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ABSTRACT In the existing sensorless vector control system of permanent magnet synchronous motor
(PMSM), direct differential calculation or phase-locked loop (PLL) control is often used to estimate the
rotor speed, but this method has some problems of weak load capacity and slow dynamic response. A new
sensorless vector control method based on an improved sliding mode observer (SMO) and improved
full-order observer (FOO) is proposed in this paper. The cut-off frequency of the low-pass filter is designed
as a function of speed, the back EMF is fed back into the stator current estimation mathematical model,
and the adaptive rate of feedback gains coefficient is proposed for improving the traditional SMO. The
disturbance feedbackmatrix is introduced for improving the traditional FOO, and the estimated load torque is
feedforward compensated to the given end of the quadrature current. An integrated system of corresponding
algorithms is established, a test platform is built. The experimental results show that the speed and load
torque estimation performance of the improved observer is better than that of the traditional observer in the
process of sudden load change. The sensorless vector control system based on the proposed observer has a
high dynamic response, load capacity, and reliability.

INDEX TERMS Sensorless vector control system, improved sliding mode observer (SMO), improved
full-order observer (FOO), load capacity, reliability.

I. INTRODUCTION
The sensorless vector control system of permanent magnet
synchronous motor (PMSM) has the advantages of sim-
ple structure, easy maintenance, small size, no limitations
brought by mechanical sensors to the system (such as work-
ing environment limitations, reliability reduction, etc.) [1].
It can be applied to some special occasions, such as com-
pressor [2], [3], water pump [4], [5], washing machine [6],
etc. The effective estimation of the rotor position and velocity
information is one of the critical technologies for the sen-
sorless vector control system. And the performance of the
control system depends on the accuracy, dynamic response,
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and reliability of the information estimation. At present,
according to the scope of application, there are two common
estimation methods, among which the methods in [7]–[10]
are suitable for zero low-speed operation, and the methods
in [11]–[16] and [23]–[29] are suitable for medium high-
speed operation.

For zero-low speed, in [7], [8], a high-frequency injection
method is used to detect the rotor position of the motor and
realize the rotor position estimation at low speed, includ-
ing zero speed. However, this method will introduce high-
frequency noise in specific applications, which applies to
salient pole PMSM. In [9], [10], the voltage pulses vector
method is used to detect the initial position of the motor
at zero speed, and this algorithm is simple to implement.
But with the applied voltage vector approaching the actual
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rotor position, the difference of current response amplitude
gradually decreases, which makes it more difficult to judge
the amplitude. Therefore, the position estimation accuracy of
this method is limited.

For medium-high speed, in [11], [12], the Luenberger
observer is used to estimate the rotor position, whose results
show that the ideal estimation effect can be obtained at low,
medium, and high speeds. But it needs an independent filter-
ing link, which increases the difficulty and workload in the
system design and debugging process. In [13], [14], themodel
reference adaptive control (MRAC) is used to estimate the
rotor position. This algorithm severs the actual motor model
as the reference model and takes the flux linkage model as the
adjustable model. According to the output error between the
models and the corresponding adaptive law, the rotor position
can be effectively estimated with high accuracy. However,
the algorithm is relatively complex and easily affected by
motor parameters, it has a greater impact on the performance
of the rotor position following, which in turn makes the
system dynamic response performance and reliability poor.
In [15], [16], the Extended Kalman Filter (EKF) is used,
which takes stator flux, speed, and rotor position as state
variables, the stator voltage and current as input and output
variables. The experiments show that the method can effec-
tively estimate the rotor position. However, the calculation
of this algorithm is complicated, and the convergence of the
estimation results can not be guaranteed, resulting in poor
closed-loop performance and stability.

Due to the advantages of insensitivity to parameter changes
and interference, fast response speed, and easy implementa-
tion, the sliding mode observer (SMO) has been continuously
developed [17]–[22], and the SMO is also widely used for
sensorless control of PMSM. In [23]–[25], SMO is used to
estimate the rotor position, and the error feedback from the
state variable is constructed by the sign function for realizing
the estimation of the rotor position, which has a high dynamic
response performance. However, the sign function will cause
chattering of the system, and noise has a greater influence
on the estimation result in steady-state, so it is necessary to
design a multi-stage filter to eliminate noise. In [26]–[29],
the saturation functions and special functions are used to
replace the sign function, which improves the estimation
performance of rotor position to a certain extent. However,
these control methods mainly focus on how to improve the
estimation performance of the rotor position. In order to
estimate the rotor speed, in [30], the higher-order sliding
mode and Luenberger observer are used to estimate the rotor
speed, the experiment shows that this method can estimate the
rotor speed well, but it lacks the experiment analysis of load
performance. In [31], [32], the traditional FOO and PLL is
used to estimate the rotor speed respectively, the experiments
show that both methods can effectively estimate the rotor
speed, but their dynamic response, load capacity, and stability
are poor.

