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Abstract: To improve the accuracy of torque control for vector control of interior permanent-magnet synchronous machine (IPMSM), this
study proposes a torque-sensorless control method based on cascaded sliding mode observer (SMO). First, the active flux model is discussed,
which converts the model of IPMSM into the equivalent model of surface-mounted permanent-magnet synchronous machine. Second, to
reduce chattering caused by system parameters variations and external disturbances, the cascaded observer is designed, which is composed
of a variable gain adaptive SMO and an active flux SMO. The variable gain adaptive SMO is designed to estimate the speed, rotor position
and stator resistance in the d—q reference frame. The active flux SMO is designed to estimate the active flux and torque in the a— reference
frame. Global asymptotic stability of the observers is guaranteed by the Lyapunov stability analysis. Finally, simulations and experiments are
carried out to verify the effectiveness of the proposed control scheme.

1 Introduction

Permanent-magnet synchronous machine (PMSM) has been widely
used in industrial applications due to its good dynamic response,
high power density, high torque-to-current ratio, and excellent
tracking precision [1]. The accurate torque control is the basic re-
quirement for torque control in the application of high-speed train
and electric vehicle. However, it is difficult to attain this target
because of the variations of interior PMSM (IPMSM) parameters.

To achieve the high-precision torque control for vector control of
PMSM, many methods are proposed to estimate load torque, such
as the direct calculation method, the full-order and reduced-order
observer, the model reference adaptive system, Kalman filters,
parameters estimating strategy and so on. A parameter estimation
method has been proposed to achieve accurate torque control for
the IPMSM by maximum torque per ampere (MTPA) control
scheme in [2]. A load torque observer of Kalman filter has been pro-
posed to form forward compensation for surface-mounted PMSM
(SPMSM) in [3, 4]. A model reference adaptive identification
method of torque closed-loop control has also been proposed in
[5]- A load torque observer and a load torque derivatives observer
are designed based on the sliding-mode control method in [6].
The accurate torque control method of IPMSM is proposed by para-
meters estimation in [7].

To achieve high-precision torque control for vector control
of PMSM, it is necessary to obtain the speed or position by mech-
anical sensors. However, it performances tend to be poor. To over-
come the drawbacks of the mechanical sensor, and achieve
sensorless operation, several algorithms have been suggested
in the recent literature [8—16]. Sensorless control can achieve
the rotor position and speed exploiting the voltage and current.
The benefits of sensorless control are reduced the maintenance,
the complexity and the size of PMSM, and increased the reliability.
There are two kinds of sensorless controls: the signal injection
[8-10] and the fundamental models of PMSM [10-16].

Considering the advantages of sliding-mode control and ‘active
flux” concept, a torque-sensorless control method is proposed
for vector control of IPMSM in this paper. Sliding-mode control
[17-23] is an attractive algorithm due to several features, such as
robustness of system parameter uncertainties and external
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disturbance, the ability to handle inaccurate mathematical model.
To reduce chattering phenomenon caused by parameter variations
and external disturbances of PMSM, the cascaded observer is
designed, which is composed of a variable gain adaptive sliding
mode observer (SMO) and an active flux SMO. The variable gain
adaptive SMO is designed to estimate the speed and stator resist-
ance in the d—g reference frame. The estimated speed and stator
resistance are then imputed to the active flux SMO. The ‘active
flux’ concept [24-29] provides alternatives to convert the
model of IPMSM into an equivalent model of SPMSM. The
active flux SMO is designed with sigmoid function to estimate
the active flux and calculate the torque in the a—f reference
frame. Combining the torque command, the torque-sensorless
control system of PMSM is constituted. Simulation and experimen-
tal results demonstrate the feasibility of the proposed control
method.

The remaining of this paper is organised as follows: The system
description is described in Section 2, and the unified PMSM
model is derived in the same section. A variable gain adaptive
SMO is designed in Section 3, and the SMO of active flux is
designed in Section 4. The simulation and experimental results
are shown in Section 5. A brief conclusion is given in Section 6.

2 System description

This section briefly demonstrates the mathematical model of
SPMSM and IPMSM. IPMSM model can be converted into an
equivalent SPMSM model by ‘active flux’. Then, the unified
PMSM model can be derived.

