameter uncertainties, the proposed control
scheme combines sensorless control and two-degree-of-freedom (2-DOF) control. Consequently,
the proposed control scheme can effectively improve the static and dynamic performances of the
CEV-PMSM, as well as adjust the tracking and anti-disturbance performances independently. Finally,
a 2 kW 100 r/min prototype was manufactured and corresponding experiments were conducted to
verify the accuracy of the analysis.

Keywords: canned electric valve; permanent magnet synchronous motor; maximum torque per
ampere; accurate valve position model; two-degree-of-freedom

1. Introduction

As the core component for controlling the flow of fluid in the pipeline, electric valves
are widely used in petroleum, metallurgy, environmental protection, water treatment and
other industries [1,2]. Under high-temperature and high-pressure conditions, in order
to solve the problem of high-temperature dynamic sealing, an integrated electric valve
structure is adopted. The integrated structure of the traditional canned electric valve is
mainly composed of an induction motor, an independent gear, coupling and a stroke
control mechanism. In the limited installation space, the existence of the reducer greatly
increases the axial length of the induction motor, which makes it difficult to achieve
precise start/stop, and the control accuracy is insufficient. Permanent magnet synchronous
motors (PMSM) have the advantages of a high power factor, a high torque density, and
strong robustness [3,4], which can meet the harsh working environment and bring new
opportunities to the valve field.

Although there are many studies [5,6] describing vector control and direct torque
control techniques of permanent magnet motors under different load types, the research in
the field of valves is still blank. The valve motor is limited by the size of the space, but it is
still hoped that the stator current will be small during operation to reduce heat generation
and extend the operating time of high-temperature systems. In order to achieve a larger
torque under a smaller current, the MTPA control strategy is regarded as an effective way
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to improve the ability of output torque [7-13]. The MTPA method is mainly divided into
three categories, the look-up table method, the signal injection method, and the formula
method. The look-up table method includes the experimental method and the finite element
analysis (FEA) method. The look-up table method is complicated and cannot accurately
track the MTPA point dynamically. Instead of finding i,, i; using polynomials or lookup
tables, some studies proposed using a proportional-integral (PI) controller to describe
the relationship between i; and i;. In reference [7], Angelo Accetta et al. proposed an
analytical formulation of the MTPA technique considering the magnetic saturation of the
iron core for synchronous reluctance motors, and proved that the proposed technology
can increase the torque per ampere. In reference [9], T. Inoue et al. established a MTPA
mathematical model of PMSM under the stator flux reference system, and optimized the
stator flux for MTPA control based on the motor operating conditions. In reference [10],
the dynamic performance of MTPA is obtained by injecting virtual signals. In order to
obtain the MTPA control accurately, Ke Li et al. proposed the MTPA method based on
variable equivalent parameters, which is intended to accurately solve the MTPA control
under different loads [13]. Due to the introduction of a new topology, the MTPA model
considering the parameters of the canned sleeve is analytically derived to truly reflect the
control performance of the canned electric valve.

To implement vector control, sensors such as optical encoders and resolvers are used
to provide a rotor position, which will increase the cost and complexity. However, in some
special environments (e.g., dust, underwater, high-temperature, etc.), the application of
this type of sensor is limited. The existence of the encoder will reduce the reliability of
the electric valve under high temperature and high pressure. Therefore, the sensorless
control of PMSM has always been a research hotspot in academia and industry [14,15]. In
the control strategy of PMSM, common sensorless control technologies include open-loop
estimation based on a mathematical model, the high-frequency signal injection method, the
adaptive position observer method, the sliding mode observer method, and the extended
Kalman filter. Among them, the accuracy of the open-loop estimation [16] method is greatly
affected by the motor parameters. When the motor is running, the motor parameters
are always changing dynamically, and the system accuracy is poor. Although the closed-
loop estimation methods such as model reference adaptive control [17], state observer
method [18], and extended Kalman filters [19] have good performance, they are only
suitable for medium- and high-speed industrial applications, since the back EMF is too
low and distorted to detect the flux position at low or zero speed. The high-frequency (HF)
signal injection method uses its salient pole characteristics to estimate the rotor position
under low speed or even at zero speed, which has nothing to do with the back EMF at the
fundamental frequency and motor parameters [20-23]. Because this article focuses on the
salient-polarity permanent magnet synchronous motor for valves, and the valve system has
a low speed, the high-frequency signal injection method is adopted. According to the form
of the injected signal, it is divided into voltage signal injection and current signal injection.
High-frequency voltage signal injection is divided into rotating voltage injection [20],
pulsating sinusoidal voltage injection [21], and square-wave voltage injection [22].

Aiming at the problem that the single-degree-of-freedom controller cannot take into
account both tracking and disturbance rejection, reference [24] introduced 2-DOF control
to improve the system’s disturbance rejection. In order to enhance the current regulation
bandwidth and robustness of permanent magnet linear motor, a 2-DOF current controller
is designed in reference [25], which is combined with predictive current control (PCC) to
obtain better dynamic and static performance. In order to achieve fast response and high-
precision control of the bearingless permanent magnet synchronous motor, reference [26]
combines the neural network inverse (NNI) method with a 2-DOF internal model con-
troller to enhance system tracking and disturbance rejection performance. Reference [27]
combines finite set model predictive control (FS-MPC) with 2-DOF control, and compared
with conventional PI controller, it has better dynamic performance and enhances system
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robustness. In this paper, a 2-DOF control algorithm is used to improve the speed loop,
and a position sensorless control system based on 2-DOF control is established.

