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ABSTRACT

In recent years, the application range of electric energy in modern industry
has gradually expanded. Permanent magnet synchronous motor has the
characteristics of high efficiency and energy saving and has obvious
advantages in traction application. In order to achieve good vector control
of permanent magnet synchronous motor in the full speed range, Research
on model reference adaptive system (MRAS) and pulsating high frequency
injection method to construct the permanent magnet synchronous motor
vector control system and combined with the flux weakening control
algorithm to control the motor under the condition of imited inverter output,
SO as to realize the sensorless vector control of the motor in the full speed
range. The difference between the estimated value of the algorithm and the
actual value is compared on the actual experimental platform to verify the
feasibility of the control algorithm. The experimental results show that, under
medium and high-speed working conditions, the motor speed and rotor
position tracking accuracy of MRAS algorithm is high, and the tracking error
is less than 0.01rad. The pulsating high-frequency injection method can
accurately track the permanent magnet synchronous motor under low-
speed working conditions, the speed error is less than 1n / R/ min, and the
rotor position error is less than 0.03rad. The static and dynamic
performance of the control system is good, It can better deal with the
sudden change of motor load. Using MRAS algorithm and pulsating high
frequency injection method to control permanent magnet synchronous
motor in full speed range is of great significance to improve the speed
control performance of permanent magnet synchronous motor.

1. INTRODUCTION

With the transformation of global industrial energy structure, the importance of electric energy
in modern industry has gradually increased. As the medium of electromechanical energy
conversion, the design and control technology of motor is an important research direction in
the field of modern electrical transmission [1, 2]. In the field of railway traction, the high-
efficiency and small volume synchronous motor has gradually replaced the traditional
asynchronous motor [3, 4]. The permanent magnet synchronous motor uses the permanent
magnet to provide the magnetic field, the motor structure is more simplified, the motor rotor
volume is smaller, the collector ring and brush structure are omitted, and the operation stability
and reliability of the motor are improved [5, 6].
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There is no excitation current loss in the application of permanent magnet synchronous
motor, which further improves the working efficiency and power density of the motor and has
significant advantages in the field of traction application [7, 8]. Railway and other rail transit
systems consume a large amount of energy. The use of energy-saving and efficient permanent
magnet synchronous motor in railway traction is of great practical significance for the
promotion of environmental protection and emission reduction [9, 10]. Therefore, the research
and construction of sensorless vector control system of permanent magnet synchronous motor
to improve the performance of motor vector control, provide motor technical support for the
development of national rail transit, and have long-term value for global energy conservation
and emission reduction,

2. DESIGN OF SENSORLESS CONTROL SYSTEM FOR
PERMANENT MAGNET SYNCHRONOUS MOTOR

2.1. Motor Mathematical Model Construction and Field Weakening Control
Permanent magnet synchronous motor is developed from the traditional electrically excited
synchronous motor, which eliminates the structures such as excitation winding and
commutation transposition, introduces the permanent magnet structure, reduces the reactive
power exchange between the motor and the power grid, and makes the working performance
of the motor more reliable [11, 12]. Permanent magnet synchronous motor is mainly divided
into built-in type and surface mounted type. The electromagnetic performance of built-in
permanent magnet synchronous motor is salient pole structure, and ferromagnetic material
with large permeability is used as the medium between adjacent poles of permanent magnet,
while the electromagnetic performance of surface mounted permanent magnet synchronous
motor is hidden pole structure [13, 14]. Taking the built-in permanent magnet synchronous
motor as the research object, the vector control technology of the built-in permanent magnet
synchronous motor is analyzed and studied. Firstly, the mathematical model of the permanent
magnet synchronous motor is established, ignoring the electronic hysteresis and eddy current
loss, the core reluctance and saturation of the motor stator and rotor, and there is no damping
winding on the motor rotor [15, 16]. The back EMF wave of the three-phase winding of the
motor is a sine wave. Under static three-phase ABC shafting, the voltage equation of
permanent magnet synchronous motor is expressed as follows:

. dwyabc

ughe = Ryigbe + T (1

In equation (1), R, represents stator resistance, u2’¢ represents three-phase stator voltage
jabc abc

vector, i°¢ represents three-phase current flux vector, Y2”¢ represents three-phase stator flux
vector, t represents time, a, b and ¢ represent ABC axis coordinates, and the three-phase space
vector obtained by equivalent transformation of three-phase physical quantities is expressed
as follows:
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udbe = g(ua + auy, + a’u,)
i8¢ =2 (iq + aiy + a?i;) )

9b¢ =2 (1 + appy, + atih,)

The rotor magnetic circuit of the built-in permanent magnet synchronous motor is
asymmetric, and the motor changes electrically under the influence of rotor position angle [17,
18]. Combined with the double reaction theory of traditional electrically excited synchronous
motor, the current, voltage and flux linkage vectors of the motor are converted into rotating
coordinate system. The positive direction of axis is the direction of rotor flux linkage space
vector, and the positive direction of axis is the direction of axis, rotating 90°
counterclockwise. The coordinate conversion is carried out by equal amplitude transformation
[12, 13]. The stator magnetic field component equation under shafting is expressed as
follows:

Vg = Laig + ¢
{‘/’q = Lqlq @

In formula (3), Lyigq and Lyi, respectively represent the armature reaction generated by
the stator current, and L is the motor inductance. The voltage equation under dq shafting is
expressed as follows:

dq
d .d ay . d
usq =Rslsq+d_;+]wrlpsq 4

The component form of stator voltage equation under dq shafting is shown as follows:

Ug = Rig + Lg 52— wr Lyl
S , (5)
Uq = Rgig + L, s + wyLglg + epack
In equation (5), w, represents the electrical angular velocity, ;40 = w,Psrepresents the
back EMF generated by rotor flux linkage ¥ in the stator equivalent winding, and equation
(5) is the basic equation of vector control of permanent magnet synchronous motor. The
electromagnetic torque of the motor is expressed as follows:

To = p|¥yissin§ +3 (La — Lq)iZ sin 28] 6)
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In equation (6), § represents the torque angle, that is, the space vector angle between stator
current i; and excitation flux ;. Convert the stator current into dq shafting, and the form of
stator current component is as follows:

iy =iscosd
{iq =ig;siné ™
Then the electromagnetic torque of the motor can be expressed as:
T, = 1.5p[¢sis + (Lg — Lg)iaiy] = Ter + Tea ®)

In equation (8), p is the number of poles, T,; represents the permanent magnet torque
generated by the interaction between the permanent magnet flux linkage and the stator current
and represents the d-axis current of the motor stator and the reluctance torque generated by
the stator under the rotor salient pole structure. The expressions of T, and T, are as follows:

{Tel = 1.5pyri, ©
Toy = 1.5p(Lg — Ly )ialy

It can be seen from equation (9) that the permanent magnet torque and reluctance torque of
the motor are directly proportional to the stator q-axis current, and has an impact on the size
of the motor stator flux. Therefore, the output torque of the motor can be controlled by
adjusting the current of the stator on the d-axis and g-axis, so as to realize the vector control
of the motor [19, 20]. The mechanical motion equation of the motor is expressed as follows:

Lm — T, T, - Bay, (10)

In equation (10), J represents the moment of inertia, w,, represents the mechanical angular
speed of the motor, T; represents the load torque and B represents the damping coefficient.
Under the determined bus voltage, the motor speed has a limit value. In order to ensure that
the motor continues to speed up under the limit value, the dynamic flux weakening regulation
structure is introduced into the basic structure of vector control to quickly regulate the current
of permanent magnet synchronous motor [21, 22]. The flux weakening controller is shown in
Figure 1. ugyr and ugyf represent the stator d-axis reference voltage and g-axis reference

voltage respectively, iser and i;ref represent the stator reference current and adjustable
current respectively, and i;zref and i;?re s represent the d-axis adjustable current and g-axis

adjustable current respectively. Set the inverter output voltage limit |ug| gy to 4Ug./3V3 to
improve the output of motor inverter and make the inverter work under square wave operation.
The flux weakening controller is used to adjust the reference value of the motor stator current,
increase the stator d-axis negative current, and reduce the stator q-axis current at the same
time, so as to keep the stator voltage balanced, so as to realize the further speed increase of
the motor.
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Figure 1 Field weakening controller structure

