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Sensorless Control of Permanent Magnet
Synchronous Motor Based on New Sliding Mode
Observer with Single Resistor Current
Reconstruction

Qingguo Sun, Member, IEEE, Xiaolei Zhu, and Feng Niu, Member, IEEE

Abstract—To solve the chattering problem caused by
discontinuous switching function in traditional sliding mode
observer, a piecewise square root switching function with
continuously varying characteristics is designed, and its stability
is analyzed by using Lyapunov stability criterion. Secondly,
according to the relationship among bus current, switching state
and phase current, a single bus resistance sampling current
reconstruction scheme without current sensors is adopted, which
effectively reduces the cost of motor system. Finally, the feasibility
and effectiveness of the proposed scheme are verified by
simulation.

Index Terms—Permanent magnet synchronous motor, New
sliding mode observer, Phase-locked loop, Single resistor, Current
reconstruction.

[. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has

been widely concerned and applied in aerospace, electric
vehicles and other fields because of its simple structure, small
size, light weight, high efficiency, high power density and so
on[1]. However, obtaining the rotor position by installing the
position sensor will bring the increase of cost, the decrease of
reliability and the limitation of application. Therefore,
sensorless control has become the current research hotspot[2].
sliding mode observer (SMO) technology has the
characteristics of simple design, strong robustness and
insensitive to the change of parameters, so it has become a
potential position sensorless control scheme for medium and
high speed PMSM[3].

The switch signal is usually used to modify the back
electromotive force (EMF) of the constructed motor system
based on sliding mode observer. Then the speed and position
are obtained by back EMF. However, in the traditional sliding
mode observer, the sliding mode function in the form of switch
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is used for position estimation, its inherent discontinuous
switching characteristics and the electromagnetic parameter
noise introduced by the motor system cause system chattering,
which seriously affects the accuracy of position estimation[4].
In order to weaken the chattering phenomenon, smooth
saturation function, sigmoid function, piecewise exponential
function and hyperdistortion function are respectively adopted
in [5]-[8], and make use of their continuous variation
characteristics to make the approaching process of the system
smoother, so that the sliding mode observer can run at a lower
speed. The sinusoidal switching function which accords with
the characteristics of back EMF is introduced in [9] to avoid the
complex operation of exponential function. Furthermore, in
order to improve the convergence of sinusoidal switching
function, a sinusoidal saturation function with variable
boundary layer is proposed in [10], which not only achieves fast
convergence but also ensures the estimation accuracy. In
addition, the chattering of the system can be suppressed by
optimizing the sliding mode approach rate[11], designing a new
filter[12] and adjusting the sliding mode gain[13].

In order to further reduce the cost of the motor control system,
a single bus current sensor is used to obtain bus current and
reconstruct three-phase current in [14], which reduces the
number of current sensors. And the single-bus current sensor is
replaced by single-bus resistance in [15], which further saves
the cost. The reference [16] realizes the current reconstruction
in the over-modulation region by changing the installation
position of the single current sensor, and avoids the current
distortion by improving the traditional vector pulse insertion
method, but the program is complicated.

A new switching function, piecewise square root function, is
proposed to suppress sliding mode chattering in this paper, and
the stability is determined by constructing Lyapunov equation.
Meanwhile, in order to improve the accuracy and immunity of
rotor position estimation, this paper uses phase-locked loop
(PLL) for position estimation. In addition, in order to further
reduce the system cost, a single bus resistance scheme which
through sampling the voltage of bus resistance and combining
the switching state to reconstruct the three-phase current is
adopted in this paper. Finally, the feasibility and effectiveness
of the above scheme are verified by simulation.
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II. DESIGN OF A NEW SLIDING MODE OBSERVER

A. Construction of a new sliding mode observer

The mathematical model of the interior PMSM in the d-q
rotating frame is given by

di, 1 . .
E:Z(ud -Ri, +o,Lji, —e,)
di 1

q _ . .
E—L—q(uq—qu—a)eLdld—eq) (1)
e, =0
eq =we!//f

where ig, iy, ua, Uy are stator currents and voltages in the d-q
rotating frame respectively, R is the stator resistance, Ly, L, are
the inductors in the direct and quadrature axis respectively, w.
is the electric angular velocity, es, e, are the induced
electromotive forces in the direct and quadrature axis
respectively, yyis the permanent magnet flux linkage.