In order to solve the problems of slow dynamic response
and weak load capacity of the traditional sensorless vector

control system mentioned above, a scheme of sensorless
vector control system based on improved SMO and improved
FOO is proposed, and themain contributions of this paper can
be summarized as follows:

Firstly, based on the traditional SMO, an improved SMO
is proposed, which has three main innovations: First, the sign
function is replaced by the saturation function. Second,
in order to compensate for the phase shift caused by the
low-pass filter, a low-pass filter whose cut-off frequency
varies with the speed is designed, and the back EMF is fed
back to the mathematical model of stator current estimation.
Third, based on the stability analysis of the improved SMO,
the adaptive rate of the feedback gain coefficient is proposed.

Secondly, based on the traditional FOO, an improved
FOO is proposed, which has two main innovations: First,
the disturbance feedback matrix is introduced to improve
the dynamic response performance of the estimated value.
Second, the estimated load torque is feedforward com-
pensated to the given quadrature current terminal, which
improves the load capacity and anti-load disturbance ability
of the system.

Finally, in order to verify the correctness and superiority
of the proposed improved SMO and improved FOO, different
algorithm systems are established in this paper for experimen-
tal comparison.

This paper is organized as follows: In Section II, the theo-
retical design and stability of improved SMO and improved
FOO are analyzed respectively, and on this basis, the sen-
sorless vector control system based on improved SMO and
improved FOO is designed. In Section III, a corresponding
experimental test platform is designed, and then a compara-
tive experiment is carried out on the sensorless vector control
system proposed in this paper, and the experimental results
are discussed to show the correctness and effectiveness of the
design in this paper. The conclusion is drawn in Section IV.

II. THE PROPOSED NEW SENSORLESS
VECTOR CONTROL SYSTEM
Vector control is one of the basic control methods in the field
of motor control. In [33]–[35], the basic principle of vector
control is described in detail. According to the basic theory of
vector control, a new sensorless vector control system based
on an improved SMO and an improved FOO is established
in this paper, which is shown in Fig. 1. It consists of a speed
loop based on a PI regulator, a current loop based on two PI
regulators, Park transforms, space vector pulse widthmodula-
tion (SVPWM), three-phase inverter, IPark transforms, Clark
transforms, PMSM, an improved SMO, an improved FOO,
etc. The improved SMO is used to estimate the rotor position,
and the improved FOO is used to estimate the rotor speed and
load torque, and feed-forward the estimated value of the load
torque to the given end of the quadrature current, where m
is the feedforward coefficient. The design principles of the
improved SMO and the improved FOO are described below,
respectively.
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FIGURE 1. The overall block diagram of the proposed new sensorless
vector control system.

A. ROTOR POSITION ESTIMATION BASED ON
AN IMPROVED SMO
The PMSMmodel equation in the stationary reference frame
is expressed as:{

diα
/
dt = −Riα

/
L + (uα − eα)

/
L

diβ
/
dt = −Riβ

/
L +

(
uβ − eβ

)/
L

(1)

In (1), iα , iβ , uα , uβ are the actual current, actual volt-
age, respectively; R is the stator resistance, L is the stator
inductance, eα and eβ respectively represent the actual back
EMF under the stationary coordinate system, the formula is
as follows: {

eα = −keωr sin θ
eβ = keωr cos θ

(2)

In (2), ωr is the motor rotor speed, ke is the back-EMF
coefficient.

In [23], the symbolic function is used to replace the switch-
ing function to construct the traditional SMO as follows: dîα

/
dt = −Rîα

/
L + ksgn

(
îα − iα

)/
L

dîβ
/
dt = −Rîβ

/
L + ksgn

(
îβ − iβ

)/
L

(3)

where, k is the sliding mode gain. sgn is the signum function.
According to (1) and (3), combined with the theory of

sliding mode variable structure control, the back-EMF is
obtained as follows: eα = ksgn

(
îα − iα

)
eα = ksgn

(
îβ − iβ

) (4)

After the back-EMF is estimated, the rotor position angle
can be obtained by the following formula:

θ̂e = − tan−1(eα
/
eβ ) (5)

However, according to the test results and analysis,
the back EMF obtained by (4) contains high-frequency chat-
tering signals. Traditional SMO usually uses a low-pass fil-
ter to eliminate high-frequency chattering signal, which will
bring a large phase delay. Therefore, traditional SMO has
problems such as jitter, offline phase compensation, and poor
estimation performance at low speeds. In order to solve these
problems, the mathematical model of the traditional SMO

is improved by three core contents: A low-pass filter whose
cut-off frequency can change with speed is designed, the esti-
mated value of back EMF is introduced into the mathematical
model of stator current estimation, and the adaptive rate of
feedback gain coefficient is proposed.