2.2. Rotor Estimation in Medium and High Speed Section Based on MRAS
Algorithm

Model reference adaptive system (MRAS) is developed from modern control theory. It takes
the vector control system of permanent magnet synchronous motor as the reference model and
the speed as the quantity to be solved [23, 24]. The state equation of the model is expressed
as follows:

dx
E—Ax+Bu 1D

In equation (11), x represents the system state component, u represents the system input,
and B and A are matrix parameters. The stator voltage equation of permanent magnet
synchronous motor is expressed as state matrix:

i R L Ug
dig _Is 4 w, . —d
dat | _ Lg Lg lg n Lgq (12)
dig | 7\ _La Rs i Uq _ or
LY T, 1 L Vs
at Lq Lq q q

Take the motor current ! as the state vector and the voltage as the input vector to replace

-1 '
the variables. Variables ! and ¥ are expressed as follows:

Yr

./ .
. i lg+—
l’ = (;,1) = < d Ld)
q lq
!

(13)

The current component after substitution is expressed as follows:
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iy = ig AL = 2 (Laiq + ) =22
d d d 14)
i =Y (
q Lq
&= Ai' + B
_&s Lq 1
A Lq der B = Lq 0 (15)
' _B P77l L
qur Lq Lq

The adjustable model is constructed according to the state equation of the reference model.
Taking w, in the state matrix A as the adjustable parameter and the input u' remains
unchanged, there is a current estimation value ' under the adjustable model. The adjustable
model is expressed as follows:

—=Ai"+B
dt

Rs Lg ~ 1

- T, - 0 (16)
N d d o) d
A= Lg ~ R B = 1

-4, == 0o —

Lq Lq Lq

When the current estimated value i’ is consistent with the current value of the reference
model, and the state of the adjustable model is the same as that of the reference model, the
estimated speed is basically the same as the real speed [25, 26]. Therefore, the estimated speed
can be adjusted through the current error to make the speed error zero. Let the current error
vector be e = i’ — i’ and subtract the reference model from the adjustable model to obtain:

< = e —J(@, — 0,V (17)
_La
In equation (17), J = 1| Od and W = J(&, — w,)i' form the standard feedback
Lq

system of the model. The structure of the standard feedback system is shown in Figure 2.
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Figure 2 Standard feedback system structure

In unit matrix D = [ in Figure 2, due to the short sampling period, it can be considered
that the motor speed in adjacent sampling periods is basically the same, so the motor reference
model is a linear time invariant system. The output variable V = e of the control system needs
a nonlinear time-varying feedback system to analyze the relationship between V and the
feedback quantity. The feedback system is an adaptive law. Combined with Popov
hyperstability theory, the proportional integral adaptive law is used for analysis, and the
adjustable parameters are expressed as follows:

t
&)\r = Kpgi + J- KiSidT + &)}(0)
0
L ~ Lg . 4 L Lg\a~ & Yror. I
(K + )[Z dlq—alqld—(i—a>1dlq——(1q—lq)] (18)

In equation (18), K, and K; are the proportional gain parameters and integral gain
parameters of the control system respectively. The reference model current and adjustable
model current are input to the regulator, and the output value is the estimated value of motor
speed. In the actual motor control, the motor current components and can be obtained by using
the current sensor to collect the three-phase current, and then the coordinate system
transformation, while the motor current estimation components and can be obtained by solving
the adjustable model equation. The current estimation value of the cycle is expressed as
follows:

AEin+1) L [ RSA(n) +L G(n)ign)+u(n+1)]Tsampze
W T K A ) R (19)
(0 = L[, 080 — R + 40 — 4,00 Ty

i

In equation (19), i;”, i, and w( )

respectively represent the current component and
electrical angular velocity of the previous period, and Tsgy,pe Tepresents the sampling period.
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The interruption period of the system is far less than the mechanical time constant of the
motor, and the motor current and speed in adjacent calculation periods remain unchanged.
Therefore, the current of this period is solved by using the current value of the previous period,
and the estimated speed of the motor rotor in the current period can be obtained by combining
the adjustable model current value obtained by integration. The rotor position angle is
obtained by integrating the speed to estimate the motor rotor position. The motor rotor position
angle is expressed as follows:

07 =0 + & T mpte (20)

The actual output voltage Ugq0y Of the inverter is used as the input voltage variable of the
motor reference model, and the model input voltage is used as the input voltage of the motor
adjustable model. Therefore, it is necessary to accurately obtain the model input voltage @4,
as the data premise of MRAS algorithm. The traditional model input voltage acquisition
mainly adopts reference type and sampling type. The reference type directly inputs the inverter
output reference voltage into the model, but there is a large deviation between the reference
voltage and the actual point voltage at low switching frequency, which affects the estimation
results of MRAS algorithm [27, 28]. The sampling type samples the three-phase voltage and
obtains the input voltage through coordinate transformation. There is a certain phase delay
and there is a large demand for sampling resources, which increases the workload of the
control system [29, 30]. Therefore, the voltage reconstruction technology is used to obtain the
input voltage of the model, which can not only reduce the error between the input voltage and
the actual situation, but also avoid increasing the burden of the control system and improve
the accuracy of motor rotor estimation. Set the model sampling ratio as n, and there are
sampling cycles in the motor switching cycle. At the end of the switching cycle, the small
calculation cycle will calculate the duty cycle of pulse width modulation (PWM) wave in the
next cycle to complete the update of the corresponding timer register. At the beginning of the
switching cycle, based on the updated duty cycle, the phase voltage values of the three phases
in the n sampling cycles in the switching cycle are directly given, and the input voltage
through the coordinate conversion model is obtained. The voltage reconstruction technology
is shown in Figure 3.

Set the sampling ratio, as shown in sampling period 1 and sampling period 5. When the
PWM wave in the switching period is low level, the actual motor stator voltage value is 0. As
shown in sampling period 3, when the PWM waves in the switching period are high level, DC
bus voltage is the actual stator voltage value of the motor. As shown in sampling period 2
and sampling period 4, when the level of PWM wave is switched in the switching period, the
average voltage needs to be calculated according to the action time of high level and low level
as the input voltage of the model. Suppose the high-level time in the sampling period is and
the average voltage is calculated as follows:

Uav = Udc : ~high +0- (1 h — ) - Lot Udc (21)

Tsamp le Tsamp le
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Figure 3 Voltage Reconfiguration Technology

2.3. Low Speed Rotor Estimation Based on High Frequency Voltage Injection
MRAS algorithm establishes the rotor estimation model based on the motor stator voltage
equation and uses the back EMF to predict the rotor speed of the motor. It has advantages in
the estimation of rotor position and speed under medium and high-speed operating conditions
[31]. However, when the permanent magnet synchronous motor is running at low speed, the
rotor speed is small, and its back electromotive force is also small. At low speed, the MRAS
algorithm is used to estimate the motor rotor speed, the estimation error is large, and the motor
vector control accuracy becomes worse [32, 33]. Therefore, the research adopts the way of
high-frequency voltage signal injection, adds additional excitation signal at the voltage output
of the inverter, extracts the high-frequency response to obtain the rotor speed information, and
accurately estimates the rotor speed and position of the motor at low speed. A high-frequency
sinusoidal voltage signal is injected into the estimated d§ shaft system of the motor by using
the pulsating voltage injection method, and then the high-frequency component of the current
at the output end is solved to obtain the speed and position information of the motor rotor. The
high-frequency voltage signal is injected into the d shaft as follows:

- 22
i = 22)

