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Abstract. A novel sliding mode observer (SMO) is presented for sensorless control of permanent
magnet synchronous machines (PMSM). Compared to conventional sliding mode observers, the
sigmoid function is used to weaken chattering problem; Kalman filter is substituted for
conventional low-pass filters. Asymptotical stability is analyzed by Lyapunov stability theory.
The active-disturbance rejection control (ADRC) speed regulator is designed with a given speed
and estimated speed by novel sliding mode observer as inputs and iq* as output. The effect of load
in speed loop is regarded as an external disturbance in the ADRC regulator. The disturbance is
observed and compensated by ADRC, which leads to good dynamic and static performance and
robust to load. Experimental results are provided to verify the feasibility and effectiveness of the
proposed method.

Keywords: PMSM, sliding mode observer, Kalman filter, phase-locked loop, ADRC.
1. Introduction

In recent years, PMSM has been vigorously developing because of its advantages in reliability
and high efficiency [1-3]. In the high-performance control system of PMSM, the rotor speed and
position signals used to achieve closed-loop control are collected by mechanical sensors, which
have the disadvantages in high costs, installation difficulties, larger volume and reduced
reliability, therefore the research on speed sensorless has a great significance in solving the above
problems. The observer — based estimation methods of the position and speed of PMSM are as
follows: adaptive observer [4], Kalman filter [5], sliding mode observer [6-9], and so on.

In a conventional sliding-mode observer (SMO), a low-pass filter (LPF) and an additional
position compensation of the rotor are used to reduce the chattering problem commonly found in
SMOs using a signum function. Currently, a sigmoid function is used for the SMO as a switching
function. Most of the observer designs focus on the fast response and high tracking accuracy. For
the fast response, the use of a sigmoid function in a boundary layer is popular. However, the
observer error cannot be guaranteed to converge to zero within the boundary layer [10-12]. In
order to get high tracking accuracy a new sensorless control algorithm that uses a sigmoid function
as a switching function with variable boundary layers and without LPF is proposed [13]. And the
stator resistance is estimated using an adaptive control scheme to improve the steady-state
performance. But variable boundary layers and estimating the stator resistance make the observer
complex. This paper proposes a new sensorless control algorithm for a PMSM based on the new
SMO which uses a sigmoid function as a switching function with constant boundary layers and
Kalman filter. Compared to conventional SMO the novel sliding mode observer proposed in this
paper can reduce system chattering and observer error, and algorithm is more simple than that is
proposed in reference [13]. Furthermore, the Phase-locked loop (PLL) is used for improving the
precision of the rotor speed estimation.

The PID regulator is adopted in the speed loop in the conventional vector control of PMSM.
The PID regulator has the advantages in simple structure and good stability, but its parameter
robustness cannot meet the requirements of the speed fast response and high steady state precision
in the wide speed range. At low speed, the system can't even be normally operated [14]. According
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to the nonlinear, the multivariable and strong coupling characteristics of PMSM, ADRC speed
regulator is proposed in this paper, which is based on feature that the ADRC has a good control
effect on time-varying, nonlinear, strong coupling, large time delay object. Compared to the
conventional PID speed regulator, ADRC speed regulator achieved the speed fast response and
high steady state precision at the same time. The output of ADRC extended state observer does
not distinguish between internal and external disturbance in the system, but the sum of them, thus
the disturbance can be offset by compensation. It significantly reduces the effects of parameter
variations and load disturbances on the system. An experimental platform based on the theoretical
analysis is built, and experimental results are provided to verify the correctness of the designed
speed sensorless and ADRC control system of PMSM.

2. Models of PMSM

The sliding mode observer is designed under the mathematical model of PMSM in two-phase
stationary coordinate system, and the auto disturbance rejection speed regulator is deduced in
two-phase rotational coordinate system. The mathematical models of PMSM in two kinds of
coordinate system are shown as follows.

2.1. In two-phase stationary coordinate system

The mathematical model of in two-phase stationary coordinate system is:

dig Ry ey ug
— =, -+,
dt Ly Ly Ly
di R e M
=B =i, - °B + u_ﬁ
dt Ly P Ly "Ly
The equation of back electromotive force is:
eq = —Yrw,sinbd,
{ea = wlpaj: cTose @)
B f%r ’

where iy, ig, Uq, Ug, €4, €p are the components of stator current, stator voltage and back
electromotive force in af8 axis respectively. R is stator resistance; L is stator inductance; i is
the flux of rotor permanent magnet; w, is the rotor angular velocity; 6 is the rotor angular position.

