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Fractional order integral sliding mode control for PMSM based on
fractional order sliding mode observer
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Abstract: In view of the variation of system parameters and external load disturbance affecting the high-performance control of
permanent magnet synchronous motor (PMSM), a fractional order integral sliding mode control (FOISMC) strategy is
developed for PMSM drive system by means of fractional order sliding mode observer (FOSMO). Based on FOISMC
technology, a fractional order integral sliding mode regulator(FOISM-based regulator) is designed. and a global integral sliding
mode surface design method is presented, which can guarantee the global robustness of the system. Combining fractional order
theory and sliding mode control theory, the FOSMO is constructed to achieve better identification accuracy of the speed and
rotor position. Meanwhile the sliding mode load observer is used to observe the load torque in real time, and the observed value
is transmitted to speed regulator to improve the capability of accommodating the challenge of load disturbance. Simulation
results validate the feasibility and effectiveness of the proposed scheme.
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0 Introduction

Permanent magnet synchronous motor (PMSM)
has many advantages such as simple structure, high
efficiency and high reliability, therefore it has a wide

range of applications in aerospace, new energy

vehicles, industrial production and other fields"?!.
At present, the external loop regulator in the PMSM
control system generally adopts proportional intergral
(PI) algorithm, which can play a regulatory role
within a certain range. However, when the system
parameters change or there are external disturbances,
the linear regulator is difficult to guarantee the motor
to obtain satisfactory performance. In order to
improve the robustness of the regulator, modern
control theories including fuzzy control, neural
network control and sliding mode variable structure
control are gradually applied to the high performance

58] Among them, the

control system of the motor
sliding mode control is widely used in the field of
motor control due to its advantages of simple
algorithm, good robustness and high reliability™ ',

However, the output of the traditional sliding mode
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controller is a high-frequency positive and negative
switching value, which brings about the chattering
problem of the system. How to reduce the chattering
becomes an important direction for the study of
sliding mode control. The existing methods mainly
include high-order sliding mode control methods and
positive lateralization methods within the boundary
layer'™. Although the above method can reduce the
chattering to a certain extent, there are still some
high-order

algorithm is complex and the chattering phenomenon

problems: the sliding mode control
still exists. After the method of the positive side of
the boundary layer is adopted, it is no longer the true
sense of sliding modular control™*!.

In recent years, with the development of the
theory of fractional calculus, some scholars have
proposed the fractional sliding mode control theory.
Combining the fractional theory with the sliding
mode control theory, the use of the fractional-order
system with slow decay over time reduces the
chattering. In addition, the variability of integral and
differential order is increased, which is more robust

to the uncertainty of the controlled object model, and
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can depict the system characteristics more
accurately™*,

Precise acquisition of speed and position
information helps improve motor control

performance. Sensorless control technology reduces

[15]

system costs and improves system reliability In

Ref.[16], a

observer is

adaptive velocity
PMSM and good

identification accuracy is obtained. However, the

model reference

designed for

essence of this method is linear correction, which is
not suitable for the occasion of parameter change or
interference. In Ref.[17], an extended Kalman filter
is designed for rotor speed and rotor position
identification, which has high estimation precision
and anti-interference ability. However, the extended
Kalman filter algorithm has a large amount of
calculation and parameter tuning is difficult. In
Refs. [18-20], using high-frequency signal injection
method to estimate rotational speed, which has
higher observation accuracy and does not require
precise motor parameters, but injected high-
frequency signals can easily affect the dynamic
performance of the system. In this paper, a fractional
order sliding mode observer (FOSMO) is designed,
which is robust to parameter variations and load
disturbance. The variable order gives the observer a
enhance the

unique performance. In order to

robustness of the system, improve the control
precision and reduce the cost, the fractional order
integral sliding mode control (FOISMC) strategy for
PMSM based on fractional order sliding mode
observer is proposed. Moreover, the sliding mode
load observer is used to observe the load torque in
real time, and the observed value is transmitted to
speed regulator to improve the capability of
accommodating the challenge of load disturbance.
verify the correctness and

Simulation results

effectiveness of the proposed method.

