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ABSTRACT. In this article, a command filtering-based adaptive fuzzy controller is pro-
posed for speed-sensorless permanent magnet synchronous motors (PMSMs) with full-
state constraints. Firstly, aiming at the problem that the traditional backstepping method
cannot constrain the state variables, the barrier Lyapunov function is employed to guar-
antee that the rotor position, stator current and other states of PMSMs drive system
runs in a given range. Then, the adaptive fuzzy technology is used to deal with unknown
parameters and load disturbance difficulty, and a fuzzy reduced-order observer is con-
structed to evaluate the rotor angular velocity of the PMSMs. In addition, in order to
deal with the problem of “complexity of differentiation” in conventional backstepping, the
command filtering technology is used to filter the virtual control signals to obtain their
derivative. The error compensation mechanism is further combined with backstepping
command filtering to eliminate the adverse effect of accumulated filtering errors on con-
trol performance. Finally, the simulation results verify the effectiveness of the controller.
Keywords: Adaptive fuzzy control, Command filtering control, Barrier Lyapunov func-
tions, Full-state constraints, Speed-sensorless PMSMs

1. Introduction. In recent years, PMSMs have been widely used in the field of high
precision servo system because of its high efficiency, strong robustness, high torque iner-
tia ratio, superior power density and low rotating inertia [1]. With the development of
control theory, a large number of new non-linear control methods have been studied and
applied to motor systems, such as backstepping control [2], sliding mode control [3] and
adaptive control [4]. In addition, backstepping adaptive control technology has attracted
much attention because it can overcome the disturbance problems caused by unknown
parameters and load torque [5]. However, when the order of the system increases or the
form of the virtual control function is more complex, the derivation process will become
very complicated [6]. To this end, in the tracking controller design for PMSMs [7], by
using fuzzy logic system (FLS) to approximate the derivative of virtual control function,
a more concise controller form is obtained, but the tracking effect is markedly reduced.
In order to overcome the above problem of “complexity of differentiation” [8], Swaroop
et al. have proposed a dynamic surface control method [9] to approximate the derivative
of virtual control. However, the uncertainty of the system increases. Farrell et al. [10]
proposed a backstepping method based on second-order command filter, which used the
filter to realize the approximation of virtual signal and its derivative. In addition, the
filter error compensation loop [11,12] is designed to improve the tracking performance.
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Although the control strategy based on command filtering control (CFC) ensures the
accuracy of position tracking control, the safety problems caused by excessive speed,
current and other state variables of PMSMs in the staring stage are not considered.

Inspired by the above surveys, a command filtering-based adaptive fuzzy controller is
proposed for speed-sensorless PMSMs with full-state constraints. The controller has the
following advantages.

1) Compared with the adaptive backstepping method in [11], the full-state constraints
are further considered for PMSMs systems, and the control signals are devised based on a
new log-type barrier Lyapunov function (BLF), which can assure tracking effect without
violating state constraints.

2) Distinct from [11,12], CFC technology with error compensation mechanism over-
comes the “complexity of differentiation” difficulty of backstepping method and eliminates
the adverse effect of accumulated filtering error on the control system, which will further
improve the tracking performance of the system.

3) By designing reduced-order observer, the developed scheme need not measure the
value of angle speed signal, which will reduce hardware complexity and increase reliability
for PMSMs.

The rest of sections are organized as follows. In Section 2, the system statement is given.
In Section 3, the observer is designed. In Section 4, command filtering-based full-state
constrained adaptive fuzzy controller is devised and the stability analysis is presented.
Numerical simulation results and conclusions are shown in Sections 5 and 6, respectively.

2. System Statement. In the d-q rotating coordinate, the system model of PMSMs can
be described as follows [13]:

( dO

— =W

dt

dw 3 . 4
JE = 5" [(La — Lg)iqiq + ®ig) — Bw =T},
. (1)
d

Lqﬁ = —Rgtg — npywLlgiq — nyw® + ugLy

di
\ ﬁ = —Rgiq +nywlyiq + ug

where the physical meaning of symbols is shown in Table 1.

TABLE 1. The physical meaning of symbols

©: the angular position w: the angular velocity

n,: the pole pair B: the viscous friction velocity
J: the rotor moment of inertia T the load torque

R,: the stator resistance ®: the flux linkage

iq and 7, the stator currents uq and u,: the stator voltages

In order to simplify the control model, the following notations are introduced: z; = O,

o . . _ 3n,® _ 3np(Lg—Lg) R _ nply _ np®
Ty = W, T3 = 1g, Tg = 14, A1 = 2p7a2_ p2 q7bl__L_:762__iq7b3__£q7
1 _ _ nplyg 1
b4—L—q7 € =—1% 0= 1" 3= Thus, we can get
.Ctlz.ﬂfg
. aq +CL2 B TL
Ty = —FT3 T T304 — FT2— —F
T TR 2)

Zt3 = blxg + le’QZ‘4 + bgl‘g + b4uq
[t4 = C1T4 + CoT9T3 + C3U4
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The control goal of PMSMs is to construct the controller u, and uy4 to realize the
tracking of rotor position signal z; to the given signal x;. Meanwhile, make sure that
all closed loop signals are bounded, and the full-state constraints of the system are not
violated, i.e., |x;| < k., where k., is a constant, i = 1,2, 3, 4.