2.2. In two-phase rotational coordinate system

The mathematical model of PMSM in two-phase rotational coordinate system is:

dig R, . . 1

E = —Eld + (J.)qulq +Zud,

di R 1 P

q . s . f

— = —wLgig ——ig +—u; ——w,

dt T L, a Lg 4 L, T 3)
dwr 1 3 2 . PR

7 :7 Enp (l/)flq + (Ld — Lq)ldlq) —nyT, — Bw,|,

3 . .

kTe = Enp[ll)flq + (Ld - LQ)ldlq]’

where iy, iy, ug, ug are the components of stator current and stator voltage in dq axis
Respectively; Ly, Lg is the inductance of surface-mounted in dq axis; J is the moment of inertia;
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B is the coefficient of friction; n,, is the pole pair of motor; T}, is the load torque.
3. Design of novel sliding observer

Based on the mathematical model and the theory of sliding mode, the switching function is:
S(X) =l — s “

R s 21T . i , . T .
where iy = [La lﬁ] is the estimated value of current; iy = [la lﬁ] is the actual feedback value of
current, choosing the switching surface as:

S(X)=1i,—is=0. (5)

The equation of state of the current observer is:

di R .

—= __Sia +_(ua _Za):

dt Lg LS ©6)
diy __R,,

G T (uﬁ_zﬁ)

In order to weaken chattering problem, sigmoid function is used to substitute sign function.
The expressions of z,, zg, F(x) are:

(
o = Pl —ig) = K [—2 1],
1+ e~llaia)

kzﬁ =kF(iB—iﬁ)=k[m—

where k is the sliding gain, the sliding gain must be large enough, but the excessive k causes
chattering noise, resulting in unnecessary estimation error, so the switch gain uses the adaptive
law as follows:

k=2 ’e§+e§. 9)

The adaptive rate in Eq. (9) can be easily proved to satisfy the stability, where A is scale
coefficient.

It can be seen that back-EMF is obtained by the first-order low-pass filter in conventional
SMO, which leads to phase lag when it is used to calculate the position angle, thus the phase
compensation is necessary. In order to overcome the problem, a model with the structure of
extended Kalman filter Eq. (11) is designed to obtain the back-EMF and calculate the rotor
position angle by Eq. (15). By using this extended Kalman model to obtain back-EMF, harmonic
can be removed and the angle with smaller identification error can be obtained. The phase
compensation is eliminated by this structure.

Electromagnetic time constant is much smaller than mechanical counterpart, assuming
dw,/dt = 0, then the model of back-EMF is:
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degy
— = —w,e
dt e
deg (10)
" e
Construct the back-EMF observer:
dé
d_: = —wrép — ko(éq — eq),
dé
B _ ~ 4 A
pra w,é, — kz(eﬁ — eﬁ), (11)
do
o = Ca—ea)ip — (& — ep)éa,
where k, is a positive constant, Eq. (12) is derived by subtract Eq. (10) from Eq. (11):
déa) 5 ko
dt = —wreﬁ — wreﬁ — K€y,
d(é
Y _ 60— w80~ kit (12)
do, _ ., _ .
dt = eaEB — eﬁea,
where @, = @, — wy, &g = € —ep, 8, = €, — €q.
Constructing Lyapunov function to verify the stability of Eq. (12):
1 52 4 52 4 <2
V=§(ea+ 5 + W) (13)

Putting Eq. (12) into the differential equation of Eq. (13), expression Eq. (14) can be obtained:
V=—ky(&+8;)<0. (14)

Therefore, the designed extended Kalman filter observer is stable. According to the back-EMF
obtained by observer, position angle of the motor can be obtained as Eq. (15), thus the phase
compensation problem is eliminated:

~ éq
6 = —arctan (A—> (15)
s

In order to solve the problem of disturbance in velocity calculated by differentiating the angle,
the paper uses Phase-locked loop to obtain the velocity of the motor. The expression based on the
mathematical model Eq. (2) of PMSM is:

—€,C0s8 = egsind. (16)