The remaining contents of this paper are organized as follows. In Section 2, the
new topology of CEV-PMSM is proposed, and the integrated structure and operating
characteristics are analyzed. In Section 3, as an original contribution, the new MTPA
model considering the canned sleeve parameters was developed. In Section 4, sensorless
control for CEV-PMSM is implemented. In Section 5, the 2-DOF design of the speed loop
PI controller is carried out to improve system robustness. Finally, some conclusions are
provided in the last section.

2. Structure and Principle of the New Canned Electric Valve
2.1. Integrated Structure and Characteristics

The integrated structure of the electric valve removes the dynamic sealing structures
such as the stuffing box, packing pressure plate, and packing pressure sleeve added in
the high-temperature valve. The valve cavity contains a high-temperature, high-pressure
liquid medium, so the canned sleeve is introduced into the air gap to form an integrated
sealing structure with the housing. If the canned induction motor + reducer structure is
adopted, due to the presence of the rotor copper bars, the stator and rotor double-layer
canned sleeves are required to isolate high-temperature, high-pressure liquids, which
greatly increases the reactive current required to establish the magnetic field, and shortens
the running time of the high-temperature system. Moreover, the slip rate is greatly affected
by the high-temperature liquid, and it is difficult to ensure accurate position control at low
speeds. Special working conditions place higher requirements on the valve motor. The
valve motor must have the properties of high temperature and high pressure resistance,
accurate tracking and positioning, sealing reliability, and miniaturization advantages.

In order to solve the above problems, this article adopts the integrated structure of CEV-
PMSM, as shown in Figure 1. The CEV-PMSM does not need a rotor canned sleeve, which
shortens the air gap length and reduces the air gap reluctance. Permanent magnets are
used as the excitation source to generate magnetic field instead of stator current armature
reaction, so the power factor and torque density are greatly improved. The taper sleeve is
used to withstand the pressure on the top of the stator canned sleeve. As the valve stem
moves up and down, the valve completes the operation of opening and closing.
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Figure 1. Structure model of the CEV-PMSM. 1. Casing 2. Taper sleeve 3. Winding 4. Stator core
5. Stator canned sleeve. 6. Rotor core 7. Permanent magnets 8. Valve stem 9. Nut 10. Valve body.
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2.2. Valve Operation Principle

Among them, Q refers to the flow through the valve, in m3/h. H refers to the differen-
tial pressure before and after the gate, in Pa. Q;, Q; and Q3 represent the flow percentage,
Hj, Hy and Hj are the differential pressure at the corresponding flow positions, HyA,
HyB, HyC are the flow resistance curves at the corresponding flow positions. Closing the
valve gradually from the fully open position, the flow resistance characteristic curve of the
pipeline changes from curve HyA to HyB, the operating point changes from A to B, and the
flow rate decreases from Q; to Q. When the flow rate of valve reaches 20%, the operating
point becomes point C, and the flow resistance characteristic curve is HyC. Because of
the throttling of the fluid, the differential pressure between the front and rear of the gate
increases. This differential pressure acts on the gate plate, which makes the stem need a
large axial force to drive the gate. h = f(Q) is the differential pressure-flow rate characteristic
curve.

The variation of differential pressure with flow rates is illustrated in Figure 2.

o H3F——= C4/h=f(Q) Differential pressure-flow rate
5
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Figure 2. Curve of differential pressure with flow rate.

According to engineering application and space size constraints, Table 1 lists the main
parameters of the CEV-PMSM.

Table 1. Technical requirements for canned electric valve.

Parameter CEV-PMSM
Power/kW 2
Core length/mm 180
Stator outer diameter/mm 175
Stator inner diameter/mm 120
Rotor outer diameter/mm 118
Rotor inner diameter/mm 60
Effective mass/kg 26.03
Rated torque/(N-m) 191
Torque density /(N-m/kg) 7.337
Speed/rpm 100
Thermal load /(A2 /mm?) 1300.3
Radial space dimensions/mm 200
Operating duration/s 30

The control analysis flow chart is shown in Figure 3. Whether the new MTPA control
or the sensorless control with 2-DOF is adopted, the cycle is terminated when the control
performance required by the electric valve system is satisfied.
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l | Sensorless tracking of CEV- PMSM |

Derivation of the new MTPA equation
considering eddy current loss of canned sleeve

l | 2-DOF optimal control |

Build new MTPA control and compare it with
ia =0 control and ideal MTPA control

Is the performance of
CEV-PMSM
reasonable?

Is the performance of
CEV-PMSM
reasonable?

Yes

Figure 3. Analysis flow chart of the new CEV-PMSM.

In this paper, we establish the new MTPA model considering the eddy current loss
resistance of the canned sleeve. On this basis, the position sensorless algorithm is combined
with the 2-DOF control to achieve optimal control of CEV-PMSM. Figure 4 is the CEV-PMSM
model diagram, adopting the 10-pole/24-slot combination.

Figure 4. 10-pole/24-slot CEV-PMSM model.

3. New MTPA Control Model for CEV-PMSM System
3.1. Description of the Equivalent Circuit

Based on the d-q axis equivalent circuit model of the traditional PMSM, the proposed
equivalent model is shown in Figure 5. The equivalent circuit includes the canned sleeve
eddy current loss resistance Req,, which is calculated by finite element analysis at the high
temperature of 200 °C. R¢;, has a great influence on the performance of CEV-PMSM, and
the speed of motor and the thickness of the stator canned sleeve have an influence on
its value. Because of its importance, the presence of R.;; cannot be ignored in the MTPA
model.