Lemma 2.1. [11] The command filter is defined as

P1 = NP2, (3)
P2 = —280.p2 — Nu(pr — 1)
where ay and p; (i = 1,2) stand for the input and output signals of the filter, respectively.
And if oy satisfies |cq| < p1, |Ga] < po for all t > 0, where p1 > 0, po > 0 and p(0) =
a1(0), p2(0) = 0, then for any u > 0, there exist n, > 0 and & € (0,1] such that
Ip1 — a1| < p, and |py1|, |p1], |P1| are bounded.

3. Reduced-Order Observer Design. Second-order observer is designed to estimate
the rotor angular velocity of PMSMs. From the system (2), we can obtain that

ZI./’l = X9
iy = f2(Z) + x5 (4)
Yy=a

where the unknown nonlinear functions fo(2) = —z3 + %alxg — T—JL + 3Ty — ?332,

7 = [x1, %o, T3, 14, :Cld,sbld]T. Define Uy = my and Hy(Z) = ¢(Z). The FLS is employed to
approximate f2(Z). For any given 75 > 0, there always exists an FLS 72 ¢(Z) such that
f2(2) = 7l o(Z) + p2(Z), where the approximation error us(Z) satisfies |u2(Z)| < 7. So
Equation (4) can be rewritten as

1 = X2
7 (5)
iy =My p(Z) + p2(Z) + 3
Then the reduced-order observer is designed as

I =Ty +di (y—9)

Ty =7ty 0(Z) +da (y — ) + 23 (6)

Y=

where Ty = my — Ty is the estimation of .

Define the observer error e = [eq, eQ}T, where e; = x1 — 21, e; = x5 — 5. By subtracting
the expressions on both sides of the equal sign of Equations (5) and (6), one has

é=De+e+w (7)
—d1 1 T T .
where D = b0 )= [0,12(2)]", w = [0,73¢(Z)]". Select the appropriate d;
—da
and dy to guarantee that D is a strict Hurwitz matrix. Thus, for any given Q7 = Q > 0,
there always exists GT = G > 0 satisfying that DTG + GD = —Q.

Construct a Lyapunov function candidate as V = e Ge and differentiate it with respect
to e.
Vo =é'Ge+ e'Ge = —eTQe + 27 G(e + w) (8)
Utilizing the Young’s inequality: 2e7Ge < |le|*> + ||G||*7%, 2¢T Gw < ||e||* + ||G||*73 72,
we can conclude that

Vo < —Auin(Q)eTe + 2]lel® + |GI* 73 + [|G|*75 7 (9)

4. Command Filtering-Based Full-State Constrained Adaptive Fuzzy Con-
trollers Study. The following system tracking error z; and the compensated tracking
error s; are defined:
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2 =T — Tg, 22 = Lo — Lim, 3 = X3 — T2m, <4 = T4 (10)
S1 =21 =61, S2 = 22 — G2, 3 =23 — 63, S4 = R4 — 4

where x, stands for the given reference signal, a; and x;,, (i = 1,2) are the input and

output signals of the filter, respectively. The filtering errors x; ,, — cv; are handled by error

compensation mechanism and g; represent the error compensation signals. Then, define

a compact set Qg = {|s;| < ky,,7 = 4} where ky, is a positive constant.
Step 1: Consider the BLF V; = log 7= +Vo. Then, the time derivative of V; can be
51

obtained as ‘ ‘

Vi=Vo+ K (22 + (21 — 1) + a1+ e — &g — 1) (11)
where K,, = s1 /(k} —s}) and K, = s; /(k} — s?) with i = 2,3,4, which will be used
in the following steps. Choose the virtual control function and the compensating signal
as

) 1
oy = —ki12 4+ Tqg — §K81 (12)

1 =—kis1+c+ ($1,m - 041)
where the control gain k; > 0 and ¢(0) = 0. Substituting Equation (12) into Equation
(11) results in

2
‘/1 S %—k1K5181+K5182+ H€2|| (13)

Step 2: Consider Lyapunov function as Vo, =V} + %log W + 3 7r2 7y with r; > 0,
and then its time derivative can be presented as
Vo = Vi + K, (25 + 2on + doer + 75 9(Z) = dr1m — ) — K3 9(2)

7~T2T R
+ 72 (1 Kop(2) — ) (14)
1

Adopt the virtual control function, the compensating signal and the adaptive law as

. : K
Qo = —kQZQ — d2€1 — WgQD(Z> + Tim — 22 — Ksl (Kli — Sg)

Go = —kaGo +G3 + ($2,m — ag) (15)
7%2 = T1K32g0<Z) — mlﬁ'g
Substituting Equation (15) into Equation (14), one has

lell® | ®2s  mur
2 2 T

Vo <Vp— k1K, 51 — koKg,80 + K, 53 +

k’2
Step 3: Premeditate the following candidate as V3 = V5 + 5 log (lcg—b_?’sg> and the time
b 3
derivative V3 is ’
Vs < Vo— k1Ko 81 — ko Kyy80 + Koyso + Ko, (baug — S5+ f3(Z) — Zam)
el | 72/ ma_p.
—_— = 17
9 " —— Ty T (17)
Design the real control law u, and the compensating signal as