The angle obtained by back-EMF and the Phase-locked loop speed estimation is utilized to
track the actual position angle. The deviation is defined as:

£ = —é,c0s0 — éﬁsiné. (17)
The estimated electric angular velocity @, obtained by PI regulator, which is used to track the
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changes of actual position angle after integral operation. The PLL block detecting the rotor speed
is as shown in Fig. 1. The inputs of the block are the output of the Kalman filter é,, &g, the output
is the observation result of rotor electrical angular velocity. The novel sliding mode observer is
shown in Fig. 2(b), using sigmoid function to substitute sign function, and PLL to estimate the
speed after Kalman filter. The observer have the characteristics of simple structure, insensitive to
motor parameters, fast response of speed identification, and avoiding the calculating errors caused
by the position angle differential. Conventional sliding mode observer is shown in Fig. 2(a).

e i \\‘
w._ai, )
(& >—>7éacos¢9=
+¥
\ 1
—— PI =
&
S -

(e )= ezsind =

Q
\ 4

u Current i, i g %, z, . Rotor Position and
observer ”| Speed Calculation

Signum function

P

Theta
Compensation

a) Conventional SMO

: 5

u : ii z v
The current | 2z I5 :Q\'_F %. = Kalman
observer Y filter

&

u Z;
8 Sigmoid function L
{ o
1) e .| é
PLL  —» —arctan(-5) | —»
e
B

b) The novel SMO
Fig. 2. Structure diagram of SMO

4. ADRC speed controller
4.1. Design of ADRC Speed Controller

ADRC, consisting of nonlinear tracking differentiator (TD), extended state observer (ESO),
nonlinear state error feedback (NLSEF) is a practical nonlinear control synthesis method [15-17].
As for the nth order controlled object, the ADRC control structure is as shown in Fig. 3. v(t) isa
given signal, a smooth signal v, (t) can be derived from it by a transition progress arranged by
TD. And its n — 1 order differential signal can be obtained as v, (t). ESO is utilized to estimate
the output of controlled object, which can obtain not only the estimation of each state variables
Zy1,---» Zoy, DUt also the real time estimation of internal and external disturbance in system z;, ;1.
€31,---» E2p, are the error signals between v,,..., v, and Z,4,..., Z,,.The initial control signal of
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controlled object uy(t) is derived from the NLSEF. After compensating for the real-time
disturbance by uy(t) — Zy,41/b, the final control value u(t) can be obtained, where b is the
compensation factor.

l w(t)
The wt)
controlled
object

D : - & | NLSEF

ESO

A

Zy

Fig. 3. Block diagram of ADRC
Considering the first-order system:

{x = f(x,t) + bu, (18)

y =X.
The first-order system TD is:

{80 = Ul -7, (19)

vy = —rfal(g, ag, 6o)-

The second-order system ESO is:
Zyy = Zy; — Porfal(e, @y, 8) + bu(t), (20)
Zp = —Pozfal(e, a3, 8).

The NLSEF is:

{5 =21~

& =V — 231,
uy = Pifal(ey, asz, 61),

U=1u 272
= Uy — ——.
b

21

The nonlinear function fal can be expressed as:

le|*sign(e),
fal(e, a,8) = { € (22)
ol-a’

where v is the given signal of ADRC, v, is the tracking signal of v, r is the tracking speed factor,
y is the output of the controlled object, z,; is the tracking signal of y, z,, is the estimation value
of disturbance, By; and f,, are the correction gains of output error, g, @y, a,, az are the
nonlinear factors, &y, §, 8, are the filter factors, 5, is the gain error. The expression of speed in
the mathematical model Eq. (3) in the motor rotating coordinate system can be rewritten as:

dw 113
dtr - Y[Enpz(lpfiq + (Ld - Lq)idiq) —npT, — Bar|. (23)

It can be seen that the rotation rate is affected by iy, ig, T;. Based on the theory of ADRC,
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%E np2 ((Ld - Lq)idiq) —n,T, — Ba)r] can be regarded as an external disturbance named w(t)

in speed loop, which can be observed by ADRC to be compensated, so Eq. (23) can be expressed
as:

do, 13
P jfn” Yrig + w(t), 24)
where:
173
w(t) = 7 [Enpz ((Ld - Lq)idiq) —n,T, — Bw,|. (25)

It can be seen from Eq. (25) that the use of ADRC controller can well and effectively estimate
the load disturbance and the load sudden change and thus compensate. It is also of good robustness
for load. If an ESO can do a good estimation for w(t), then it can restrain the influences caused
by the load disturbance.