In response to the above problems, an improved SMO
based on the saturation function is designed as follows: dîα

/
dt = −Rîα

/
L + (uα − Zα − lZeα)

/
L

dîβ
/
dt = −Rîβ

/
L +

(
uβ − Zβ − lZeβ

)/
L

(6)

where, l is the feedback gain coefficient of the control func-
tion; Zeα and Zeβ are equivalent control functions of Zα and
Zβ , which are introduced into the stator current estimation
mathematical model; Zα and Zβ are the saturation function
instead of the traditional sliding mode variable structure
switching function, the function curve is shown in Fig. 2.

FIGURE 2. Saturation function curve.

In Fig. 2, 1 is the boundary layer and
[
Sα Sβ

]T
=[

îα − iα
îβ − iβ

]
. It can be seen from the saturation function curve

in Fig. 2 that this control law has two switching surfaces
(S = 1, S = −1 ), which is a linear function of S in
the boundary layer and a continuous function on the original
sliding surface S = 0, a variable structure system with
3 structures, defined as follows:[
Zα
Zβ

]
= Ksat

(
îs − is

)

= K ×


1 îs − is > 1(
îs − is

)
/1 1 > îs − is > −1

−1 −1 > îs − is

(7)

where, K is the sliding mode coefficient and is greater than
zero; Zα and Zβ are control functions, defined as follows:{

Zeα = Zαωc
/
(s+ ωc)

Zeβ = Zβωc
/
(s+ ωc)

(8)

where, ωc is the cutoff frequency of the low-pass filter.
From equations (1) and (6), the dynamic equation of the

improved SMO can be obtained:{
dSα

/
dt = −RSα

/
L + (es − Zs − lZeα)

/
L

dSβ
/
dt = −RSβ

/
L +

(
es − Zs − lZeβ

)/
L

(9)

40718 VOLUME 9, 2021



W. Lu et al.: New Sensorless Vector Control System With High Load Capacity Based on Improved SMO and Improved FOO

According to the principle of SMO, the equation of motion
on the sliding surface is as follows:{

Sα = îα − iα = 0
Sβ = îβ − iβ = 0

(10)

According to (9) and (10), the estimation formula of back
EMF of PMSM is as follows:{

eα = Zα + lZeα
eβ = Zβ + lZeβ

(11)

After estimating the back EMF, the rotor position can be
obtained according to formula (5). However, it can be seen
from equation (8) that the back EMF is obtained through
a low-pass filter, and there is a large phase delay, so the
position information estimated by equation (5) will also have
a large phase delay. Therefore, a low-pass filter whose cut-off
frequency can vary with the speed in this paper is designed,
and its cut-off frequency is as follows:

ωc = ωe
/
M (12)

In (12), M is a constant (usually set to 0.2∼0.5).
The rotor position of the improved SMO estimation based

on rotor angle compensation is as follows:

θe = − tan−1(eα
/
eβ )+ tan−1M (13)

Comparing with (5) and (13), it can be seen that the
improved SMO introduces angular position compensation in
position estimation, which can compensate for the influence
of phase shift on the system.

According to the theory of sliding mode variable structure
control, the stability condition of the sliding mode observer
is:

Sα,β × Ṡα,β < 0 (14)

Combining equations (9), (14) can be rewritten as:

Sα,β × Ṡα,β

=



1
Ls
Sα,β

[
eα,β −

(
jM + 1+ l
jM + 1

)
K
]
−

R
Ls
S2α,β ,

Sα,β > 1

1
Ls
Sα,β

[
eα,β −

(
jM + 1+ l
jM + 1

)
K
]
−

R
Ls
S2α,β ,

Sα,β < −1
(15)

Due to − R
Ls
S2α,β < 0, when Sα,β × Ṡα,β satisfies the

following formula, the sliding mode observer satisfies the
stability condition.[

1+ l
/
(jM + 1)

]
K >

∣∣eα,β ∣∣ = ke |ωr | (16)

The above formula can be rewritten as:(
|keωr |

/
K − 1

)
(jM + 1) < l (17)

Since M is generally small (M = 0.2), it can be ignored.
Equation (17) is simplified as follows:

ke|ωr |
/
K − 1 < l (18)

where, K > ke, take K = 1.5ke.
The selection of feedback gain coefficient l must meet the

stability requirements of equation (18). According to (18),
the adaptive law of feedback gain coefficient is proposed as
follows:

l =
∣∣ωref ∣∣− 1 (19)

In (19), ωref is the given speed, during steady-state opera-
tion satisfy ωref = ωr .

Based on the above analysis, the control block diagram
of the improved SMO for rotor position estimation is shown
in Fig. 3.

FIGURE 3. The principal block diagram of rotor position estimation based
on the improved SMO.