R, L coLqiq'+ R, L, oLl

(a) d-axis equivalent circuit (b) g-axis equivalent circuit
Figure 5. d-q axis equivalent circuits in the rotor reference frame of CEV-PMSM.

Where: i and i, are the d- and g-axes components of the stator current; L; and L, are
the d- and g-axes inductances; i;" and i;” are the d- and g-axes inductances branch current;
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‘Yf is the magnet flux linkage; R is the resistance of the stator; Req, is the eddy current loss
resistance of the canned sleeve; w is the electrical speed of rotor.

Although the traditional d-q axis equivalent circuit can reflect the performance changes
of conventional permanent magnet motors, it cannot explain the pulsation of torque and
speed during the experiment of canned electric valve motors.

3.2. Mathematical Model

The equivalent circuit of the d-q axis is shown in Figure 5, and the corresponding
voltage equation can be obtained as follows:

Ug = Reig -+ Lg% — wLyiy! @
o diy y
ug = Rsig + Lg—4r + wlgig + wips
{ ug = Rsig + Reaniog )
Uq - Rslq + chnioq
d-q axis flux linkage equation can be calculated as follows:
= Lgig' +
{ Ya B Ld.d/ 1Pf (3)
¥g = Laig
The rotor motion equation is expressed as follows:
dw,
TEZIW_FBMWV—FTL 4)
The corresponding generated electromagnetic torque is given by:
T, = 3 i’ + (Lg— Lg) -i4' -1y’
e—zpn Yr-1q +(d Q)'ld'lq ©)

where: 4, 1, are the d- and g-axes flux components in the rotor reference frame; J; is the
moment of inertia; B, is the viscous damping coefficient; w, is the mechanical angular
velocity of the rotor; p;, is the number of pole pairs.

The new voltage equation has been derived by substituting (1) and (2) into the fol-
lowing voltage equation, accounting the influence of the canned sleeve parameters on the
circuit equation:

2
o . w LquRum . CULchanz
ug = Rsig+ (AJZLqu"FRcanzld W LgLg+Rean2
W?PrReanlg
W?LyLy+Rean?
u = Rsi, + ‘ULdRmn2 H szquRf”” (6)
9 = 0T WLt Rean? @ T WPLgLg+ Rean? 1

UJII’chanz
‘UZLqu +Rcan?

In the steady state stage, when the motor runs at a constant speed, the voltage across
the inductances are 0, and the following assumptions are made:

R
<<1 and —<<1 7)

Rcanz can

The steady-state d- and g-axis equations of the CEV-PMSM in the rotor reference frame

are given in:
2.1,
()-(3 ) @) e
- 2.7 . : . can
Uq w- Ly Rs+% I wips
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.y Rean®ig+wLgReaniq—w*Psly

1

d Rean? +W?LyLg )
i r Rcanziq*WLdRcanid*w#)fRcan

q — Rcﬂn2+w2Lqu

where H = (Rean® + w?LgLg) / Rean®

. w-Lg :
1q 1 1 R Iq
! —_ . can . ) 1
()7 (an %) (e o

3.3. MTPA Control Equation

In order to minimize the effects of joule losses in the stator windings and maximize
the electromagnetic torque, maximum torque per ampere (MTPA) techniques have been
developed. The MTPA control problem can be formulated as the problem of minimiz-
ing the amplitude of the stator current, and the objective function is to maximize the
electromagnetic torque under constraint conditions.

min I =,/i;2+1i2
Vi (11)

subject to Te = 3 py [wf g+ (Lg—Lg) - 14 - iq’}

Using Lagrange’s theorem in mathematics, establish an auxiliary function F, and seek
its extreme value:

. . 3 ., 3 .
F=if+i+A l:zpnlpflq/ + Epn(Ld — Ly)igig' — TE} (12)

Which is obtained by substituting (9) into (12) yields:

; dei “”Pf
3 1" R d™ Rean 3
3Pns I, - T 2Pn (Ld - Lﬂ)
14—
Rean

F=i+if+A ety 9\ (el Loy (13)
97 Rean "4~ Rean A7 Rean "1™ Regn?
. WLylg \?
1 d=q
< + Rean? >

where: A is the Lagrangian multiplier. The MTPA condition is satisfied when all partial
derivatives of (14) are zero.

oF oF oF
E*Oaﬁ*oﬁ*O (14)

Rcan Rcan Zq B RCHH

 wly (id L whe; WLy
9F —2j, A —%Lip 4 B
dig Rean . wLly.  wyy
(i — feetia — )

L, wly . @Yl
<Zd + Rcan lq o RCMZ — 0

qu . de . w#’f
+Rcan (lq " Rean ld — Rean

(15)

OF _
aT‘q*ZZ'f")‘ A+ B
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v ()
C=-%B D=5 1‘%) (16)
2w2L
K=T2B G=A- s

From Equation (16), we can know that the values of parameters A-G are changing
with the speed, which laterally reflects the influence of canned sleeve eddy current loss

resistance by speed.
Through algebraic manipulation of (15) and (16), the following relationship between

ig, ig and A can be found:

A= 2

= T Cig+DiyTE

_ ig(Dig+Kig+G) (17)
g = TCi¥Di 7 E

The relationship between MTPA currents can be obtained by using quadratic formula.
Between the two solutions, the one with a minus sign gives a reasonable solution for the
MTPA condition. Thus, the d-axis current calculation equation is as follows:

—[(K = C)ig + G] — /[(K = C)iy + G]* + 4Dy (E + Diy)

ig= D (18)

3.4. Analysis of the New MTPA Control System

A. Comparison with iy = 0 control model
Figure 6 shows the new MTPA model of the system, built on the Simulink simulation
platform in MATLAB R2021b software. The parameter settings of the CEV-PMSM are

shown in Table 2.