The structure of PMSM ADRC speed controller is as shown in Fig. 4.

m; i N & ) ~ 2 B
—> TD (3} > NLSEF [-»( i
+ %> g
T /b
‘ Zn
ml‘
ESO |l«——

2

Fig. 4. Block diagram of ADRC speed regulator

In Fig. 4, w; is the given signal of speed, v, the tracking signal of wy,, &; is the error signal of
speed loop, z,4is the tracking signal of w,., z,, is the observations of the unknown disturbance
signal w(t), u, is the output of the nonlinear feedback, u is the torque current component iz
compensated by the disturbance.

4.2. Stability analysis
4.2.1. 2nd-order ESO error model
Assume that there is a 1st order controlled object:
X = f(x,w(t)) + bu(t), (26)

where f(x,w(t)) is an unknown function, w(t) is an unknown disturbance and u(t) is the
control input.
Set:

_f(xw(®) . f(xw®)
0x x ow W

x =% x=f(x,w@®), v()=

System Eq. (26) is extended by one dimension into:

{561 = Xy + bu(t),

%, = —v(0). 27
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To simplify the calculation, make:
fal(e,a,8) = |e|*sign(e).

Construct an ESO for Eq. (27) as:

Zy1 = Zpp — Pore + by,
. . 28
{zzz = —Byzlel“sign(e). 28)
Eq. (28) minus Eq. (27) is the system:
é1 = e; — Pore,
. . 29
s Z oo~ prlelsign(e), )

where e = z,; — X1 = &, e, = Zy, — X, V(t) varies within a bounded range and Plane (ey, e,) is
divided into 5 parts:

Gy = {(e, ex)le; > 15,0 < e, < fey},

G, = {(el,ez) e, >0,e, > g(e1 +19), 65 = ,Bel},
) Gz = {(e1,ez)|e; < —15,0 2‘8‘32 > Bey}, (30)
G, = {(91:92) e, <0,e; < 5(91 —Tp) ey < 591}'
_ B B
Go = j(e1,e7) |e; < 7"0:5(31 —T) <e < 5(31 +70)(-
Construct piecewise smooth functions respectively for G; (i € (0, 1, 2, 3, 4)) as:
B
2 (e — 1), (e1,€;) € Gy,
B
e; — 2 (e1 + 1), (e1,e3) € Gy,
Ve, e5) = GD

B
3 (e1 + 1), (e1,€;) €G3,

B
—éz + E (el - TO)' (ell eZ) € G4-'
0, (eq,e;) € G,.

It’s easy to prove that V;(e, e,) is positive definite and continuous on a full plane when it is
outside G,. Parameter selection method is analyzed respectively in the are G; (i € (0, 1, 2, 3, 4)),
and come to a conclusion V; > 0, dV;/dt < 0 in [18].

4.2.2. Multiple Lyapunov function method
Assume the switch system:
x=fi(xt), i€l (32)

It satisfies the following conditions:

1) Every f; is globally Lipschitz continuous.

2) Select i to make the System switch for finite times in the limited time.

Definition 1. Sequence S|j denotes the switch-to-entry and exit time sequence that subsystem
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No. j corresponds to:

Slj= {(tjp ti1+1)s 2o Lz )s o s Einan)s o } (33)

For the strictly increasing time sequence T = {to,t;,t, -}, define the Set
I(T) = Ujez+[ts), t2j4+1) as a set of all the time sequences that the system runs along Subsystem
No. j, in which Z% is a non-negative integer.

Definition 2. Set the strictly increasing time sequence in R as T, then call the radially
unbounded function V for the vector field f and the locus x(—) as Lyapunov-class function if the
constants Va, 5, y makes:

axTx < V(x(t)) < px"x,
V(x(®) < —yxTx, (34

4 (x(t2j+2)) <V (x(tzjﬂ)) .

The definition of Lyapunov-class function is like the common Lyapunov function and it is
required that when Subsystem No. j switches to exit, Function V is strictly monotone non-
increasing.