B. ROTOR SPEED AND LOAD TORQUE ESTIMATION
BASED ON AN IMPROVED FOO
Based on the rotor position estimated by the improved SMO,
an improved FOO is proposed to estimate the rotor speed and
load torque, which replaces the PLL or differential control
used in the traditional sensorless control system [23]–[29].
In order to better understand the improvement of the FOO,
the traditional FOO principle is briefly introduced firstly.

According to the state-space model of the PMSM motion
equation [30], the dynamic state equation of the motor is
obtained as follows:{

dx
/
dt = Ax + Bu

y = Dx
(20)

where: A =

 0 1 0
0 −Bm

/
J −1

/
J

0 0 0

, B =
 0
1
/
J

0

, x = θmωm
Td

,D = [ 1 0 0
]
, u = Te, y = θm, ωm is the mechanical

angular velocity; θm is the mechanical angular position; Te
is the motor output torque; Td is the load torque; J is the
moment of inertia; Bm is the viscous damping coefficient.

The structure and parameter estimation formula of tradi-
tional FOO are obtained as follows [31]:{

dx̂
/
dt = Ax̂ + Bu+ C

(
y− ŷ

)
ŷ = Dx̂

(21)
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d θ̂m

/
dt = c1

(
θm − θ̂m

)
+ ω̂m

dω̂m
/
dt = c2

(
θm − θ̂m

)
+ (Te − T̂d )

/
J

dT̂d
/
dt = c3

(
θm − θ̂m

) (22)

where, x̂ =
[
θ̂m ω̂m T̂d

]T
is the estimated state variable,

C =
[
c1 c2 c3

]T is the state feedback gain matrix.
Based on the improved SMO and traditional FOO, a sen-

sorless vector control system is established. Different from
the PLL speed estimation method [32], the traditional FOO
estimates speed based on the position information estimated
by the improved SMO. The experimental results show that
(in the third part of the experiment), the position sensorless
vector control system composed of the improved SMO and
the traditional FOO compared with the improved SMO and
PLL control methods has better speed dynamic response
performance under no-load conditions.

However, the experimental results also show that when the
load changes suddenly, the actual electromagnetic torque of
the motor will respond rapidly, but the dynamic response
of the load torque and speed estimated by traditional FOO
is very low, and the estimated speed value differs greatly
from the actual speed value, which will make the sensorless
closed-loop system unstable at this moment.

In order to solve this problem, according to (21),
the improved FOO based on a disturbance feedback matrix is
proposed and established. The improved FOO is constructed
as follows:{
dx̂
/
dt = Ax̂ + Bu+ C(y− ŷ)+ N × d(y− ŷ)

/
dt

ŷ = Dx̂
(23)

where, N =
[
n1 n2 n3

]T is the feedback matrix.
According to (20) and (23), the state equation of observa-

tion deviation can be obtained:
dx̃
dt
=
A− CD
I + ND

x̃ (24)

In (24), x̃ = x − x̃ is the observation error, when
I + ND 6= 0, that is n1 6= −1, (24) satisfies the stability
requirement. The characteristic equation of (24) is obtained
as follows:

det
[
sI −

A− CD
I + ND

]
= s3 +

(
Bm
J
+
c1 + n2
1+ n1

)
s2

+
(Jc2 + Bmc1 − n3)

J (1+ n1)
s−

c3
J (1+ n1)

= 0 (25)

According to the expression of the expected observer:
s3 − (α + β + γ )s2 + (αβ + βγ + γα)s − αβγ = 0,
suppose Bm = 0, and α = β = γ , the relation between
the pole and the feedback coefficient can be obtained:

3α = −(c1 + n2)
/
(1+ n1)

3α2 = (Jc2 − n3)
/
J (1+ n1)

α3 = c3
/
J (1+ n1)

(26)

From (23) and (26), the improved parameter estimation
formula can be obtained:

d θ̂m
/
dt = ω̂m + c1

(
θm − θ̂m

)
+ n1d

(
θm − θ̂m

)/
dt

dω̂m
/
dt = (Te − T̂d )

/
J + c2

(
θm − θ̂m

)
+ n2d

(
θm − θ̂m

)/
dt

dT̂d
/
dt = c3

(
θm − θ̂m

)
+ n3d

(
θm − θ̂m

)/
dt

(27)

Referring to the general PI regulation control theory, it can
be seen that the load torque identification formula (27) of
the improved FOO is similar to the general PI regulation
control, c3 and n3 are equivalent to the integral coefficient
and proportional coefficient of the PI regulator respectively.
According to the traditional FOO load torque identification
formula (22), it can be seen that it is only equivalent to the PI
regulator with integral control. Compared with the improved
FOO, the traditional method lacks the proportion link, so the
dynamic response performance of the improved FOO pro-
posed in this paper is better than the traditional method. And
referring to the regulation principle of the PI regulator and in
order to simplify the complexity of parameter regulation, c3
and n3 are set as independent regulation parameters in this
paper, by substituting c1 = α, n1 = 1/α into (26), it can be
obtained that:
c3 = α3J (1+ n1) = α3J (1+ 1/α)
n2 = −c1 − 3α (1+ n1) = −4α − 3
n3 = Jc2 − 3α2J (1+ n1) = Jc2 − 3α2J (1+ 1/α)