2.1 Mathematical model of SPMSM in the o— reference frame

The stator voltage equations of the PMSM in the o—f reference
frame are as follows [30]:

d
u, = Rgi, + :fa
! (1)
ug = Rii +%
B — ' dl
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where i, and i are the o~ axis stator flux linkages, respectively,

and given by the following equations in SPMSM:
o = le:a + Yo 2)
l//B = leﬁ + ‘/jrB

where i, and s,5 are the a—f axis rotor flux linkages, respectively,
and ¢y, = i, cos 6,, g =, sin0,.

Substituting (2) into (1), the equations of SPMSM in the a—f axis
reference frame can be expressed as follows:

di, R, 1 o,

dt B LS la + LS ua + LS ll,r,B (3)
diB R, . + 1 @, o

Tp_ sy oy, %

dt LPTLP L™

In (1)~(3), u,, ug, i, and ig are the a—f3 axis stator voltages (V) and
currents (A), respectively. L, is the inductance, R, is the stator resist-
ance (1) and ¢, is the amplitude of the permanent-magnet flux
linkage (Wb), w, is the electrical angular velocity (rad/s), 6, is
the electrical angular (rad).

2.2 Mathematical model of IPMSM in the d—q reference frame

The stator voltage equations of PMSM in the d—¢q reference frame
are as follows [30]:

.. d
ud:RSzd—k%—wetpq A
Y, @
u, = Rgi, + T + w Yy,

where i, and i, are the d—q axis stator flux linkages, respectively,
and given by the following equations in SPMSM:

=L
Va - ala + ¥ 5)
by = Lyl
Substituting (5) into (4), considering ¢, can be regarded as time in-
variant in a short-time period, so we get di,./df >~ 0. The equations
for IPMSM in the d—q axis reference frame can be expressed as
follows:

di, R, . q uy
s Eld—’_weL lq—f—L—d

. (6)
di R L u ¥
—q:——si—w—did-i——q—w—r
dt L, L, L, tL,

The torque equation of PMSM can be expressed as
3 . ..
T, = 5m i, + (Lo — L, )i, )

In (4)(7), uy, u,, iy, iy, L, and L, represent the d—q axis stator
voltages (V), currents (A) and inductances (Wb), respectively,
(Ly < L,), R is the stator resistance ({2), ¢, is the amplitude of
the magnet flux linkage (Wb), w, is the electrical angular velocity
(rad/s), 6, is the electrical angular (rad) and n, is the number of
pole pairs.

2.3 Active flux model
Active flux has been defined in the literature [24-29] as

Ve = P + Ly — Lpiy ®)
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where i, represents the active flux, which is a sum of two terms —
the conventional permanent-magnet flux linkage and a flux linkage
due to saliency [25]. This active flux is the fictitious permanent-
magnet flux linkage of an IPMSM.

Equation (7) can now be expressed as

3 .
Te = E np l/lexth (9)

Substituting (8) into (5), (5) can be written as

lpd = Lqid + (Ld - Lq)id + ‘pr = Lqid + lpexl
by = Lyl

(10)

Active flux components in the d—¢g axis reference frame are as
follows:

l1lfext,d = l/jd - Lqid = lrljr + <Ld - Lq)id = l1Uext

d/ext,q = l!lq - Lqiq =0

)

Analysis of (11) indicates that the active flux is aligned along the
d-axis as is the permanent-flux linkage. Hence, the active flux com-
ponents in the a—f axis reference frame are as follows. This is
shown in Fig. 1.

exa: exi COSOe
{w a = Yot a2

l/lext,ﬁ = Yy sin 6,

Using (12), converting (10) into the o—f reference frame, the
stator flux can be derived from the active flux [25]

{ lpoz = lllext,u( +Lqia (]3)

lwllﬁ = l/jext,ﬁ + Lqiﬁ

2.4 Unified PMSM model

Substituting (13) into (1), the stator voltage equation of the IPMSM
in the o—f reference frame can now be expressed as follows:

di d
u,, :Rsia +r &4_ ‘l’ext,a

4 dt dt (14)
up = Ry + 1, 8 4 Wens
BB gy dt

Since the time constant of the mechanical system is much larger
than that of the electrical system in the PMSM, the following

g
q "\
B i @
d
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C

Fig. 1 Active flux in coordinate frame
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equation can be derived:

Aiyia
gtt’ = _wel/lext,ﬁ
15)
d‘llext,ﬁ —w l,[l
dr | efexta

The equations for an IPMSM in the a—f reference frame can be
expressed as follows:

di, R, u, o,
@ fqla+fq+fq¢ext,3
dig ) (16)

Rs . Ug e
=—7 g — ==, t,
dr Lq Lq Lq exba

Remark 1: 1t is evident that (16) of the IPMSM by active flux is
equivalent to (3) of the SPMSM in the o—f axis reference frame.
This results in a reduction in the dependence on the d-axis induct-
ance and thus eliminating the salient pole for IPMSM. The advan-
tages of this model include simple and generic equations with only
two required parameters L, and R;.

The ‘active flux’ concept can turn all rotor salient-pole ac
machines into fictitious rotor non-salient-pole machines [24-29].

3 Sensorless control of IPMSM by a variable gain
adaptive SMO

In this section, a variable gain adaptive SMO for PMSM sensorless
control is designed to estimate the rotor speed and the stator resist-
ance in the d—q reference frame. Then, the estimated values are
inputted to the active flux SMO.

3.1 Design the variable gain adaptive SMO

According to (6), the mathematical model for the IPMSM can be
expressed as follows:

xX=Ax+Bu+D

17
b= Cx (17)
where
CR Lk LI
A= Ld Ld B = Ld
- L, R, | - 1
A ——— T
L L, L, q
_1 T
c= 0} :p _%ﬁ}
0 1 L,
T T
x=[ig i), w=[ug u]
Define the stators current errors
T . _ AT
e=[e; ¢] :x—x:[id iq] (18)

where?d =i; - ?d,?q =1, —1.
The proposed variable gain adaptive SMO can be designed as
follows in order to estimate both the speed and stator resistance:

X=A%+Bu+D+v 19)
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where

_& A Ll O
A L °L N A~ A7
A= d 4 , D= A ﬂ R )%:[zd 1]
. L R W, 4
_H Zd s L
1 L ‘
q q

> denotes the estimated values. v = K| e|lsign(e), K, = k1,

k1>0,1=[1 0

0 1], K |le| is the sliding switch gain.

Remark 2: The sliding switch gain K| ||e|| varies according to the
stators current errors, which effectively reduces the chattering
phenomenon.

Then, the error dynamics equation is obtained by subtracting (19)
from (17)

é:Ae—|—;15c+l_)—v (20)
where
A=A—A= Z ﬁ" ,
_ael _s
L L

R, =R, — R, , = w, — &,
Based on the sliding-mode control theory, the sliding mode
manifold is defined upon the stator current errors

s=s sz]Tze:[ed eq]T (1)

3.2 Lyapunov stability analysis, estimation of speed and position

Theorem 1: The stator current error system (20) converge to
zero exponentially, if the sliding mode manifold is chosen as
(21)a and kl = (L| W, ”/2) - (Rs/Ld) + n mM > 07 L= (Lq/Ld)_
(Ly/L,) > 0. Then, the stator resistance estimation can be derived
as [10]

. -, 1-,
R = le(—L—didid —L—iqiq> dr (22)
q

Moreover, the electrical angular velocity can be derived as
i ¢r>
—i,— | dt (23)
1L,

Proof: The Lyapunov function is selected as

Lo,
{1+ R @

V== D % 24
2<”+1R+lw> @4

where [y, [, are positive constants.
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Assuming that changes in the stator resistance R, and the electrical
angular velocity w, occur slowly, it can be assumed that R; and w,
remain approximately constant within a given sampling interval.

Differentiating (24) with respect to time and substituting (20) into
it, then the following equation is obtained:

V —e e — ST'S € C
lR lw
— - RR, w,
=e'det+e'Ax+e'D—e'v— =5 — Dee
lR la)
-, 1 R 29
=e'de—e'v—R (L ldzd—f—Lqi ; —1—]1:)
— (L - L,~ - (»[/ &)
+we<L—jtdzq Ld’qld qu—l—:>
In order to drive the system to be convergent, i.e. let
e'de—e'v<0 (26)
— (1 1-, R
R 0 27
(Ld iy +L et lR) i
L ~ L Y iy l»[] &)
o, (Ld ldl Lj igiy — qu' - lw> =0 (28)
Since L, < L,, the condition (26) is described as follows:
R R L L
T 2 q d
e'de—elv < —S¢ ——e—!— — |egye,
L, ¢ L, 1 (Ld Lq> %
— kyelsign(e,) — k, e;sign(eq)
Roy 12 Ry 12 Lo, 2
== Tleal’ e +75 el
d d (29)
Llw 2 2 2
e Rt
R, Ll ) 2
= (7 +k ) llel
(-5
<—lel’
where &y > (L]w.[/2) ~ Ry/L)+n. n>0, L=(L,/L)-

(Ly/Ly) > 0.