1 Basic theory of fractional calculus

When studying fractional calculus, ,D{ is generally
used to represent the fractional calculus operator,

which is expressed as

Jda Re(a) > 0,

de®

LD =<1 Re(a) = 0, @b
{YuwﬂRdw<a

Fractional order calculus has the following

properties 2217,

1) When ¢ =0, ,Dif (t) = f(t); When a =1,
LDif @ =df()/de;

2) The commutative law is applied to fractional
calculus and then a superposition relationship is

expressed as
Di.DIf (0] = DILD:f ()] = .Dif (o).

In this paper, the fractional calculus operator is
implemented using the improved QOustaloup filter
algorithm™; D¢ is replaced by the symbol D* for

convenience.

2 Design of fractional-order integral
sliding mode speed regulator

In this paper, surface mounted PMSM (L, =L ,=
L,) is taken as the control object, hysteresis and
eddy current loss are not taken into account; the
saturation of the motor core is ignored; assuming
that the space magnetic field is sinusoidal. The
voltage equation in rotor synchronous reference frame
(dg-frame) is expressed as

Jud = Ri,+ L, % — pwnL. iy,
< . (2)
Luq =Ri,+L, % + pwnLiy + pwndis

where uy and u, are stator voltages, i, and i, are
stator currents, L. is stator inductance, w, 1s rotor
mechanical angular velocity, p and ¢ are polar
logarithm and permanent magnet flux linkage.
respectively.

The field oriented control strategy of iy = 0 is
adopted, and the equation of rotor mechanical motion
is expressed as
dw,,

dr

J :%wm—ﬂ—mm (3)

where J is the moment of inertia, T, is the load

torque, and B is the damping factor.

2.1 Design of fractional order integral sliding
mode surface

The design objective of the speed regulator is to
make the actual speed w,, follow the given speed w,,
quickly and accurately, and the speed error is defined

as
e(t) = wy — wy. 4)

Fractional order integral sliding mode (FOISM)

surface is designed as

s=r¢et) +c D" e(t), (5)
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where ¢, >>0 is the integral constant; 0<u<1 is the
fractional order sliding mode surface order.

In the sliding mode variable structure control, the
system state point has two stages of movement: one
is the forward movement from the arbitrary state to
the sliding mode area; the other is the sliding mode
movement after reaching the sliding mode area.
Sliding mode control does not guarantee the
robustness of the first stage. In order to make the
system globally robust, the fractional integral sliding

mode surface is designed as

S:6(l‘)+(‘]D7“€(l‘r>+h(t)9 (6)

where h(t):h(O)eXp<—ni) , n>0 and n determines

the convergence rate of h(¢); h(0)=—e(0) —¢, X
oDy “e(0), e(0) is the initial value of the error, and
oDy “e(0) is the fractional integral value at time t=0.
When ¢t = 0, the initial state is s =0, that is, the
initial state of the system is located on the sliding
surface, which eliminates the arrival process and
makes the system globally robust. In addition, the
integral function can also eliminate the steady-state

error of the system.
2.2 Design of the regulator

Let m=h(0), it can be observed from Eq. (6) as
. t
s= e+ D e fmexp(— ). (D

then

f= e +aD e — Texp(— L), (®
n

n
Selecting the isokinetic reaching law
s =—esgn(s), e >0, D)
and combining Egs. (3), (4), (8) and (9), the

output of the speed regulator can be deduced as

2] T y _m ot T,
i, = 5 pin |:wm + ¢, D" e () ;exp( . )+ 7 +
%Jresgn(s)}. (10)

In order to weaken the high-frequency buffeting
phenomenon in the traditional sliding mode control
and make the speed error converge to the sliding
surface quickly, we introduce a new approach law,
inverse hyperbolic sine function arsh ( « ). The

sliding mode approach law is designed as

s =— narsh(e), (1D

where 72>0 is the sliding mode gain; arsh( « ) is an

inverse hyperbolic sine function, which is an
approximate linear function near the origin, and can
be used to smooth and limit amplitude while
accelerating the state to approach the sliding mode
surface and reduce system chattering. This feature is
not available with the traditional symbol function
sgn( * ) or the saturation function sat( « ).