HUdc

|— I — iqref + > Uq Ugref Sa

Wref + ldlqg - ..' - > S|

——(>{PI}— MTPA + |l ! SVPWM
[PI}—

i

T
Wn q-d i
[Frrrrer| |

ABCDEKG
]

Proposed MTPA

deo/dt CEAV-PMSM

Figure 6. Vector control block diagram of the new MTPA model.

Figure 6 is the vector control block diagram of CEV-PMSM, which is the new MTPA
model considering the canned sleeve parameters. The control system employs double
closed-loop control of the speed loop and current loop. Based on the ideal MTPA control
module, a new MTPA model considering the eddy current loss of the canned sleeve is
proposed, as shown in the red block diagram. The parameters A, B, C, D, E, K, and G are
the derivation results of the new MTPA control equation after considering the eddy current
loss of the canned sleeve. Through the parameters A, B, C, D, E, K, and G, the functional
relationship between i; and i; in the new MTPA control can be determined.
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Table 2. Performance parameters.

Parameter Symbol Parameter Name Value
Rs Stator resistance/() 15.652
Ly d-axis inductance/H 0.210458
L, g-axis inductance/H 0.253205
(s Permanent magnet flux/ Wb 1.435
wN Rated speed/rpm 100

p Number of pole pairs 5
Canned sleeve eddy current
Rean resistance/ (y) 360
] Moment of inertia/ (kg-mz) 0.026723
TN Rated torque/Nm 191

The CEV-PMSM starts at rated load. When it runs to 0.4 s, the torque setpoint suddenly
changes to 1.2 times the rated torque. When it runs to 0.7 s, the torque setpoint suddenly
changes to 0.8 times the rated torque. Observe the operating performance of the CEV-PMSM
under the new MTPA control strategy and compare it with the i; =0 control strategy to
verify effectiveness of the new MTPA control model. The reference speed of the simulation
process is given as the rated speed of 100 r/min, and the simulation results are analyzed.

It can be observed from Figure 7 that when the rated load is started, the overshoot
of the MTPA control strategy is very small. When it runs overload operation at 0.4 s, the
amplitude of speed drop is relatively large under the iy = 0 strategy; under the new MTPA
control strategy, the dynamic response speed is fast, reaching the overload torque within
0.1 s and running stably. In light load operation at 0.7 s, the new MTPA control also has a
better dynamic response.

180 180

160 160
2140 ,El40
'5120 5120
5100 ot 1 5100‘ -
= 80 T s H°

60 60

40 40

20 20

O0 0.1 0:2 03 04 05 06 07 08 09 1 OO 01 02 03 04 05 06 07 08 09 1

t/s t/s
(a) ia=0 (b) new MTPA

Figure 7. Speed curve change of the new MTPA and i; = 0 control strategies.

Figures 8 and 9 are the comparison diagrams of the d-g axis current waveforms of new
MTPA and iz = 0 control strategies under different loads. At rated load, under the i; =0
control strategy, the g-axis current amplitude fluctuates between 16.5 A and 18.5 A, and
the center value is about 17.5 A. However, the d-axis current fluctuates between —1.5 A
and 1.5 A. The value is zero; when using MTPA control at rated load, the g-axis current
amplitude fluctuates between 13.6 A and 15.8 A, the center value is 14.7 A. However, the
d-axis current fluctuates between —4.2 A and —7 A, and the center value is —5.6 A. In
the same way, the two control strategies under overload and light load are applicable to
CEV-PMSM, and the new MTPA control strategy can still achieve excellent performance.
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6 0
4 -2
52 €-4 k
=22 8
-4 -10
-60 010203 040506070809 1 -120 010203 040506070809 1
tfs s
(a) =0 (b) new MTPA
Figure 8. Comparison of d-axis current waveform between the new MTPA and i; = 0 control strategies.
30 30
25 25
_0H ~20
s e mh!!ﬂm i
5 5 ——
=10 10
5 5
00 0102 03 04 0506 07 08 09 1 00 0102 03 04 0506070809 1
tls tls
(a)ia=0 (b) new MTPA

Figure 9. Comparison of g-axis current waveform between the new MTPA and i; = 0 control strategies.

Figure 10 shows that when CEV-PMSM is under the 0.8 times rated torque, the stator
current required by the two control strategies is not much different. As the load increases,
the stator current required by the new MTPA control strategy is smaller relative to iy = 0.

% — %

% %

204 20t 1
< /‘" A@ﬂw $15M
N 2,

1 10

5 5

00 01020304 0506070809 1 0 01020304 050607 0809 1

tls tls
(@)ia=0 (b) new MTPA

Figure 10. Comparison of stator current waveform between the new MTPA and i; = 0 control
strategies.

Figure 11 shows the mechanical torque waveform change of CEV-PMSM. The i; =0
control strategy reaches the rated torque in 0.07 s, while the new MTPA strategy reaches
the rated torque in 0.04 s without overshoot. When the overload torque is added suddenly
at 0.4 s, the i; = 0 strategy will resume stable operation within 0.04 s, while it only takes
0.02 s under the MTPA strategy. For the new model CEV-PMSM, the new MTPA strategy
has a good dynamic response performance.
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Figure 11. Comparison of mechanical torque waveform between the new MTPA and iy = 0 control
strategies.