Comblnlng 27)~(29) will yield ¥ < 7;||e|| According to the
Lyapunov stability theory, designed observer is stable. Therefore,
k;, which is large enough, can ensure both the existence of
sliding motion and the asymptotical stability of sliding motion in
the global scope.

From (27), the estimation of stator resistance may be derived as
(22). Also, from (28), the electrical angular velocity may be derived
as (23).

This completes the proof. O

4 Design SMO of active flux for IPMSM

In this section, the SMO of active flux for IPMSM is designed to
estimate the active flux in the o—f reference frame. Then, the esti-
mated torque could be derived based on the active flux and stator
current.
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4.1 Design the SMO of active flux

According to (16), the mathematical model for the IPMSM can be
shown as follows:

(30)

X =Ax+Bu +Ed
y/ — Cx/

where

X = [ia iB ]Ts u = [uuz Ug ]Ts d= [ lbexl,a lpext,B ]T
A =—RJL), B =(Q/L), E=—(o/L)]

10 0 —1
c=1 I= , J=
ol =l o)

The stators current errors are defined as
/ T ’ ~t - T
d=[e, e]=x- z[za IB] €3]

wherefa:ia—ia,i =ig—ig.
Using the IPMSM model (30) in the o—f reference frame, the
SMO can be designed as follows:

=AY +Bu +v (32)

where ¥ =[i, i]", vV =KH(E), Ky=lkl, k>0 *
denotes the estimated values. &, is a sliding switch gain.

The switching function H(e') is defined by the following sigmoid
function [31]:

2

HeE)=—" —
)=

(33)

where a is a positive constant that can be adjusted the slope of the
sigmoid function. The discontinuous sign function is replaced by a
continuous sigmoid function, which effectively reduces the chatter-
ing phenomenon.

Hence, the error dynamics equation can be obtained by subtract-
ing (32) from (30) as

é=A¢+Ed—v (34)

The sliding mode manifold is defined upon the stator current errors
/7 /
s =e.

4.2 Lyapunov stability analysis

Theorem 2: The stator current error system (34) converge to zero
exponentially, if the sliding mode manifold is chosen as s’ = ¢/,
and by > max { = | x| /Lg> — | Wessall 124}

Proof: The Lyapunov function is selected as
V' =-¢ 35
7€ € (35)

Then differentiating (35) with respect to time and substituting (34)
into it, then the following equation is obtained:

V=€ =¢"ae +eEd— eV (36)
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where
T R R
¢4 e/_—L—Sei—L—Seg (37
q q
/T €q eB €y eB y
e Ed = L_q welpext,ﬁ - L_q wel/lext,a = l; l/jext,oz - LZ lrllext,ﬂ (38)

Substituting (37) and (38) into (36), then following equation is
obtained:

. R e, -
V== et ep) = 2 Y
q q

R 2 2 'J/ext,a l/’extﬁ
=— L—S (ea + eﬁ) - ea( I, + sz(ea)> —e ( I, + kyH(ep)

€n .
fwm,ﬁ — eahyH(e,) — eghyH(ep)

q

TR C P O
< Bl led (Li [ + kz) e (Li ] + kz)
(39)

Chosen k, > max { — ‘ lﬁm,/;

\/Lq, — || #exta]| /Ly }- then will yield

V'< —(R/L,)|€ ”2 According to the Lyapunov stability theory,
the designed observer is stable. Therefore, k,, which is large
enough, can ensure both the existence of sliding motion and the
asymptotical stability of sliding motion in the global scope.