From Egs. (10) and (11), the output of the
regulator with inverse hyperbolic sine function is

expressed as

2] T —u _m _t
iy = 500, [cum 4+ De (1) , exp( . )—l—
%+%+7]arsh(x)] (12)

2.3 Stability analysis of FOISM-based regulator

To verify the stability of the designed speed

regulator, the Lyapunov function is constructed as
V] = —s5". (13)

According to the Lyapunov stability theorem,
when V|, = s5s<C0, the system satisfies the stability
condition.

According to Egs. (7), (8), (12) and (13), we

can obtain
V, =s =s[D"“D" ] =

s[e() 4+ e/ D e (1) +h ()] =
s[e@ +aD e = Mexp(— L) =
[ = (5 putia = To— By, )+
D" e () —%exp(—%)] _

sl—mparsh(s) ] =—75 | s |. (14)

When >0 and V., < 0, the Lyapunov stability
theory is satisfied, therefore the designed FOISM-
based regulator is stable and its movement can tend
to sliding mode surface and finally reach the sliding

mode.

3 Design of FOSMO mode observer

3.1 Design of stator current and back EMF
FOSMO

The current state equation of PMSM in two-phase
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stationary reference {rame (ef-frame) is expressed as

di, __RS. i i .

& L + L + Lg¢'fwebmt9,

di R 1 1 (s
T R X

{dt leﬂ—b—Lsu,j Lg(/),wecos@.

Back electromotive fore ( EMF )

expressed as
{Ea} _ { gb[wcsintq . (16)
E, ¢drw, cosl

Observing Egs. (15) and (16), we can see that

equation 1is

there is a coupling term between the stator current
equation and the back EMF equation. Using the
functions A, and h; instead of the coupling term, the
current and back EMF observation equations can be

obtained as

di,

el mMe {ﬂﬂz [“} an
% - 1 ‘l:'g 2 h‘; 2 u; ’
dz
{E} =— [h} (18)
E, |k’
where

h, .sind
/31:R5’ /e:):i’ and {L}: [Sbfw s }
L. L. hy — ¢rw.cosl

19
The sliding surface of the FOSMO is defined as

Ai, A, D,
S:N:{li : l} (20)
Sp Al ip + AzD ullg

where 7, and i; are observed values of the stator

current in af-frame; 7, and 7; are the actual current
1.—1,—1
values; (- .
lp=— 17 1

a a a

s 1, and iy are the observation

—u

errors of the stator current; D “ is the fractional

integral operator; A, €ER", ., ER", u€ (0,1].
According to Egs. (19) and (20), taking the first-

order derivative of s, we can obtain

. i i, h, M
ol e e[ ]
o i /llg R
lg i
s s
Ak, |:7}+/12D1M |:~,}v 2D
where M= —¢rw.sinfd, R= Jjw,.cos0.

lﬁ lﬁ
Defining Lyapunov function as

Vz — 5 S (22)

and differentiating Eq. (22), there is

) ) h, M
Vz SST{Alkz{ :|+/\1/€2|: :]
h, R
i i
Ak {-}+A2D]“ {}} (23
lp lp

Supposing that
max | Ak, M | < Ma <+ o,
max ‘ AlkgR |<M@ <+OO’

that is, s,max | A, k.M |<M,s,sgn(s,) » sgmax | A, kR | <
Mpsgsgn(sg) s thus Eq. (23) can be expressed as

] he sgn(s, ) M, i, i,
oo [T [ [T ]
8 sgn(sg) My ip ip
(24)

Under the condition of Lyapunov stability,
according to Eq. (24), the stable fractional order

sliding mode control law is deduced as

{h} R H " anug}azpw H
hol ko lig] Ak [sgnsy) Ak, i)

(25

where u, €ER", sgn(s) is the sign function, described

as

1 S > O ’
sgn(s) = { (26)

SEms —1 s<o.
To prove the accessibility of the sliding surface,
assuming that u, > max (M, ,M;), and substituting

Eq. (25) for Eq. (24), we can obtain

Ve {sa} {_ {uosgn(sa)}JF {sgn(sn)Ma} }:
sg uosgn(sg) sgn(sg) M,
sesgn(s,) (uy — M,) + spsgn(sg) Cug — M), (27)

Then V << 0, that is, the sliding surface is
reachable, and the designed FOSMO observer
gradually converges.