It can be observed from Figure 12 that the three-phase current waveform under the
new MTPA strategy is significantly smaller than the i; = 0 strategy. When the rated torque
is suddenly increased by 1.2 times at 0.4 s, the actual current value under the new MTPA
strategy can also be quickly tracked to the given value, there is basically no impact error,
and the waveform is almost without distortion.
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Figure 12. Three-phase current waveform under the new MTPA and i; = 0 control strategies.

B. Comparison with ideal MTPA model

In order to compare the variability of the MTPA model under non-ideal and ideal oper-
ating conditions, we explore the effect of canned sleeve parameters on system performance,
and further analyze the changes in system performance during overload and overspeed
stages. The load torque suddenly changes to 1.2 times of the rated torque at 0.4 s, and the
speed becomes 1.2 times of the rated speed at 0.8 s.

Figure 13 shows that the parameters of the canned sleeve have a certain influence
on the ripple torque. The canned sleeve causes the torque harmonic content to increase
and the torque ripple to become larger. The change of torque is influenced by the stator
equivalent current, so the stator current needs to be analyzed.

300

250

~,
200 — — = New MTPA model
= —— |deal MTPA model

élSO 193 T

£ 100

50 190

0 18924 026 08 [ 03 [0 [ox
0 01 02 03 04 Ot./5 06 07 08 09 1
S

Figure 13. Torque waveform curve.
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Figure 14 shows that the canned sleeve parameters increase the harmonic content of
the stator current. The stator harmonic content is small when there is no canned sleeve,
and the new model accurately reflects the influence of the eddy current loss of the canned
sleeve on the current performance.

25

20H |

15

10 [ —— New MTPA model
‘ — ldeal MTPA model

5

is/(A)

0

0 01 02 03 04 (t)/.S 06 07 08 09 1
S

Figure 14. Stator current waveform curve.

It can be observed from the equivalent circuit in Figure 5 that the existence of the
canned sleeve causes the d-q axis circuit to have a branch, which is different from the ideal
equivalent circuit. I; and i; shunt to the canned eddy current resistance, resulting in iy, i,
current fluctuations, so the stator current fluctuates.

Fourier decomposition of the phase current waveforms are shown in Figure 15. Since
the fundamental current is one, this figure shows the percentage of each harmonic current
to the fundamental current.

o
ol

o
~

Il New MTPA model
I deal MTPA model

o ©
N} w

©
-

Harmonic current ratio /%

o
o

1 2 3 456 7 8 9101112
Harmonic order

Figure 15. Current harmonic analysis diagram.

After the canned sleeve is introduced, the harmonic content of the stator current
increases significantly, indicating that the influence of canned sleeve eddy current loss on
the system cannot be ignored, and the specific harmonic components need to be explored.
As can be seen from Figure 15, the new MTPA model has a higher harmonic component,
and the canned sleeve parameters greatly affect the 5th and 7th harmonic components.

4. Sensorless Tracking of CEV-PMSM

In order to achieve sensorless control of CEV-PMSM in the low-speed range, this
paper adopts a rotating high-frequency voltage injection method. Based on the salient pole
effect of the CEV-PMSM, a high-frequency rotating voltage is injected into the stationary
coordinate system, and the high-frequency response current signal is extracted by a filter.

Finally, the rotor position can be detected by demodulating the negative phase sequence
component.

4.1. Mathematical Model of CEV-PMSM under High-Frequency Excitation

Under the excitation of the high-frequency rotating voltage signal, the stator resistance
Rs can be neglected compared to the high-frequency reactance. At this time, the model of the
CEV-PMSM under high-frequency excitation can be equivalent to a pure inductance model.
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Under high-frequency excitation, the relationship between voltage and high-frequency

reactance is:
Ugi o LdP 0 idi
[”qi] B [ 0 Lqp} [iql} 19)

The high-frequency circuit model is shown in Figure 16.

L
o Y
—>

Idqi

udqi

(o

Figure 16. High-frequency circuit of CEV-PMSM.

In order to accurately estimate the position of the CEV-PMSM, the relationship be-

AN
tween the estimated rotor synchronous rotation coordinate system d-q and the actual rotor
synchronous rotation coordinate system d-q is established, as shown in Figure 17.

3 A
A d
q A Ug -
Ugq Ug d
Uq a0 g
~ ) 6r
Or > >
U,

Figure 17. Relation diagram of two-phase coordinate system.

Where: u4;, ug;, ig;, and iy; are the HF voltages and currents, respectively; P is a deriva-

A
tive operator; 0, is the actual rotor position angle; 6, is the estimated rotor position; Af is the
difference between the actual rotor position angle and the estimated rotor position angle.

] [t sno] - [Lap O] [coste - sint 1] (20)

ugi —sinf, cosH, 0 LqP —sin6, cos6, i;;l-
uyi| _ |L+ ALcos 260, AL sin 26, p ini 1)
ugi)] | ALsin26, L — AL cos 20, igi

Here, L = (Ly + Lg)/2 is the average inductance, and AL = (L; — L;)/2 is the half-
difference inductance.
Define the inductance matrix as:

L + AL cos 26, AL sin 20, ] )

Lap = [ ALsin20, L — ALcos26,

It can be observed from Equation (22) that the inductance matrix L,g contains rotor
position information, and the switching frequency of the inverter is generally 10 kHz.
In order to ensure the sine of the high-frequency voltage signal, the frequency wi of the
injected high-frequency voltage signal is generally 0.5-2 kHz.
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4.2. HF Rotating Voltage Injection

In the two-phase stationary coordinate system, a high-frequency rotating voltage is
injected into the CEV-PMSM. The injected voltage can be described as:

o |Uai| _ |Vicoswit
Hapin = |:u,8i:| - |:Vz sinwit} (23)

where: V;, w; represent the amplitude and the frequency of the injected vector voltage,
respectively.