This completes the proof. O

4.3 Estimate the active flux and torque

Once the system reaches the sliding manifold, according to the
sliding mode equivalent principle [32], the following equation is
obtained:

§s=§==¢=0 (40)
Substituting (40) into (34) yields
Ed =Y 41
The estimated active flux is derived as follows:
l&ext,B = Lan/we
{ @ext’a =—L,vg/w,

The estimated active flux amplitude i, can then be estimated

(42)

lzlext = ezxt o + ext B (43)

The current ld, [ can be estimated using Park transformation of the
estimated current [ s by the SMO of active flux (32).

Substituting the estimated amplitude of the active flux Yy, and
stator current i, into (9) yields the estimated torque

A T
Te = Enplvbexth (44)

Remark 3: Based on the above analysis, the procedure of the pro-
posed scheme is summarised as follows:

(i) Step 1: The electrical angular velocity &, is estimated using
(23), and the stator resistance R, is estimated using (22) by
the variable gain adaptive SMO exploiting the stator currents
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igs 1 and voltages u,, U, The rotor electrical angle ée was
derived through the integration of the rotor electrical angular
velocity @,.

(ii) Step 2: The active flux l/}ext’a, L?fexw is estimated using (42)
by the SMO of active flux exploiting the stator current i,
ig, voltage u,,, ugz and the estimated electrical angular velocity
@,, the estimated stator resistance R;.

(iii) Step 3: The estimated active flux amplitude i, was derived
using (43). The estimated current ?q was derived thrgugp the
Park transformation of the estimated stator current ,, iz by
the active flux observer (32). The estimated torque could
then be calculated by (44). The torque-sensorless closed-loop
control system is constituted.

5 Simulations and experiments

To check the performance of the proposed scheme, simulations are
carried out on Matlab/Simulink, and experiments are carried out on
the RT-LAB platform. The block diagram of the IPMSM torque-
sensorless closed-loop control system is presented in Fig. 2. The
MTPA [10] control scheme is carried out on an IPMSM.

The IPMSM parameters are listed in Table 1.

The parameters of the variable gain adaptive SMO are set as
follows: k; = 300, I = 0.1, [, = 50. The parameters of the SMO
of active flux are set as k, = 6000, a = 1. The same parameters
are used both in simulation and experiments.

5.1 Simulation results

In order to investigate the dynamic performance of the proposed
torque-sensorless closed-loop control system, the initial rotor elec-
trical angular velocity is set to 50 rad/s and subsequently increases
to 200 rad/s at 0.2 s; the initial stator resistance is set to 0.02 Q and
subsequently increases to 0.04 Q at 0.4 s; the initial load torque is
set to 500 Nm and subsequently increases to 1000 Nm at 0.6 s.

Figs. 3—6 demonstrate the performance of the proposed variable
gain adaptive SMO for IPMSM sensorless control. The estimated
d—q axis stator currents ?d, ?q are s}}own in Fig. 3. It is shown that
the estimated g-axis stator current i, is increased when the torque
command is increased from 500 to 1000 Nm at 0.6 s. The actual
stator resistance R,, the estimated stator resistance ks and the
error of stator resistance AR, are shown in Fig. 4. The actual elec-
trical angular velocity w,, the estimated electrical angular velocity
&, and the error Aw, are given in Fig. 5. The actual electrical pos-
ition 6,, the estlmated electrical position 0 and the errors A6, are
given in Fig. 6. Figs. 4-6 show that the increase of the electrlcal
angular velocity has an impact on the estimated stator resistance

, the estimated electrical angular velocity &, and the estimated
electrlcal position (9 at 0.2s. However, they converge to the
actual value quickly, Wthh verifies the robustness of the proposed
approach.

Figs. 7-10 demonstrate the performance of IPMSM by the
proposed active flux SMO. The estimated stator currents 1 , ig are
shown in Fig. 7. The estimated z//exta, - p and the amphtude of
active flux (pext are shown in Fig. 8. The trace of the active flux is
shown in Fig. 9. The given torque 7., the estimated torque 7.
and errors A7, are shown in Fig. 10.

It can be drawn from the simulation results:

€

(i) Before 0.2 s, the frequency of the stator current and active flux
is low. After 0.2 s, the frequency of the stator current and
active flux increases when the electrical angular velocity
increases to 200 rad/s.