According to the sliding mode variable structure control
theory, the mathematical model of the traditional sliding mode
observer is designed as

di, 1 . s s

il =—(u, - Ri, +o,Li, - K sgn(i, —i,))

dt L, @
di, 1 . A s .
7;sz_(uq —qu -w,L,i, —ngn(zq —zq))

q
where i, , fq are stator estimated currents in the d-q rotating

frame respectively, K is the sliding mode gain, sgn() is the
symbolic function.

Subtracting (1) from (2), the state equation of stator current
error can be expressed as

di - . A

izL(—Rid +o,Li, —Ksgn@, —i,)+e,)

d L, 3)
di, 1 . - .

7::L_(_Rl" ~o,L,i, - Ksgn(i, —i)+e,)

q
where 1, i, are the error between estimated value and actual

value of stator current in the d-q rotating frame respectively.
Rewrite equation (3) into vector form as

i =Ti + B(—K sgn(i)+e) 4)
where, i = [fd INJT ; e= [ed e, ]T ;
L 1
R4, - 0
T = Ld Ld : B= Ld
L, R 1
L L, L,

Define the sliding surface of the system as

s=i 5)
where s = [sd S, ]T.

In order to weaken the sliding mode chattering, a piecewise
square root switching function is designed to replace the

switching function as

1 x>a
X 0<x<a
a
S(x) = (6)
-X
—|— —a<x<0
a
-1 x<-a

where x is the output of sliding surface function, a is the
boundary layer thickness. The new switching function has the
characteristics of continuous variation in the boundary layer
and saturation outside the boundary layer, which can achieve a
good buffeting weakening effect. Fig. 1 shows the new
switching function.

v 4

Fig. 1. A piecewise square root switching function.

The piecewise square root switching function proposed in
this paper avoids the phenomenon that the change rate of the
new piecewise exponential switching function in [7] is zero at
zero. In addition, although the variation trend of the proposed
function is similar to that of the sigmoid function in the
boundary layer, it does not need complex exponential operation
and is easier to implement.

Based on the proposed piecewise square root switching
function, the new stator current error state equation can be
rewritten as

i =Ti + B(-Kf(s) +e) %)
When the system reaches the sliding surface, it is satisfied
s=§=0 ®)

where s is the differential of s.

According to (5), (7) and (8), the observed value of the back
EMF can be written as

{Kf(sd):ed =0
Kf(s,)=e, =y,

The traditional sliding mode observer has discontinuous
switching state, so there must be discontinuous high-frequency
signals in the EMF observations constructed by the traditional
sliding mode observer. In order to obtain the accurate rotor
position, it is generally necessary to filter the induced EMF
observations which will cause rotor position estimation error.
However, the new switching function proposed in this paper
can not only effectively suppress the sliding mode chattering,
but also effectively weaken the discontinuous high frequency
signals in the induced EMF observations, thus avoiding the
introduction of the filter. The estimation error caused by the use
of low-pass filter in sliding mode observer is eliminated
indirectly.
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B. Stability analysis

In this paper, the stability of the new sliding mode observer is
analyzed by Lyapunov stability criterion. Define the Lyapunov
function as

V=%(sd2+sq2) (10)

Derive the equation (10) and make it satisfy the stability
condition ¥ <0, so

V=5,8,+s,8,

R L
= sl s, RS () ve)
d

11
L, L, (h

55,5, 4L (RS (s, ve,)
—-——s ——aw,s,s, +—(-Kf(s,)+e
q evdq q q

L' L, L,
Therefore, when the sliding mode gain is satisfied (12), the
new sliding mode observer proposed in this paper satisfies the
stability condition of Lyapunov stability criterion and can make

the current error converge to zero in finite time.

Sal) (12)

K > max{e, + L 0,

sq|,eq+deoe

III. ESTIMATION OF ROTATIONAL SPEED AND ROTOR POSITION

Through the new sliding mode observer proposed in this
paper, can be obtained. From (9), it can be seen that the EMF in
the d-q rotating frame contains the electric angular velocity
information, so the electric angular velocity can be expressed as

e
o, =—- (13)
Yy

Furthermore, the position of the rotor can be obtained by
integrating the angular velocity with time. However, in the
actual operation of the motor, affected by temperature and other
factors, the rotor flux is not a fixed value. Therefore, the electric
angular velocity and rotor position calculated by this method
are not accurate, which seriously affects the control
performance of the whole motor system. In order to avoid the
influence of rotor flux change on position estimation, it is
necessary to design a scheme with good anti-disturbance
characteristics.