{ug = U, coswpt
Let A6, = 6, — B, be the angular deviation between the real dq -axis system and the

estimated dg-axis system, then the motor state matrix under dg-axis system is expressed as
follows:

aid 1
d_? _ (cos 46, —sinA GT) Lg 0 ( cosA0, sind GT) [Uh coSs wy, t] 23
ail|  \sind6. cosdo, 2 J\—sind0, cosAb, 0 (23)

dt
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The current component under the d§ shafting is expressed as follows:

i;’f _ [ﬂ (cos2 A6, " sin2A9T>] sinwp t

Wh Lg Lq (24)
=L sin(246,)|sinwy t
h wp \Lg Lq r h

In equation (24), sin(2486,) is the motor rotor angle error signal, and the error signal is on
the amplitude of the -axis current signal. w;, represents the center angular frequency. The
demodulation is realized by multiplying the -axis current by after passing through the band-
pass filter of wy,:

g U (1 1Y . >
iy -Sinwp t =|— T sin(246,)| - sin* wy t

wp \Lqg q
Up (1 1\ .
= [— (— — —) sm(ZAHT)] - (1 —cos 2 wpt) (25)
wh \Lg Lq
Pass the signal through the low-pass filter, remove the frequency doubling component in
the signal, retain the DC component, set the amplitude K, = % (Li - Li), and the error signal
h d q
is expressed as follows:

Up (1 1\ . A A

& = (E - E> sin2 (0, — 8,) ~ 2K, (6, — 6,) (26)

The proportional integral regulator is used to process the error signal to obtain the estimated
value of rotor speed, and the estimated value of rotor position angle is obtained after integral
processing. The operation flow of pulsating voltage injection method is shown in Figure 5.
Collect the three-phase current of the motor for park transformation, convert the three-phase
current from ABC shafting to -axis shafting, and extract the signal in combination with -axis
current to estimate the rotor speed and position of the motor at low speed.

The research combines MRAS algorithm with pulsating high-frequency injection method
to form the composite sensorless control system of permanent magnet synchronous motor in
medium high-speed state and low-speed state. The algorithm switching between medium
high-speed section and low-speed section is realized by hysteresis switching, and the smooth
switching between the two algorithms is realized by setting hysteresis interval. Based on flux
weakening control, the vector control of permanent magnet synchronous motor in the full
speed range is realized by using MRAS algorithm and pulsating high-frequency injection
method. The vector control system of permanent magnet synchronous motor is shown in
Figure 4. The outer loop of the control system is speed loop controller, and the inner loop is
current loop controller. A double loop control system is formed by controlling the motor rotor
speed and stator current.
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Figure 4 Vector control system of permanent magnet synchronous motor

3. VECTOR CONTROL EFFECT ANALYSIS

3.1. Effectiveness Analysis of Field Weakening Control

In order to verify the effectiveness and practicability of the designed flux weakening control
system of permanent magnet synchronous motor, the relevant software programs of
permanent magnet synchronous motor are built on the experimental hardware platform. The
hardware circuit is a three-phase two-level topology. The parameters of the experimental
platform are shown in Table 1.

Table 1 Experimental parameters

Parameter Parameter value
Stator resistance 0.025Q
Stator d-axis inductance 0.7645mH
Stator g-axis inductance 2.1377mH
Rotor flux linkage 0.2335Wb
Polar logarithm 4

Inverter bus voltage 350V
Rated current 135A
Rated voltage 233.5V
Rated power 45kW
Switching frequency 10kHz

Make the motor load 100 N-m, compare the actual data with the reference model data, and
compare the motor speed response data, motor stator shaft current data, motor reference
current and output torque data. The control effect of permanent magnet synchronous motor
under flux weakening control is shown in Figure 5,
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Figure 5 Control effect of permanent magnet synchronous motor under flux
weakening control

As can be seen from Figure 5, in the time of 0 to 0.5 s, the motor speed is in the range of 0
to 150 r/min, the motor inverter output is not limited, the motor reference current reaches the
maximum level, and the output torque of the motor is also the maximum value. The output
torque remains constant. At this time, the motor is in the constant torque working state. When
the motor speed exceeds 1500 r/min at 0.5, the inverter output is limited. The field weakening
control module is used to control the motor, increase the d-axis negative current of the motor
and reduce the g-axis current of the motor. With the increase of motor speed, the motor output
torque gradually decreases, and the motor is in constant power working state. In the process
of motor speed-up after 0.5 s, the response speed of the control system is fast, the transition
between the two working states is smooth, and there is no impact. The flux weakening control
module can effectively complete the vector control of the motor when the output of the motor
inverter is limited. The flux weakening control algorithm is effective in the vector control of
permanent magnet synchronous motor.