(ii) Before 0.6 s, the stator current amplitude is small because the
torque command is 500 Nm. After 0.6 s, the torque command

J Eng, 2017, Vol. 2017, Iss. 7, pp. 376-384
doi: 10.1049/joe.2017.0160



- ’ » SVM Inverter
"alr ”t,r | “rx N »
I, + K % dq '/Q\
—»QE)—» MTPA | ;* . u, e g
+G Iy | : U | /ap uﬂ.\&/ >
- + - L i £ -~ il =
i i u || U,
g 1, i a| | ¢
. Hdq,/ - aff )/ ey 'L
Ly lg 1
aff [« abc
T t u, u,,
[ i I ______ EX‘B <
Vo | I Uy ’
£ 3 e 1] Active flux :_r_ abe
U 1 smo M ) Uy,
= ! <l Li | dg /e
q | K | i
: @, |RI g abe [«—
I 3
Cascaded : Adaptive ¢! U, “
Sliding Mode —»| [ SMO |l 5 dq /' 1«
Observer . : g
I o1 | e 4 abc
S
Fig. 2 Schematic diagram of IPMSM torque-sensorless closed-loop control system
Table 1 Parameters of IPMSM ook ) ' T I ]
: i
Parameters Unit Values g— AL 7 ]
= 00 S ; R
— R
rated voltage (Uy) v 1500 = o1} - ‘- == R [
rated current () A 400 02l : : ]
rated speed (w,) rad/s 800 : : ' z
stator resistance (R,) Q 0.02 0zl 7 T T T ]
g-axis inductance (L,) H 0.003572 -
d-axis inductance (L)) H 0.002 g or : ]
rotational inertia (J) kg - m’ 100 s oo -
rotor PM flux (¢,) Wb 0.892 01k .
number of pole pairs (n,,) pairs 4 02k i
00 o0z o0 08 08 10

50 b -

-100

0.0 0.2 0.4

t(s)

06 0.8 1.0

Fig. 3 Estimated stator currents iy, ?q

increases to 1000 Nm resulting in increase of the stator current
amplitude.

(i) When the motor starts or the speed changes, the stator current,
the active flux and the torque fluctuate, but they converge to
the actual value quickly.

5.2 Experiments results

RT-LAB is a powerful, modular, distributed, real-time platform
from OPAL-RT Technologies, Inc. It supports model-based
design using rapid control prototyping and hardware-in-the-loop
simulation (HILS) of complex dynamic systems [33].
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1(s)

Fig. 4 Actual, estimated stator resistances R, R, and the error AR,

300 . ; : T
250 l. . .
200 - e
150 |- G ]
100 |
50 B

., @, (rad | 5)

50 + : .

A, (rad | s)
o

0.0 0.2 0.4 0.6 0.8

1(s)

Fig. 5 Actual, estimated electrical angular velocities w,, &, and the errors
Aw,

To implement the proposed scheme, HILS experiments are
carried out on an OP5600 RT-Lab platform. The RT-Lab platform
is shown in Fig. 11, and the configuration is shown in Fig. 12. The
controller is a TMS320F2812 digital signal processor, which imple-
ments high-performance control and computation. The PWM
switching frequency is chosen as 5 kHz. The sampling period is
chosen as 20 ps.
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150

100 |-

s iy (A)

-100
L

-150 -

-200

0.0 0.2 0.4 06 0.8 1.0
t(s)

Fig. 7 Estimated stator currents 1,, ?B
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Fig. 8 Estimated active fluxes 12/8

X1

" lzfext,B’ and the amplitude fﬂm

Figs. 13 and 14 demonstrate the performance of the IPMSM sen-
sorless control by the proposed variable gain adaptive SMO. Fig. 13
shows the waveform of the actual stator resistance Ry, the estimated
stator resistance R, and the estimated stator currents 7, ?q. Fig. 13a
shows the waveform when the electrical angular velocity increase
from 50 to 200 rad/s. It is evident that the estimated stator resistance
R, has fluctuation. Fig. 13b shows the waveform when the stator re-
sistance increase from 0.02 to 0.04 Q. It is evident that the estimated
stator resistance R, can rapidly track the actual stator resistance R.
Fig. 14 shows that the actual and estimated electrical angular veloci-
ties w,, @,, respectively, the actual and estimated electrical posi-
tions 6,, f,, respectively. It is evident that the estimated electrical
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angular velocity and position can also rapidly track the actual
speed value.