From Eq.(19), it can be seen that the sign
therefore the chattering

function is involved,

phenomenon will be caused. Correspondingly, a
power function is adopted to reduce the chattering

problem, namely

L, s <5,
fal(s,e,8) = (0" ° 5] (28)

|'s|>9,
where 6>>0 is the filter factor, 0<e<{1 is the non-

linear factor, and fal( ¢ ) is the linear function near

which has the

sgn(s) | s [°,

the equilibrium point ( origin ),
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characteristics of large gain and small error.
According to Egs. (25) and (28), the fractional-
order sliding mode control law using a new power

function can be deduced as

Fﬂ} H “ Fal(sa)} D' H
h.;g - 2 ;/g ;{lkz fal(S/g) /\]kz 213 .

29

Substituting Eq. (29) into Eqgs. (18) and (19), the
observed values of stator current and back EMF can
be obtained.

3.2 Estimation of speed and rotor position

For the surface mounted PMSM, the electroma-
gnetic angular velocity w. can be directly calculated

from the back-EMF observations. The expression is

. _JETE
e ¢[ .

The rotor position can be obtained by the inverse

30

tangent function method, which is

_ E,
. =— arctan E,@' 31D

4 Design of load torque observer

Combined with the motor mechanical motion
Eq. (3), the rotor mechanical angular velocity w, and
load torque T are taken as state variables; the state

equation of PMSM is constructed as
% = SPS[)I _L_Ewma

d 2] T ) (32)
TI, — O.

Based on Eq. (3), the sliding mode observation
equations for rotor mechanical angular velocity and

load torque are constructed as

J%:?’W’u T.
J 2)

B -
- T T Wn +U9
de J (33)

[TL = gU’

where U=rFsat (w,, —w, ), sat( * ) is the saturation
function, k is the sliding mode gain, and g is the
feedback gain. Subtracting Eq. (33) from Eq. (32)

gives the sliding mode observation error equation as

Jél —_— e *Eel +U9

2 JoJ (34)
téz - gU;
where e, = w,, — w,, is the observation error of the

speed, e, =T, — T\ is the observation error of the

load torque. The sliding surface function is defined as

S = e T Wn T Wny (35)

In order to make the sliding mode of the observer

. . 1 .
exist and stable, the Lyapunov function V:?S? is

constructed. To satisly ss<<0, that is

s = e [/esat(el)—Tz—JBel]g 0, (36)
we can deduce the range of sliding mode gain as A<

B€] +€2

entering the sliding mode, s=s=0, that is, ¢, =¢, =

After the sliding mode observer

0, Eq. (34) can be expressed as

U — e )
J J (37)
[éz - gU.

Furthermore, we can simplify Eq. (37) to obtain

the error state equation of load torque as

[

J

According to stability theory, the stable condition

0. (38

e — g

of the system is *]£<O, that is, g<C0. Selecting

load observer parameters reasonably can ensure the
stability of the observer and estimate the value of
load torque. The structure diagram of the load torque

observer is shown in Fig. 1.

Fig. 1 Structure diagram of load torque observer

Substituting the load observations obtained by the
load observer into Eq. (12), then Eq. (12) can be

rewritten as

. 2] © Tl _m _t S L
1q—3p¢r|:wm+c1D e(t) =" exp . )+J+

Bw.,
J

From Eq. (39), it can be seen that the observed

+ qarsh(s) |. (39)

load torque is fed back to the speed regulator. When
the load is disturbed, the regulator can respond to
the change of the load in time and reduce the
influence of the load disturbance on the control

performance.
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5 Simulation and analysis

In order to verify the effectiveness of the proposed
control strategy, the designed control system has
been implemented in Matlab/Simulink platform. The
block diagram of the control system is shown in
Fig. 2.