3.2. Analysis of Motor Rotor Estimation Results

In order to verify the effectiveness of the vector control system of permanent magnet
synchronous motor in medium and high speed section based on MRAS algorithm, the
estimated data of motor rotor speed and position under medium and high speed conditions are
compared with the actual data. The waveforms of the actual and estimated values of motor
speed and rotor position under 1000r/min speed are shown in Figure 6.
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Figure 6 Actual and estimated values of motor speed and rotor position at 1000 r/min

As can be seen from Figure 6, under the working condition of 1000 r/min, MRAS
algorithm can accurately track the motor speed and rotor position, and the rotor position
tracking error value is less than 0.01 rad, which basically ensures the real-time and accurate
tracking of the rotor speed and position of permanent magnet synchronous motor. In order to
verify the feasibility of the quality control system of low-speed permanent magnet
synchronous motor based on pulsating high-frequency injection method, the estimated data of
motor speed and rotor position under low-speed working condition are compared with the
actual data. The waveform of the actual value and estimated value of motor speed and rotor
position at 50 r/min is shown in Figure 7.
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Figure 7 Actual and estimated values of motor speed and rotor position at 50 r/min
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As can be seen from Figure 7, under the working condition of 50 r/min, the motor vector
control using the pulsating high-frequency injection method can realize the accurate tracking
of the motor rotor speed and position. The rotor position tracking error is less than 0.03 rad,
the motor speed tracking error is less than 1 n/r/min, and the tracking accuracy is high. The
signal extraction process of pulsating high-frequency injection method involves two-step
signal processing. When the current signal is filtered by band-pass filter and low-pass filter,
there will also be the problem of phase lag, resulting in the increase of estimation error. In
order to verify the dynamic performance stability of MRAS algorithm and pulsating high-
frequency injection method, apply a sudden load of 100 N-m after 1 s of operation, analyze
the tracking waveform of MRAS algorithm under 1000 r/min condition and the tracking
waveform of pulsating high-frequency injection method under 50 r/min condition. The
changes of sudden load waveform under the control of the two algorithms are shown in Figure
8.
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Figure 8 Waveform change of sudden load controlled by two algorithms

As can be seen from Figure 8, when the motor is running at high speed and low speed, the
load is suddenly added, and the error curves of the two algorithms fluctuate, but tend to be
stable within 0.2 S. MRAS algorithm and pulsating high-frequency injection method can
quickly adapt to the sudden change of load, track the motor speed and rotor position quickly
and accurately, and the control system has good dynamic and static performance, which can
better deal with complex actual working conditions.
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4. CONCLUSION

In the application of modern electric drive industry, the traditional position sensor has been
difficult to meet the requirements of modern industry. In order to improve the vector control
performance of permanent magnet synchronous motor in the full speed range, the MRAS
algorithm and pulsating high-frequency injection method are studied to carry out the position
sensor free vector control of permanent magnet synchronous motor, and the method of flux
weakening control is adopted when the output is limited, the motor vector control in the full
speed range is realized. The experimental results show that the flux weakening control system
has fast response speed, can realize the smooth conversion between constant torque and
constant power, and has good motor control effect when the inverter output is limited. MRAS
algorithm can accurately track the motor under high-speed working conditions, and the
tracking error is less than 0.01rad.

Pulsating high-frequency injection method can accurately track the point motor under low-
speed operation, with rotor position error less than 0.03rad and speed error less than 1n/r/min.
moreover, the dynamic performance of the two algorithms is good, which can better deal with
the sudden change of motor load. Working conditions have an impact on the accuracy of
MRAS algorithm, and the research has not deeply discussed different working conditions. In
the future, the rotor estimation under light load and heavy load conditions can be studied
separately.
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