(28)

According to the above analysis and in combination
with (28), it can be seen that the various parameters have
achieved mutual adjustment, which has a certain regulating
effect on the noise amplification problem caused by the posi-
tion error derivative in (23). In order to further reduce the esti-
mation error and improve the anti-interference performance
of the system, the estimated load torque is used as the inter-
ference compensation signal for feed-forward compensation
to the given orthogonal current terminal. According to the
PMSM torque equation:

Te =
3
2
P(ψd iq − ψqid ) (29)

where ψd = Ld id + ψf , ψq = Lqiq,Te is electromagnetic
torque, P is the number of pole pairs. Since the vector control
strategy of idref = 0 is adopted in this paper, the compensa-
tion coefficients obtained from (29) is as follows:

m = 2
/(

3Pψf
)

(30)

According to the state variables of the motor, the Lyapunov
stability theory is used to analyze the stability of the observer
error, and a Lyapunov function is defined as follows from
the sufficient conditions for the asymptotic stability of the
nonlinear system:

V (x) =
1
2

(
θ̂2m + ω̂

2
m + T̂

2
d

)
(31)
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It can be seen that (31) is always greater than or equal
to 0, which is positive definite. The sufficient condition for
the asymptotic stability of the nonlinear system is dV (x)/
dt ≤ 0, that is, the error between the state variable and the
rotor speed is gradually reduced. The specific formula is as
follows:

dV (x)
dt
= θ̂m

˙̂
θm + ω̂m ˙̂ωm + T̂d

˙̂Td (32)

According to the feedback gain parameter obtained in (28),
the configuration of the feedback gain parameter can be
transformed into the configuration of a single-pole, and the
corresponding adjustment of the pole in conjunctionwith (27)
can obtain dV (x)

/
dt ≤ 0, which meets the stability condi-

tion.
According to the above analysis, the finally functional

block diagram of the improved FOO is shown in Fig. 4.

FIGURE 4. The principle block diagram of the improved FOO for rotor
speed and load torque estimation.

III. EXPERIMENTAL VERIFICATION
A. DESIGN OF THE EXPERIMENTAL PLATFORM
In order to verify the correctness and superiority of this
method, the switchable vector control scheme of sensor con-
trol and sensorless control is designed, and its principle
is shown in Fig. 5. A test platform based on the DSpace
control system is designed. And the principal block dia-
gram and physical photos of the test platform are shown
in Fig. 6 and Fig. 7 respectively. They are composed of the
motor (PMSM), encoder, torque and speed sensor, and load
generator (PMSM), driver, current and voltage acquisition
board, etc. The key parameters of the test platform are shown
in Table 1.

FIGURE 5. The overall block diagram of the PMSM vector control system
with sensorless control and sensor control.

FIGURE 6. The principle block diagram of the test platform.

FIGURE 7. The physical photos of the test platform.

TABLE 1. The key parameters of the test platform.

B. EXPERIMENTAL TEST
1) ESTIMATED PERFORMANCE TEST OF THE OBSERVER
In [26], the position estimation performance of the sensorless
vector control system based on the improved SMO and PLL is
tested and analyzed. The experiments show that the improved
SMO proposed in this paper effectively weakens the chat-
tering problem of the traditional SMO, and the estimated
rotor position at low speed can effectively track the actual
rotor position. However, the speed estimation performance,
dynamic response, and load capacity are not analyzed in
detail. Therefore, in order to analyze the speed estimation
performance, dynamic response performance and load capac-
ity of the sensorless vector control system designed in this
paper, the following experimental comparisons are carried
out respectively.
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Firstly, in order to analyze the speed estimation per-
formance of sensorless vector control system composed
of improved SMO, a sensorless vector control system is
established based on improved SMO and traditional FOO.
According to the position information of the improved SMO
estimation, the performance of the traditional FOO and PLL
speeds estimation is tested and compared.

FIGURE 8. Speed estimation performance comparison between the PLL
and traditional FOO.

Fig. 8 shows the speed estimation performance of the PLL
and the traditional FOO when the motor operates at variable
speed 15 r/min to 2000 r/min no-load condition. It can be
seen from the waveform that the PLL has a higher delay in
estimating the speed than the traditional FOO, the minimum
speed can only run to 250 r/min due to the delay, if the
sensorless closed-loop control is carried out, the dynamic
response performance may be worse or even lead to system
instability. The speed estimated by the traditional FOO can
track the change of the given speed well and has a small delay
and fluctuation, if it is used in the sensorless closed-loop
control, the dynamic response performance of the system
will be better. Therefore, the speed estimation performance
of traditional FOO in the sensorless vector control system is
better than that of PLL.