According to the high-frequency mathematical model of CEV-PMSM in the two-phase
stationary coordinate system, the high-frequency response current equation in the coordi-
nate system can be expressed as:

d ligi| _ [L+ ALcos?26, AL sin 26, ! V; cos w;t (24)
dt |igi| | ALsin26, L — AL cos 20, Vi sin w;t
lai| _ V:L sin w;t VAL sin(26, — w;t) (25)
igi w; (L2 — AL?) | —coswjt| = w;(L? — AL?) | — cos(26, — wjt)
Transforming the above formula to the stationary coordinate system, the expression is:
— sin w;t sin(26, — w;t)
tapi = Ip * [— cos wit} ol [— cos(20, — wjt) (26)

It can be noticed from Equation (26) that the high-frequency current contains both
positive and negative sequence components. The first component, called the positive-
sequence component I, is proportional to the average inductance, but does not contain
information on the rotor position 6,. The second component, called negative-sequence
component I, is proportional to the half difference inductance and contains information
on the rotor position 6,.

VL
I = ————r 27
P wi(12 — AL2) @7)
VAL
Iy = ——5——r 2
" wi(L2 — AL2) (28)

Therefore, it is necessary to filter out the fundamental frequency current, low-order
harmonic current, PWM switching frequency harmonic current, and positive phase se-
quence high-frequency current in the terminal current of CEV-PMSM. Finally, the rotor
position can be detected by demodulating the negative phase sequence component.

4.3. Synchronous Frame Filter (SFF)

Conventional filtering methods use band-pass filters and band-stop filters, which will
cause problems such as larger phase shift and amplitude attenuation. In order to avoid the
above problems, synchronous frame filters are used in this article.

The SFF transforms the high-frequency signal quantity («, §) in other coordinate
systems into the synchronous coordinate system (d-q) with the same frequency as the
high-frequency signal. At this time, the current component of the positive phase sequence
will become a direct component, and the component of the negative phase sequence will
become a high-frequency component. After that, a high-pass filter is used to eliminate the
positive phase sequence component. Figure 18 shows the block diagram of the SFE.
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in,o(ﬂi

Figure 18. Block diagram of the SFF.

Where w, represents the carrier frequency.
After filtering, the remaining signal is the negative phase sequence high-frequency
current component, which is a useful signal that can be used to track the salient pole, and
its vector expression is:
sin(w;t — 26,)

— cos(wjt — 26;) (29)

iTl,lXﬁi = Iy *

4.4. Rotor Position Extraction by Heterodyne Method

The phase angle modulation is found by the heterodyne method to demodulate the
negative phase sequence component, and obtain the tracking error signal, which can be

expressed as:
. /\ . /\
e =iy, cos(20, — wit) — 1gin sin(26; — w;t)

A A (30)
- izn Sin2(97 - 9,-) ~ Zim . (97 - 97) - 21”/1 . A9

As long as the tracking error signal Af is adjusted to approach zero, it can be ensured
that the estimated rotor position angle converges to the actual rotor position angle. After
this error signal passes through the loop filter of the first-order integral nature, the estimated
value of the rotation speed can be obtained, and the estimated value of the rotor magnetic
pole position can be obtained by further integrating the rotation speed.

4.5. Zero Lag Position Tracking Observer

Estimate the rotor pole position from the negative sequence component, and use the
Romberg observer to observe the rotor pole position.

The rotor position tracking observer can obtain an error signal tending to zero, as
illustrated in Figure 19. Since the position observer introduces the torque variable, the
observer can achieve accurate observation without phase lag. According to the rotor
position observer in Figure 19, the transfer function between the rotor position and the
estimated position is obtained, as shown in Equation (31).

eA 3+ Kys?2 4+ Kps + K
S S S i
lzi as” + Rps + R (31)

Js3 + Kgs% 4+ Kps + K;

r

Figure 19. Rotor position observer.

4.6. Analysis of Sensorless Simulation
According to the above theory, the Simulink model shown in Figure 20 is established.
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Figure 20. Block diagram of sensorless system based on rotating high-frequency voltage

signal injection.

Figure 21 shows the speed tracking waveform at no load, and the speed changes to
150 r/min at 0.5 s. It can be noticed that regardless of the speed-up stage or the rated speed,
the actual speed and the estimated speed have good consistency. The control algorithm
of high-frequency signal injection enables the motor to track the target speed in real time,
which can meet the accuracy requirements of the CEV-PMSM system.

180
160 e
E\igg Actual speed ,'

‘2100 | L[ AW

S 80 L3 B L A AJL
= / Estimat d 150 ,
= 60 / stimate spee e w w i “’ I
40 l 149
20
0 0 01 02 03 04 (%]5 06 07 08 0.9 1
S

47 of5 04 o085 09|

Figure 21. No-load speed tracking waveform.

Figure 22 shows the speed estimation error curve. The speed estimation error has a
larger value during the speed-up stage, and the speed estimation error gradually decreases
as the speed runs stably. In general, the speed estimation error amplitude is small, and the
tracking performance is better.