W+ ]
—=&@ = FoISMC “ o SVP B 3-phase
- up WM ; inverter
il
1a=
Cl&l}\
fe——(
Load
observer | — U
w N - up
’"T o | FOSMO i
l-— g

Fig.2 Block diagram of PMSM control system

The parameters in the PMSM drive system are
listed in Table 1.

Table 1 Parameters of PMSM
Parameters Values
DC bus voltage Uy, 300 V
Rated torque T 3Ne'm
Number of poles p 2
Phase resistance R, 2.875 Q
Rotor flux ¢ 0.175 Wb
Stator inductance L 0.008 5 H

0.000 8 kg * m?
0.001 N*em=+s

Motor inertia J

Friction coefficient B

1) Speed regulator simulation comparison
The Pl-based regulator and the integer-order
( IOISM-based

regulator) are constructed, respectively, and then

integral sliding mode regulator
compared with the FOISM-based regulator designed.
In simulation, the parameters of the Pl-based
regulator are k,=11 and k£, =0. 1; the parameters of
the IOISM-based regulator are ¢, =475, n=22, p=9
and u = 1; the parameter of the FOISM-based
regulator is «=0. 8.

2) Speed observer simulation comparison

The model reference adaptive observer (MRAS)
and the integer order sliding mode observer (SMO)
are constructed, respectively, and then compared
with the FOSMO designed. In simulation, the
parameters of the FOSMO are A, =0.003 5, A,=1. 2,
e=0.38, =0.01, u,=11 000 and «=0. 5.

3) Load observer simulation comparison

A load torque observer using the direct calculation
method (DCM-based observer) is constructed and

compared with the sliding mode load observer (SMO-
based observer) proposed. The parameters of the
SMO-based observer are k/=—1 500 and g= —0. 8.

5.1 Comparison of speed regulator performance

For the FOISM surface designed, the simulation
parameters above are used to obtain the simulation
curve of the sliding surface function s, as shown in
Fig. 3.

100

80 1

60 1

40t 10 1

20t 1

0
0 0.000 2
o . .
0 0.1 0.2 0.3 0.4
t(s)

Fig.3 Simulation curve of sliding surface function s

Since e(t) =w,, —w, is a positive value during the
start-up stage, so s=e(t) +c;D “e () +h(t) shows
an upward trend in Fig. 3. Meanwhile, because h ()
is set in the function of s, the initial value of s is 0,
that is, the initial state of the system is on the sliding
surface. When the actual speed is tracked on given
speed, the speed error ¢ (¢) = 0. Since the integral
term D “ exists in the function of s, the value of
function s is stabilized near a constant value.

For the purpose of validating the robustness of the
FOISM-based regulator to

comparative simulation experiment was conducted for

load disturbance, a

the motor with load start (1 N » m), given speed of
1 000 r/min, and increased load to rated load
(3Nem) at 0.1s.

response comparison curves for the three speed

Fig.4 shows the dynamic

regulators.

1200

1000

800

990
2001 0:006 001 0.1 0.102 6|
FOISM-based regulator
200 — — — 10ISM-based regulator 4
---------- Pl-based regulator
0 L . )
0 0.1 0.2 0.3 0.4

t(s)

Fig.4 Rotor speed response
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It can be seen from Fig. 4 that compared with the
systems using Pl-based regulator and IOISM-based
regulator, the system using FOISM-based regulator
possesses better transient response characteristics,
that is, it has smaller overshoot as well as adjusting
time. After increasing the load to the rated value at
0.1 s, the system using the FOISM-based regulator
shows better robustness against load disturbance,

namely, lower speed drop and faster load recovery.
5.2 Comparison of speed observation methods

In order to test and prove the estimation accuracy
of the FOSMO,
carried out with the star-tup load of 1 N ¢« m and the
rated load of 3 N ¢« m at 0.1s. Fig.5 and Fig.7

illustrate the comparison of the speed and rotor

a comparative experiment was

position estimations of the three observers,

respectively. Fig.6 and Fig.8 have expressed the
error and the rotor position

speed estimation

estimation error, respectively.