Secondly, in order to compare the estimation performance
of the traditional FOO and the improved FOO, a new sen-
sorless vector control system is established based on the
improved SMO and traditional FOO, and the no-load and
anti-load interference tests were carried out at a given speed
of 100 r/min and 2000 r/min respectively.

The position and speed waveform estimated by the
encoder(red, the same below), traditional FOO (brown),
and improved FOO (blue) are obtained as shown in Fig. 9,
respectively, when the given speed is 100 r/min with no-
load. From the waveforms, it can be seen that the position
waveform estimated by the traditional and improved
observers can well follow the actual position of the motor.
According to the position information obtained by the
encoder, the average value of actual speed is 100.2 r/min, and
the steady-state error is 0.87%. The average speed estimated
by traditional FOO is 100.35 r/min, and the steady-state error
is 1.54%. The average speed estimated by the improved FOO
is 100.25 r/min, and the steady-state error is 0.44%, which
can better track the actual speed.

Fig. 10 shows the experimental waveform of an anti-
load disturbance at a given speed of 100 r/min. Due to the

FIGURE 9. The experiment at a given speed of 100 r/min with no-load.
(a) The position waveform estimated by the encoder, traditional FOO and
improved FOO. (b) The speed waveform estimated by the encoder,
traditional FOO, and improved FOO.

FIGURE 10. Anti-load disturbance experiment at a given speed
of 100 r/min. (a) The load torque waveform estimated by the traditional
FOO and improved FOO. (b) The speed waveform estimated by the
encoder, traditional FOO, and improved FOO.

limitation of the test system, the maximum load torque cor-
responding to 100 r/min is 4.6 N.m. From the waveform
in Fig. 10 (a), it can be seen that the load torque estimated
by the traditional FOO rises to 3.4 N.m after 0.071 s in the
process of load sudden increase. In the process of sudden
load decrease, the estimated load torque value decreases to
0.4 N.m after 0.091 s. Under the same sudden load change
condition, the load torque estimated by the improved FOO
increased to 3.4 N.m after 0.012 s when the loadwas suddenly
increased and decreased to 0.4 N.m after 0.012 s when the
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load was suddenly unloaded. Therefore, the response perfor-
mance of load torque identification of the improved observer
is better than that of the traditional observer.

From the waveform in Fig. 10 (b), it can be seen that
in the process of sudden load increase, the actual speed of
the motor decreases from 100.4 r/min to 83 r/min, and the
change value of the speed is 17.4 r/min, after 0.071 s, it recov-
ers to 100 r/min. Under the same load change condition,
the speed estimated by the traditional FOO decreases from
100.8 r/min to −203 r/min, and the change value of the
speed is 303.8 r/min, after 0.071 s, it recovers to 95.2 r/min.
The speed estimated by the improved FOO decreases from
101.5 r/min to 63 r/min, and the change value of the speed is
38.5 r/min and recovers to 102.4 r/min after 0.071 s.

In the process of sudden load decrease, the actual speed
of the motor rises from 98.8 r/min to 122 r/min, the change
value of the speed is 23.2 r/min, and it recovers to 100 r/min
after 0.091 s. Under the same load change condition, the
estimated speed of the traditional FOO rises from 94.7 r/min
to 523 r/min, the change value of the speed is 428.3 r/min, and
it recovers to 101.8 r/min after 0.091 s. The speed estimated
by the improved FOO rises from 96.9 r/min to 153 r/min,
the change value of the speed is 56.1 r/min, and recovers to
101.2 r/min after 0.091 s.

From the test results, when the given speed is 100r / min,
the improved FOO can better track the actual speed of the
motor due to the introduction of load disturbance compensa-
tion signal, and the steady-state error is small. Compared with
the traditional FOO single integral link, after the improved
FOO introduces the error derivative feedback term, the obser-
vation of load torque adds a proportional link to the original
integral link, so the load torque estimation response is faster.
And when the load changes suddenly, it has better-tracked
performance for motor speed. If the traditional FOO is used
to estimate the speed and perform sensorless closed-loop con-
trol, the system may become unstable when the load changes
suddenly. But the speed change estimated by the improved
FOO is similar to the actual speed change of the motor, so the
sensorless closed-loop control can be effectively realized.

Fig. 11 is the waveform obtained from the experiment
at a given speed of 2000 r/min with no-load. The observed
waveform shows that the rotor position estimated by the tra-
ditional and improved observers can better follow the change
of the actual position. According to the position information
obtained by the encoder, the average value of actual speed is
2000.2 r/min, and the steady-state error is 0.03%. The average
speed obtained by the traditional FOO is 2000.35 r/min, and
the steady-state error is 0.27%. The improved FOO average
speed is 2000.6 r/min, and the steady-state error is 0.12%.
which is basically the same as the actual speed change of the
motor.