Theorem 1. Assume that V; (i € (1, 2,...)) is an undetermined Lyapunov function and that the
vector field f;(x) satisfies that f;(0) = 0. For every switch sequence S and each i, if V; is the
Lyapunov-class function for f; and x(—) on S|i, then System Eq. (32) is the asymptotic stability
based on the meaning of Lyapunov [19].

4.2.3. Use of multiple Lyapunov function method in stability analysis of 2nd order ESO

Consider System Eq. (29) as the switch system consisting of 5 subsystems on Plane (e, e,)
and design that the switch principle is to select the corresponding V; according to G; i.e. the region
that the system state (e,, ;) belongs to:

o(x) =V, (e;,e;) €G;, 1=0,1,2,3,4. (35)

According to the stated conclusions, if any other Region G; except Region G, has V; > 0,
dV;/dt < 0 and each subsystem is asymptotically stable, then System Eq. (29) is definitely
converged to Region G, [20].

Also, the model of every subsystem is System Eq. (29) of which the state is continuously
variable and the energy trend is degenerative through any of the subsystems. Therefore, when the
system switches to Subsystem No. i, Vi, k has:

Vi(x(tis1)) < Vi(x(t)), te €T. (36)

That is, by the function of the switch principle Eq. (35), the value of V; for Subsystem No. i
when it switches to exit at the time ¢, of the time sequence is always less than the value of V;
when it switches to exit at the previous time tj,.

To sum up, by the function of the switch principle Eq. (35), the undetermined Lyapunov
function of every subsystem except Region G, is a Lyapunov-class function and satisfies
Theorem 1. System Eq. (32) is asymptotically stable based on the meaning of Lyapunov.

5. Experimental and simulation analysis

Experiments based on the novel sliding mode observer and the ADRC speed regulator
proposed in this paper have been carried out. The experiments structure is as shown in Fig. 5. The
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experimental object is surface-mounted permanent magnet motor. The PMSM model is
SMTP100L1. The parameters are as shown in Table 1.

Table 1. Parameters of PMSM

Parameters Value Parameters Value
Rated voltage (V) | 380 Inductance (mH) 12
Rated current (A) 5.1 Resistance (Q) 3.45
Rated power (kw) 2.2 Pole pairs 2
Rate speed (r/min) | 1500 Rated flux (Wb) 0.55
Rate torque (N-m) 14 Moment of inertia (kg-m?) | 0.0154

oI

o a1 L
_
o i - Xy Park' SVPWM || Inverter
LA By U S e
u Uy »
1 q . h
@ - ] ) v D I
i 0
Pack [y 7 | Clarke
A a
e A
SMO

U~ Hﬂ

Fig. 5. Block diagram of system

Three-phase I . I
g < Three p.h om J\ uncontrolled (& i 220V:AC
(-3 < utotransformer V rectifier Ly
Single-phase
autotransformer
g oy -» Si l{bh'
< +15V Single-phase
=z # 24V uncontrolled
a rectifier
~ Power

Resistive

b) PMSM-DC motor unit
Fig. 6. Experimental platform
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In the AC-DC-AC main circuit, AC-DC link is achieved by three-phase autotransformer and
uncontrolled rectifier, the intermediate DC link utilizes capacitor to realized filter, DC voltage is
adjusted through the automatic coupling voltage regulator. The inverter is composed of 3 IGBT
and buffer circuit. DSP2812 and 2SCO108T is utilized in the core control circuit and the driving
circuit respectively. The circuit is worked in the half bridge mode as shown in Fig. 6 [21].

In the experimental system, PMSM and DC motor are coaxially connected, with the DC motor
power 2.2 KW, separately excitation mode. The DC motor armature winding connected to
resistance box. DC motor is used as generator and the load of PMSM, which is shown in Fig. 6(b).
The motor is equipped with OMRON incremental photoelectric encoder which is used to measure
speed and position as actual values comparing to results of the designed sliding mode observer.

In the experiment, the given speed is 450 r/min, and the incremental photoelectric encoder is
used to achieve vector control of the motor by detecting the motor position angle and speed. When
the motor is running stably, the signals of position and speed obtained by the designed sliding
mode observer instead of the incremental photoelectric encoder are used to control the motor.