1200

1 000

‘ =11 000
800

600

0.101 2|

Actual speed

994
0.009 0.1

Speed (r/min)

400

— — — Fosmo

2008 e Smo 4

0 L ! L
0 0.1 0.2 0.3 0.4

1.5

1.0

0.5

0.1013

i
3l
i
)

|
4
n

i —— fosmo

|
g
(=]

Speed estimation error (r/min)
[
¥

|
—
OUI

0.4

Fig. 6 Error of estimated speed

Fig. 5 shows speed tracking comparison curves of
the three observers. Compared with the other two
observers, the FOSMO can more accurately follow
the actual speed both in the case of load start-up and
increase to the rated load. Moreover, Fig.6 also
shows that the estimated speed error of the FOSMO

fluctuates slightly at the moment of sudden load
change, but decreases quickly under the control law,
and the observed speed tracks the actual speed fast
and accurately. Figs.7 and 8 intuitively demonstrate
that the FOSMO has higher estimation accuracy and

stronger robustness to load disturbance than the

others.
8
25792 17
6 /i
) fi
E |2918 A
4 9% b 0.197
=
5]
g actual
9]
2 | _____ SmMo
| — — — fosmo
---------- mras
0 0.1 0.2 0.3 0.4
t(s)
Fig. 7 Estimated rotor position
0.001 2
_,:.%\ [T
Eoo0tof mras
=] H
5 0.000 8 fosmg
2 A e = = e Smo
=) ;
5 0.0006 .
=]
.8 !
Z 0.000 4fi 1
a --------- ~|‘ ____________________________ —_
g 0.0002 1
=]
=
0
0 0.1 0.2 0.3 0.4

Fig.8 Error of estimated rotor position

5.3 Comparison of load

identification methods

torque

To verify the performance of the designed load
observer, first the motor is loaded (1 N *« m) to
start, then loaded to the rated load (3 N ¢ m) at
0.1 s, finally suddenly reduced to 2 N « m at 0.2 s.
The tracking performance of two load observers as
well as the influence of load observers on speed
response are comparied. Fig.9 shows the curves of
two load observers for actual load. Fig. 10 shows the
influence of load observer on speed response.

From Fig. 9, it can be observed that the sliding
mode load observer proposed tracks the actual load
torque quickly and accurately, which is faster than
the direct calculation method. Meanwhile, it can be
seen from Fig.10 that when there is load
disturbance, the system adopting the sliding mode

load observer has less fluctuation speed and can
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restore to reference speed faster. It can be found that
the sliding mode load observer can overcome the
influence of load disturbance effectively as well as

improve the robustness of the system significantly.

4
3 A
E
= 2
&
Actual TL
1— ]
f — — — — SMO-based
J —————————————— DCM-based
0 L L L
0 0.1 0.2 0.3 0.4
t(s)
Fig.9 Estimated load torque
1200
1000 /D Y
00 —— 1 008—
= 800 “\F Vi IS .
E B :
E 600 g AN ]
3 978> 1 000 —
& a00] 01 0.103 02 0.201 6
With smo
200 — — — With DCM-based observer E
----------- Without load observer
% 0.1 0.2 03 0.4

t(s)

Fig. 10 Speed response with/without load observer

6 Conclusion

The FOISM-based regulator designed in this paper
has better dynamic performance and improves the
system’s immunity to disturbances effectively. The
proposed FOSMO has higher observation accuracy
and faster response than the IOSMO and MRAS
observers. Moreover, it also has the capability of
accommodating the challenge of load disturbance
superior to the other two observers. In view of the
load disturbance in PMSMO control system, the
designed SMO-based load observer tracks the actual
load torque quickly and accurately. By introducing
the observed load torque into the speed regulator, the
influence of the load disturbance has been overcome
effectively, thereby improving the robustness and

reliability of the system.
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