Figs. 15 and 16 demonstrate the effectiveness of the torque
control for IPMSM by proposed active flux SMO. Fig. 15 shows
that the estimated active flux erxm, (Zlext’ﬁ, and the amplitude of
active flux i,,. Note that the actual active flux is unavailable and
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the calculated active flux is determined by (42) and (43) using the velocity increase from 50 to 200 rad/s and torque is 500 Nm.

estimated electrical angular velocity @,. Fig. 16 shows the estimated Fig. 166 shows the waveform when the torque increase from 500
stator currents 7, zﬁ and the given torque T, the estimated torque to 1000 Nm. It is evident that the estimated torque value 7, can
T Fig. 16a shows the waveform when the electrical angular rapidly track the given torque value 7.
Tek Ank o Stup* . M Pos: 0,000% UTILITY Tok o ® stop M Pos: 0.000s CHd
System v Coupling
Status u}‘m
¥ ; 1 I | n\ BW Lirnit
Options w iJ. .-\f\vk :L“ %
WL\-‘ il L
Do Self Cal 24 Volts/Div
. Coarse
Error Log Ve Probe
Language
kL |nﬁf
CH 600V CH2 500Y M 50,0ms cHa /158 CH 506Vt 5 B0V bt EHE P15V
CH3 500mY CH4 S00mY <10Hz CHE 1.00v <10Hz
a - i . A .
( Yext,as Yext,p 0.5Wb/div, ey 1Wb/div)
Tek Ak, ® Stop M Pos; 0,000s UTILITY
Y System Fig. 15 Experimental results. The estimated active fluxes w l[/ex,’ﬁ, and
T AN |q | ! '“ | Status the estimated amplitude of active flux l,’lext
A 4
g iy Opti
bt SO Tok Nl @Sty MR UTLIY
R System

5 Do Self Cal Status

?Mm
ar
. Error Log Wm OP“UI'IS

| R,

a4 Language if, Do Self Cal
English| S =g el e e e T e e
CHA 600V CH2 6009 M 50.0ms CHE 7 1589 "
CH3 500mY CH4 S00mYy <10Hz T Efror Log
b
>l . N . a» Language
(i4, I3 100A/div, Rs, Rs 0.050/div)
H1 100Y  CH2 100V M50.0ms CH2 ./ 1.58Y
Fig. 13 Experimental results: The estimated stator currents zd 1 and the CH3 500y CH4 5.00v 31,6207THz
actual, estimated stator resistances R, R a
a Electrical angular velocity increases from 50 to 200 rad/s
b Stator resistance increases from 0.02 to 0.04 Q Tek il @ Stop M Pos; =2,000ms UTILITY
o 7
1 o x Iﬁ Svltum
Tek L. @ Stop M Pos: 0,000s UTILITY \ Status
+ 1Y
System LA Y Wi
o, v e ettt SATUS Options

" @, Options W Do Self Cal

o a»
/,]/L/M/WM/M/ Do Self Cal . Witolin
-
a |
9" Error Log qr Language
4'W Language CHT 10.0Y CH2 10,0V M 50.0ms CH2 ./ 1.58Y
[English) CH3 500v  CH4 500V 31,7265Hz
CHT 200y CH2 200Y  M50,0ms CH2 / 158V b

CH3 500v  CH4 500V <10Hz

) (in- g 200A/div, T, T} 1000Nm/div)
(W}, @, 200rad/s/div, B, 6, 6rad/div)
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Fig. 14 Experimental results. The actual and estimated rotor electrical given, estimated torque T, T

angular velocities w, ®, and the actual and estimated rotor electrical posi- a Electrical angular Veloc1ty increases from 50 to 200 rad/s

tions 6,, 6, b Torque increases from 500 to 1000 Nm
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6 Conclusions

This paper designs the cascaded SMO for torque-sensorless
closed-loop control method of IPMSM. A variable gain adaptive
SMO is designed to achieve IPMSM sensorless control in a d—g
reference frame, and another active flux SMO is designed to esti-
mate both the active flux and the torque in the a—f reference
frame. The performance of torque-sensorless control for IPMSM
is achieved. The results of simulation and experimental validate
the feasibility and effectiveness of the proposed approach. In the
future, the cascaded non-singular fast terminal SMO will be
designed for torque-sensorless closed-loop control of IPMSM, or
the chattering elimination and the fast convergence of non-singular
fast terminal-sliding-mode problem of IPMSM system will be
considered.
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