Tek JL @ Stop M Pos: 16.00ms Tek JL ® Stop M Pos: 23.00ms
+ +
e} ~
g g
N N
= s =
o o &
> 0 > P2
3 "
£ &
M 25.0ms M 25.0ms
time/ (25ms/div) time/ (25ms/div)
a) Real and estimated angle at the speed b) Real and estimated angle at the speed
of 500 r/min with conventional SMO of 500 r/min with the novel SMO
Tek 135 @ Stop M Pos: 2.000ms
+
>
e 0
3
g
N
LT-: ~
N
3 0
@ /
®
=
Lo
M 25.0ms
time/ (25ms/div)

c) Real and estimated angle at the speed of 750 r/min with the novel SMO
Fig. 7. Experimental results about real rotor position angle and estimated rotor position angle

The waveforms of estimate and actual rotor position angle at the rotation rate of 500 r/min and
750 r/min are as shown in Fig. 7 respectively. Compared with the results obtained by the
conventional sliding model observer shown in Fig. 7(a), the results obtained by the novel SMO
shown in Fig. 7(b) have smaller static error. By analyzing the waveforms in Fig. 7(b) and Fig. 7(c)
obtained by the novel SMO in different speed, the actual waveform @ is in line with the estimation
8, which proves the correctness of the novel SMO.

The waveforms of estimate and actual motor speed obtained by the PI speed regulator and the
ADRC speed regulator are as shown in Fig. 8 respectively. The results of the experiments shown
SMO can estimate the rotor position and speed accurately, which verifies the correctness and
effectiveness of the designed observer. Compared with the PI speed regulator, ADRC speed
regulator has better dynamic characteristics in speed overshoot and response speed.
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Fig. 9. Steady state performance comparison

The waveforms of maintaining 500 r/min constant speed are shown in Fig. 9. It can be seen
that the speed fluctuations of the ADRC speed regulator is in the range of £3 r/min in Fig. 9(a)
and the speed fluctuations of PI speed regulator is in the range of £7 r/min in Fig. 9(b). It proves
that ADRC speed regulator has the better static characteristics.

Fig. 10 shows the speed response of Pl and ADRC speed regulators under load step. As shown
in Fig. 10(a), ADRC speed regulator has the maximum speed dip of 12 r/min and takes 500 ms to
reach steady under the positive load step of 5 N-m. The PI speed regulator has the maximum speed
dip of 40 r/min and takes 1.2 s (shown in Fig. 10(b)). The waveforms in Fig. 10(c) and Fig. 10(d)
are under the condition of negative load step of 5 N-m. The results prove that the ADRC speed
regulator has better anti-disturbance performance than the PI speed regulator.

The numerical analysis of the experimental results are as shown in Table. 2

Table 2. Experimental results (N presents novel control system, C presents conventional control system)

Items of the comparison N C
Static error of position angle A8 (°) 5 27
Dynamic response overshoot Av (r/min) 19 | 45
Dynamic response time t (s) 0.6 | 1.5
Velocity static error Av (r/min) +3 | +7
Speed dip under positive load step Av (r/min) | —18 | —55
Response time under positive load step ¢ (s) 05 ] L5
Overshoot under negative load step Av (r/min) | 24 | 65
Response time under negative load step ¢t (s) 05 | 1.5

Simulation studies are performed to investigate the ability of the controller to operate in the
presence of external noise: such as load step etc. The simulation results and experimental results
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are consistent. The simulation results show that the ADRC controller can estimate the load
disturbance and mutation. The controller has a good robustness to load because that the load
disturbance and mutation are compensated. Simulation results are shown in Fig. 11.
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Fig. 10. Speed response under load step
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Fig. 11. Simulation results for ADRC and PI regulator
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6. Conclusion

A novel SMO and ADRC speed regulator of PMSM are presented in the paper. Compared to
conventional SMOs, the proposed SMO uses sigmoid function to weaken chattering problem;
utilizes Kalman filter to acquire back EMF. Phase compensation can be omitted and the
identification error is smaller when calculating the rotor position angle; uses Phase-locked loop to
achieve rapidly identify of speed response characteristics and improvement of rotor speed
estimation precision. The ADRC speed regulator is designed to substitute for conventional PI
speed regulator, which achieves better response rates, small overshoot and better control effect.
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