02

005 |
S f AWV VY N,
£ MWLy

0 0.2 0.4 0.6 0.8 1.0

o

Figure 22. Speed estimation error curve.

Figure 23a is the contrast waveform between the actual angle and the estimated
angle when the motor speed changes suddenly. Figure 23b is a partial enlarged view of
the rotor position. It can be seen that the estimated speed and the actual speed are in
good agreement.
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Figure 23. Rotor position curve.

According to Figure 24, the position estimation error diagram shows that the rotor
position error is less than about 0.01 rad. As the speed stabilizes, the rotor position
estimation error is gradually reduced, and the tracking performance is good.

00%7 075 080 085 090
S

Figure 24. Rotor position estimation error curve.

Figure 25a,b show the actual value and estimated value of the rotor position when
the actual speed changes from 100 r/min to —100 r/min according to the slope law. When
it reverses suddenly at 0.3 s, the rotor position tracking performance is still maintained
during the deceleration process.

7 7
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(a) actual rotor position (b) estimated rotor position

Figure 25. Rotor position waveform.

Figure 26 shows the speed estimated value and actual value change curve. It can be
observed that this detection method can also track the actual speed of the rotor very well at
low speeds, and has a good dynamic tracking performance.
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Figure 26. Speed waveform.

The PI controller used in the sensorless tracking is a one-degree-of-freedom controller.
The parameter adjustment of the PI controller will affect the tracking performance and
anti-disturbance performance of the system at the same time. If the parameters are set
according to the optimal anti-interference performance, the system tracking performance
will deteriorate. If the parameters are set according to the optimal tracking performance, the
anti-interference performance will deteriorate. Therefore, the design and parameter tuning
of conventional PI controllers are usually solved by compromise or trial and error. The valve
position control system has high requirements on the speed response of the control system,
which is very sensitive to overshoot and does not allow overshoot. Therefore, a control
system based on a two-degree-of-freedom (2-DOF) and position sensorless algorithm
is studied.

5. Two-Degree-of-Freedom Control Strategy

Combining the position sensorless control theory described above with the 2-DOF
control, a vector control system based on 2-DOF and position sensorless algorithm can be
designed. It can not only have strong anti-interference and speed control ability, but also
has a certain adaptive ability, solves the problem of speed overshoot, and achieves smooth
transition of the valve transient process.

In order to solve the problem that the traditional PI control cannot meet the require-
ments of speed overshoot and response rapidity, the 2-DOF control strategy is proposed to
design the speed loop PI controller.

5.1. 2-DOF Controller

For the speed loop controller, the tracking performance and anti-disturbance perfor-
mance of the system are optimized, respectively.

Figure 27 is a 2-DOF control with set-value filtering, where v is the control input, w
is the outer disturbance input, kp and ki are the gains of proportional and integral parts,
Oy is the external noise input. H(s) is the compensation link and C(s) is the internal model
controller. The transfer function of the control system under input is ®r(s), and the transfer
function under disturbance is @,(s), which is a high-frequency signal. The transfer function
under measurement noise is @ (s).

_ x(s) _ H(s)C(s)P(s)

®(5) = 36) T T+ ) P(s) (32)
_x(s) _ P(s)

®als) = 46) T TEC)PE) 33
_ x(s) _ C(s)P(s)

O =56 T T CePE) o
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Figure 27. 2-DOF control with set-value filtering.

The system model P(s) is determined, so the anti-interference performance and noise-
measurement performance of the system are only related to C(s), while the tracking perfor-
mance of the system is not only related to C(s), but also to H(s). Among the three transfer
functions @,(s), @4(s), and P,(s), two transfer functions can be adjusted independently, so
the system is a 2-DOF control system. When designing a 2-DOF control system, the system
should first meet the requirements of anti-interference performance and suppression of
measurement noise performance by designing C(s), which is the advantage of the 2-DOF
control system.

The output of the 2-DOF PI control system with setting value filtering is:

P(s P(s P(s
S 1,(? )C<(,2))<§2)>v (5) + i @(s) — Tectymirda )
s+k;)H(s S
o DR <S) (35)

k s—l—k'
P
s2+(kp+a)s+k; On(s)

In particular, when a = 0, the output of the control system can be simplified as:

_ (s +k)H(s)

x(s) = m (s) + mw(s) by

__kstk (36)
EavaAlll)

From the above analysis, it can be seen that the two-degree-of-freedom PI con-
troller first designs PI control parameters through the requirements of anti-disturbance
performance, and then designs function H(s) through the requirements of tracking per-
formance. Adjusting the tracking performance by H(s) does not affect the disturbance
rejection performance.

It can be seen from Equation (36) that in order to make the system track without
error under time-varying setting, the transfer function of the system under input can be
designed as:

x(s)  (kps+ki)Hi(s)
o(s)  s2+kps+k;

D, (s) = =1 (37)

At this time, the corresponding set-valued filtering function Hjy (s) is:

s% 4 kps + k;
Hi(s) = kst ki (38)

In order to make the step response of the system without overshoot, the transfer
function of the system under input can be designed as a first-order or second-order low-

pass filter.
_ x(s) _ (kpstki)Ha(s)
Or(s) =50 = etk 29
mkp mkps+k; ( )
s+mk, Or52+kps+k,~
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The corresponding set-valued filter function H(s) is:

m(s? + kps + k;) mkps + k;

H =
208) = 27 (mky + ki/kp)s +mk; - kps + k;

(40)

where m is a positive constant.