The induced EMF of PMSM in d-q estimated frame can be
written as

e, =esin(d, —0))

A (14)
e, =ecos(t,-0,)

where e =[e; +e§ , é@ is the estimated rotor position angle,

0, is the actual rotor position.

When the estimated rotor position angle is equal to the actual
rotor position angle, the d-axis induced EMF is equal to 0.
Therefore, the accuracy of speed and position estimation can be
improved by PLL to avoid the influence of harmonic
components in observed induced EMF. Fig. 2 shows the block
diagram of PLL.

According to Fig. 2, the closed-loop transfer function of the
system is expressed as

+ W, 0,
A o || Ktk Us [—e—>

Fig. 2. Block diagram of PLL.

é@(s) 3 ers +ek,
0,(s)

where K, K; are the proportional and integral gain,
respectively.

According to the standard form of the closed-loop transfer
function of the second-order system, the parameter of PI
regulator can be calculated as

G(s)= (15)

s? +eK s +ekK,

¢ (16)

e

where w, is the expected closed-loop bandwidth of the system,
T is the time constant.

The new sensorless system proposed in this paper is shown
in Fig. 3. Firstly, the induced EMF of d and q axes can be
obtained by the new sliding mode observer after the voltage and
current of d and q axes pass through low-pass filter and zero
order state holder respectively. Then, the speed and position
can be estimated by PLL.
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Fig. 3. Block diagram of the proposed sensorlesss system.

IV. SINGLE RESISTANCE CURRENT RECONSTRUCTION

In this paper, the sample resistor R; in series on the DC bus.
The three-phase current is reconstructed by sampling bus
current combining the current switching state. Space Vector
Pulse Width Modulation (SVPWM) is adopted in this paper.
The relationship between bus current and three-phase current
under basic voltage vector is shown in Table 1.

In a PWM cycle, when two basic voltage vectors act, sample
the bus current. Then, according to the relationship between bus
current and three-phase current in Table I obtain two-phase
current, and use i,tiptic—0 obtain residual phase current.
Finally, three-phase current reconstruction is realized.

In practical application, in order to obtain accurate current
information, it is necessary to meet the limit of the minimum
sampling window.

Time Tmin corresponding to the minimum sampling window
can be expressed as
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TABLEI
BASIC VOLTAGE VECTOR AND SAMPLING PHASE CURRENT

Basic voltage Relationship between bus current

Sector vector and three-phase current Sa [
| 100 iy S
110 i, S N .
) 110 -ic (c) @
010 i Fig. 5. Vector of Non-observation area and compensation method. (a) Vector
of sector transition area. (b) Vector of low voltage modulation area. (c)
010 iy Compensation of sector transition area. (d) Compensation of low voltage
3 . modulation area.
011 -la
4 ot “fa V. SIMULATION ANALYSIS
001 i . . ..
! In order to verify the effectiveness of the new sliding mode
5 ool e observer and single resistor current reconstruction scheme
101 i proposed in this paper, based on the permanent magnet
101 -y synchronous motor shown in Table I, a PMSM sensorless
6 100 i vector control system simulation model as shown in Fig. 6 was
built in MATLAB/Simulink, and simulation analysis and
verification were carried out. The new sliding mode observer
anin = Td + TAD + T;‘et (17) g

where T, is dead time, T4p is A-D conversion time, T is bus
current stabilization time.

In order to meet the minimum sampling window limit, it is
necessary to compensate the sector transition area and
low-voltage modulation area existing in each sector when using
SVPWM. The compensation method adopted in this paper is
phase shifting, which increases the vector action time in the
sampling area and reduces the vector action time in the non
sampling area to ensure that the resultant voltage vector
remains unchanged. The sector transition area and low-voltage
modulation area are shown in Fig. 4, and the compensation for
the sector transition area and low-voltage modulation area is
shown in Fig. 5.