Fig. 12. shows the experimental waveform of an anti-
load disturbance at a given speed of 2000 r/min. From the
waveform in Fig.12 (a), it can be seen that the load torque
estimated by the traditional FOO decreases to 0.8 N.m after
0.029 s in the process of sudden load decrease, and rises

FIGURE 11. The experiment at a given speed of 2000 r/min with no-load.
(a) The position waveform estimated by the encoder, traditional FOO and
improved FOO. (b) The speed waveform estimated by the encoder,
traditional FOO, and improved FOO.

FIGURE 12. Anti-load disturbance experiment at a given speed of
2000 r/min. (a) The load torque waveform estimated by the traditional
FOO and improved FOO. (b) The speed waveform estimated by the
encoder, traditional FOO, and improved FOO.

to 5.8 N.m after 0.032 s in the process of sudden load
increase.

Under the same sudden load change condition, the load
estimated by the improved FOO decreases to 0.8 N.m after
0.006 s and rises to 5.8 N.m after 0.007 s. Therefore,
the response performance of the load torque of the improved
FOO is better than that of the traditional FOO.

In Fig. 12 (b), when the load decreases suddenly,
the actual speed increases instantaneously from 2000 r/min
to 2044 r/min. The estimated speed of the improved method
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almost no change at all at the moment of load change, then
increased to 2013 r/min and recovered to 1999.5 r/min after
0.121 s. However, the estimation speed of the traditional
method is reduced to 1910 r/min under sudden load shedding
and returns to 2002.1 r/min after 0.121 s.

When the load is suddenly increased, the actual speed
decreases from 2000 r/min to 1960 r/min. The estimated
speed of the improved method hardly changed at the moment
of load change, then decreased to 1988 r/min, and recovered
to 2000.5 r/min after 0.116 s. However, the estimated speed
of the traditional method will rise to 2089 r/min instantly and
returns to 1999.3 r/min after 0.116 s.

According to the above experimental results, it can be
seen that at a given speed of 2000 r/min, the improved FOO
can better track the actual speed of the motor due to the
introduction of load disturbance compensation signal, and the
steady-state error is small. comparedwith the traditional FOO
single integral link, after the improved FOO introduces the
error derivative feedback term, the observation load torque
will increase the proportional link to the original integral link.
Therefore, the load torque estimation response is faster, and
it has better motor speed tracking performance when the load
changes suddenly. If the traditional FOO is used to estimate
the speed and perform sensorless closed-loop control, the
system may become unstable when the load changes sud-
denly. But the speed change estimated by the improved FOO
is similar to the actual speed change of the motor, so the
sensorless closed-loop control can be effectively realized.

2) TEST OF THE INFLUENCE OF MOTOR PARAMETER
CHANGES ON THE SYSTEM
In order to analyze the influence of motor parameter changes
on the system, based on the method of modeling and simula-
tion, the influence of the threemotor parameters of resistance,
stator inductance, and moment of inertia on the system per-
formance is analyzed when the motor is running in the rated
state.

Firstly, the influence of the stator resistance changes is
analyzed. The rated value of resistance is 0.68� (R= 0.68�).
When the resistance changes to 0.2R, 2R, 5R, the simula-
tion results of estimated position, speed, and load torque are
shown in Fig. 13 (a), (b), and (c) respectively. By observing
the waveforms in Fig.13 (a) and (b), it can be seen that when
the resistance changes between 0.2R-5R, it has little influence
on the estimated rotor position, and the maximum change
value of position estimation is 0.12◦; when the resistance
changes, the speed estimated by the improved FOO can well
track the change of actual speed, and the maximum deviation
of estimated speed is 1.1 r/min. It can be seen from the wave-
form in Fig. 13 (c) that when the resistance changes between
0.2R-5R, the estimated load torque is little affected by the
resistance change, and the maximum deviation is 0.07 N.m.
According to the above analysis, the resistance change has
little influence on the proposed vector control system based
on the improved SMO and the improved FOO.

FIGURE 13. The waveform of estimated speed, position, and load torque
under the different stator resistances. (a) Estimated position waveform.
(b) Estimated speed waveform. (c) Load torque estimation waveform.