5.2. Simulation Analysis of 2-DOF Control

In order to verify the effectiveness of the new system, its step-response and anti-
disturbance performance are analyzed. The sampling period of the speed loop and the
current loop and the calculation step of the system are both 0.02 ms.

Take m =0, wy, is 30, 35, and 40, respectively, and w;, is the speed loop bandwidth. The
step is set to 100 rpm, and the waveform at no-load starting is shown in Figure 28.
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0 0
205 01 02 03 04 05 06 025 0.1 0.2 03 0.4 0.5
t/s t's
(a) No-load speed waveform (b) No-load current waveform

Figure 28. Step response under different w;, values.

It can be seen from Figure 28 that the speed waveform is no longer in overshoot and
has faster tracking than Figures 21 and 26. With the increase in the speed loop bandwidth,
the faster the system response speed, and the better the speed tracking performance.

Take w, = 60, m is 0, 0.5 and 1, respectively. The step is set to 100 rpm, and the
waveform at no-load starting is shown in Figure 29.

120 I . 7
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m=0. 5 5
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§ « Z3
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2 | 2 m=0.5
[ 1 7 m=0
0 : . S
20 01 02 03 04 05 0.6 15 01 02 03 02 05 06
P _ : 03 . : .
(a) No-load speed waveform (b) No-load current waveform

Figure 29. Step response under different m values.

The simulation results show that the designed 2-DOF PI control can effectively reduce
the overshoot of the speed, and improve the speed tracking performance and the anti-
disturbance performance of the system. The smaller the m value, the smaller the overshoot.
With an increase in m value, the overshoot increases gradually. When m is 1, it is a
sensorless waveform without 2-DOF control. Therefore, it can be concluded that the
position sensorless control based on 2-DOF further improves the anti-load disturbance
performance of the system, and can achieve fast response and no overshoot control of the
speed. The correctness and effectiveness of the proposed control strategy are verified.
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6. Experimental Test

In this paper, TMS320F28335 is selected as the DSP product for motion control. The
control algorithm model that can automatically generate code is established on the MAT-
LAB/Simulink platform, and the functions of the hardware system are tested and corrected.
The vector control system based on 2-DOF and the position sensorless algorithm proposed
in this paper is verified by experiments.

The variation curve of the calculated and measured rotor position at 1.2 times the
rated speed is shown in Figure 30.
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(a) Calculated rotor position curve (b) Measured rotor position curve

Figure 30. Rotor position waveform variation.

The step load disturbance is taken as an example to verify the anti-disturbance perfor-
mance of the system. Firstly, 100 rpm is given to make the motor run without load, and
then the influence of loading and unloading on speed fluctuation is tested. The loading
and unloading curves are shown in Figure 31.
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Figure 31. Load curve diagram.

Taking the unloading experiment as the assessment target, the 2-DOF control is
systematically analyzed. Take m = 0, wj is 30, 35 and 40, respectively, and the speed
response curve is shown in Figure 32a. Taking w, = 60, m is 0, 0.5, and 1, respectively, the
speed response curve is shown in Figure 32b.
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(a) Speed waveform during unloading (b) Current waveform during unloading
Figure 32. Unloading dynamic response under different wn values.

It can be observed from Figures 32 and 33 that the anti-disturbance performance of the
2-DOF control system is only related to w, and independent of m. In summary, the tracking
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performance of the 2-DOF controller with set-value filtering is affected by w, and m at
the same time, and the anti-interference performance is only affected by w,. It is proved
that the vector control system based on 2-DOF and sensorless algorithm has good tracking
performance and anti-interference performance, and has strong engineering practicability.
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(b) Current waveform during unloading

Figure 33. Unloading dynamic response under different m values.

The experimental results show that the system can achieve accurate positioning and e
fast response of the speed without overshoot, which meets the performance requirements
of the servo system. The vector control system based on 2-DOF control and a sensorless
algorithm has great improvements with regard to high precision, fast response, and strong
robustness, which can enhance the system stability and the static as well as dynamic
properties of the CEV-PMSM system significantly.

Figure 34 shows the main components and the experimental platform of CEV-PMSM.
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DSP based controller

Host computer <
w"' T e e

]
x
’

)

CEV-PMSM
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Figure 34. Experimental platform. (a) Stator lamination. (b) Stator canned sleeve. (c) Control
platform. (d) Experimental platform for the CEV-PMSM.

7. Conclusions

This article introduces the new topology of CEV-PMSM, and analyzes the integrated
structure and operating characteristics in detail. Afterwards, as an original contribution,
the new MTPA model considering the canned sleeve parameters is derived for CEV-PMSM.
On the basis, the vector control system based on 2-DOF and position sensorless algorithm
is developed. Finally, experiments were conducted to verify the control performance of the
system. The specific conclusions are as follows.

(1) The new MTPA control equation is deduced theoretically, and compared with the
iz = 0 control and the ideal MTPA control to analyze the influence of canned sleeve
parameters on performance. The results show that the branch resistance introduced
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by the canned sleeve increases the harmonic content of the stator current and more
realistically reflects the variation of the current and torque waveforms under non-
ideal conditions;

(2) We analyzed the mathematical model and extraction process of the rotor position sig-
nal under high-frequency rotating voltage in detail. It is proved that the sensorless con-
trol of the CEV-PMSM can obtain accurate position and speed tracking performance;

(3) The tracking performance of the 2-DOF controller with set-value filtering is affected
by wy, and m at the same time, and the anti-interference performance is only affected
by wy. The vector control system based on 2-DOF control and sensorless algorithm
can effectively improve the system dynamic and static performance, which has certain
research value and guiding significance.
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