U2 (010) ——_ Uq(110)

Low voltage
modulation

U2(010) ——_ Us(110) gocior
v \ transition

area

A A\

Us(101)
() (b)

Fig. 4. Non-observation area. (a) Sector transition area. (b) Low voltage
modulation area.

The red region vector (101) in Fig. 5(c) is the additional
vector generated during the phase shifting of the green region in
Fig. 5(a), and the red region vector (101) and purple region
vector (001) in Fig. 5(d) are the additional vectors generated
during the phase shifting of the blue region and green region in
Fig. 5(a), respectively. After phase shifting, the green and blue
areas in Fig. 5(c) and Fig. 5(d) are the sampling areas, which
ensures the effectiveness and accuracy of sampling.

p — 110
— 100

and the single resistor current reconstruction are used in
proposed scheme together in this paper.

TABLE I
PARAMETER OF PMSM
Parameter Value
Rated power/kW 1.3
Rated current/A 5
Rated speed/(r/min) 1500
Rated torque/(N-m) 8.34
Pole-pairs 5
Stator resistance/Q 2
d, q axis inductance/mH 9.55
Flux/Wb 0.18

@ Gates

. Inverter [

Up

SVPWM -
R U‘;J

in| Current re-
i | construction

Fig. 6. Diagram of sensorless vector control of PMSM.

Fig. 7 shows the speed, estimated position and reconstructed
current waveform of the motor system from start-up to rated
speed using traditional and new sliding mode observers,
respectively. The simulation results show that the speed
chattering in the traditional scheme shown in Fig. 7(a) is larger,
the current fluctuates obviously under no-load and rated load,
and there is a certain error between the estimated position and
the actual position. However, after using the new sliding mode
observer in Fig. 7(b), the speed almost has no chattering, the
current has almost no fluctuation under no-load and rated load,
and the position estimation error is further reduced. The result
in Fig. 7 fully confirms the chattering suppression effect of the
proposed sliding mode observer.
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Fig. 8. Simulation results of speed mutation.

Fig. 8 shows the comparative simulation results of the
sudden change of motor speed. The motor speed is suddenly
increased from 750r/min to 1500r/min at 0.1s and then from
1500r/min to 750r/min at 0.6s. The comparison shows that the
position estimation error and speed estimation error of the
traditional scheme are significantly larger than those of the
proposed scheme in the process of sudden acceleration and
deceleration of the motor. Thus, the new sliding mode observer
proposed in this paper has better dynamic performance and
buffeting suppression effect.

Fig. 9 shows the simulation comparison of the speed, speed
estimation error and position estimation error of the motor in
the case of sudden load change between the traditional and the
proposed scheme. The motor suddenly increases the rated load
at 0.2s and decreases to no load at 0.6s. Compared with the
proposed scheme, the speed estimation error and position
estimation error of the traditional scheme are obviously

increased, and the chattering of the traditional scheme is serious.

It can be seen that the stability and dynamic performance of the
scheme proposed in this paper have obvious advantages in the
case of sudden change of system load.
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Fig. 9. Simulation results of load mutation.

Fig. 10 shows the actual current, reconstruction current and
A-phase current error of the motor under rated speed and rated
load. It can be seen from Fig. 10 that the reconstructed
three-phase current still has some errors compared with the
actual three-phase current in the low-voltage modulation region,
but on the whole, the reconstructed three-phase current can
meet the requirements of the motor control scheme.

Actual

Phase A current Reconstruction

Time (ms)

Fig. 10. Simulation results of current reconstruction.

VI. CONCLUSION

In this paper, a sensorless control scheme of PMSM based on
new sliding mode observer and single resistor current
reconstruction is proposed. Firstly, a piecewise square root
switching function is designed, which makes use of the
characteristics of continuity in the boundary layer and
saturation outside the boundary layer to effectively restrain the
chattering problem of the traditional sliding mode observer.
Secondly, a single resistor used to sample bus current for
current reconstruction is adopted. By analyzing the relationship
among bus current, phase current and switching state, the bus
current sampled by resistor is used to reconstruct the
three-phase current without current sensor. The sensorless
technology based on single resistance current reconstruction
proposed in this paper reduces the driving cost, does not need to
use mechanical position sensor and current sensor, and
increases the reliability of the system. However, the problem of
waveform distortion of current reconstruction and the error of
position estimation in the non-observation area are worthy of
further study and solution.
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