Secondly, the influence of stator inductance variation is
analyzed. The rated value of stator inductance is 0.0055 mH
(L = 0.0055 mH). When the stator inductance changes
to 0.2L, 2L, 5L, the simulation results of estimated posi-
tion, speed, and load torque are shown in Fig. 14 (a), (b),
and (c) respectively. By observing the waveforms
in Fig. 14 (a) and (b), it can be seen that when the stator
inductance changes between 0.2L-5L, it has little influence
on the estimated rotor position, and the maximum change
value of position estimation is 0.1◦; when the stator induc-
tance changes, the speed estimated by the improved FOO
can well track the change of actual speed, and the maximum
deviation of estimated speed is 1.4 r/min. It can be seen from
the waveform in Fig. 14 (c) that when the stator inductance
changes between 0.2L-5L, the estimated load torque is little
affected by the stator inductance change, and the maximum
deviation is 0.08 N.m. According to the above analysis, the
stator inductance change has little influence on the proposed
vector control system based on the improved SMO and the
improved FOO.

Finally, the influence of the change of the moment of
inertia is analyzed. The rated moment of inertia of the motor
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FIGURE 14. The waveform of estimated speed, position, and load torque
under the different stator inductance. (a) Estimated position waveform.
(b) Estimated speed waveform. (c) Load torque estimation waveform.

is 0.01482 kg.m2 (J = 0.01482 kg.m2). When the moment
of inertia changes to 0.2J, 2J, 5J, the simulation results
of estimated position, speed, and load torque are shown
in Fig. 15 (a), (b), and (c) respectively. By observing the
waveforms in Fig.15 (a) and (b), it can be seen that when
the moment of inertia changes between 0.2J-5J, it has little
influence on the estimated rotor position, and the maximum
change value of position estimation is 0.14◦; when the
moment of inertia changes, the speed estimated by the
improved FOO can well track the change of actual speed,
and the maximum deviation of estimated speed is 1.4 r/min.
It can be seen from the waveform in Fig. 15 (c) that when
the moment of inertia changes between 0.2J-5J, the estimated
load torque is little affected by the moment of inertia change,
and the maximum deviation is 0.11 N.m. According to the
above analysis, the moment of inertia change has little influ-
ence on the proposed vector control system based on the
improved SMO and the improved FOO.

From the above analysis, it can be seen that the changes
of resistance, inductance, and moment of inertia have little
influence on the proposed vector control system composed
of improved SMO and improved FOO, which indicates that
the control system has good robustness.

FIGURE 15. The waveform of estimated speed, position, and load torque
under the different moment of inertia. (a) Estimated position waveform.
(b) Estimated speed waveform. (c) Load torque estimation waveform.

3) LOAD-CAPACITY TEST
From the previous analysis, the estimation performance of
the improved FOO is better than that of the traditional FOO.
In this paper, the improved SMO and the improved FOO
is integrated, and the estimated load torque identification
value is feedforward compensated to the given end of the
quadrature axis current. Based on this, the load capacity of
the sensorless vector control system is tested.

Fig. 16 is the experimental waveform obtained when
the load suddenly changes when the motor is running at
100 r/min. The experimental waveforms show that when the

FIGURE 16. The speed waveform at a given speed of 100 r/min with full
load mutation.
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FIGURE 17. The speed waveform at a given speed of 2000 r/min with full
load mutation.

load suddenly increases, the speed decreases from 100 r/min
to 93.8 r/min; when the load drops suddenly, the speed rises
from 100 r/min to 106.8 r/min, and the recovery time to
steady-state is about 0.32 s.

Fig. 17 is the experimental waveform obtained when
the load suddenly changes when the motor is running at
2000 r/min. The observed waveform shows that the speed
decreases from 2000.3 r/min to 1994.3 r/min when the load
suddenly increased and rises from 2000 r/min to 2006.3 r/min
when the load suddenly decreased, and the recovery time to
steady-state is about 0.26 s.

Therefore, the experiment proves that the sensorless vector
control system designed by the proposedmethod has success-
fully realized closed-loop operation, and the system is reliable
when the load suddenly changes.

IV. CONCLUSION
In order to improve the load capacity and reliability of the sen-
sorless vector control system, an improved sensorless vector
control system is proposed based on an improved SMOand an
improved FOO. The improved SMO is used for estimating the
rotor position, and the improved FOO is used for estimating
the rotor speed and load torque. Based on the integration
of these methods, a new sensorless vector control system is
established finally.

The experimental results show that the dynamic follow
performance of the speed of the sensorless control system
designed by the improved SMO and the traditional FOO
is better than that of the sensorless vector control system
composed of improved SMO and PLL. But when the load
changes suddenly, the dynamic response of the load torque
and speed estimated by traditional FOO is very low, and
the estimated speed value differs greatly from the actual
speed value, which affects the reliability of the sensorless
control system. While under the same load change, the load
torque response of the sensorless control system designed
by the improved SMO and the improved FOO is faster, and
the estimated speed can better track the changing trend of
the actual speed, which can achieve effective closed-loop
sensorless control. Therefore, the sensorless vector control
system based on improved SMO and improved FOO has a
high dynamic response, load capacity, and reliability, which
is more suitable for variable speed and variable load driving
applications.
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