1 1 R . Ks
63:—]{:393
Then, one has
3
o | e ||2 Wi Mg, B4
Ve < T kK. s, K2 Us||? HTH 2 T 3 (19
s S Vo= D kelosit g K2 (U6l = ) HE Hyct 50+ 552 + Ty S5 (19)

=1
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2

k
%) . Then the derivation
4

Step 4: Select barrier Lyapunov function V; = V3+% log (

of Vy is _ .
Vi=Vs+ K, (csuqg+ fu(Z) — <) (20)
Design the control function uy and the compensating signal ¢4 as
1 1 K
= — | —kyzqs — K, X -
=, ( T o 4 2 ) (21)
G = —kis

Define x = max {||Us]|%, ||U4||2} and Y = x — X. Then, we can certify

4 2

~ 7r7r m R 2+ 7
V< Vp— ZkKslserZQl?KQ HTH+H el 222+—1 R 5 (22)
i=1 =3

Step 5: The Lyapunov function of the whole system is chosen as V = V, + i}?.

Then, the V is given by

~ 4
X 1 IE iRy my .
V<Vb E kf(slsZ - (E 2l2T2K2HTH )+T+ 22 +T—17T2T7T2

12 :
+Z 7 +7—z (23)

: 2
=3

Then we choose the adaptive laws as

Then, we can certify

. m 1 e
V<~ (dunl@ ——)e e—zlong b (3 - 516

4 49 2
m2 2 m 2 E :lz +7—z
S — a()V(t) + bo (25)
m . )\min Q -
where Apin(Q) =3 > 0, §2—5~[|G[|* > 0, and ap = mm{%,zn (2 -5-1l6IP),

le, 2k2,2k3,2k4,m2}, bo = HGH27'22 + ;%’Ng’/@ + X + Zz 3 A +T .
Multiplying both side by e®!, Equation (25) can be represented as d(Ve®!)/dt <
boe®! and integrating it over (0,¢], we can certify that

Vi(t) < <V(0) — b—o) et + L <V(0)+ @, Vit > to (26)

Qo Qo Qo

k2
It can be concluded from the above formula that lim log ( = b 2) < 2o iy 51| <
t—00 b; —Si a0 t—00

Ky, V1 — e(=2bo/ao), )
Next, choose the Lyapunov function as V' = 3¢ 4+ 3¢5 + 265 + 2¢7. Then, one has

V = qd + 9 + 68+ ud
= —k1§12 + G152 + <1 ($1,m - 041) - k2§22 + GS3 + §2($2,m - 042) - k3§§ - k4§f (27)

According to Lemma 2.1, |2;,, — ;| < %, i = 1,2. By using || < 3¢ + 3¢? and
GiSip1 < 367 + 367, with ¢ = 1,2, we can obtain
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. 3 1 >
V< —(ky— 1) — (k‘z — 5) ¢ — <k3 - 5) 63— kust + 0 < —aV + by (28)

where a; = min{2k; —2, 2k, — 3, 2k3 — 1,2k, }, by = 2. Thus, we can get, tlim lsi] < @/%.
—00
According to the constructed system error, it can be concluded that |z1]| < |si| + [¢1] <

kip, /1 — e(=2007a0) 4\ /222 when ¢ tends to co.

ay ’

Remark 4.1. In the light of the definition of ag, a1, by and by, after the parameters my
and moy are selected, the sufficiently large ki, r1, ro and sufficiently small l; can guarantee
that z1 converges to the small neighborhood of the origin.

5. Simulation Results. The parameters of PMSM are selected in Table 2.

TABLE 2. The parameters of PMSMs

J = 0.003798 Kg-m? | B = 0.001158 N-m/(rad/s) | ® = 0.1245 Wb
L, =0.00315 H Lq=000285H& n, =3 | R, =0.681

Choosing the reference signal as z14 = sin(¢) + 0.5 * sin(0.5 * ¢), the initial condition

. <
is [0.2,0,0, 0], load torque T}, = ? (1)’ ?; 1t5< 15 and the fuzzy membership functions

s = oxp [‘@TW] where j = 1,2,3,...,11, i = 2,3 4 and n = —5, -4, —3, ... 5.

The control parameters are selected as k; = 5, ky = 20, k3 = 100, ky = 50, my; =
me =1, 71 =19 = 10, I = I3 = 1. Besides, the parameters of the command filters are
¢ =0.5, n, =500, ky, = 0.3, ky, = kp, = kp, = 2. The states of PMSMs are restricted in
|$1| S 15, |ZL’2| S 10, ’l’3| S 10, |$4| S 10.

Figure 1 shows the tracking curve of rotor position. It can be seen from Figure 1 that
the control schemes can track the given signal quickly and accurately. Figure 2 shows the
observation results of the reduced-order observer. It can be seen from the figure that the
parameters d; and dj selected in this paper can make the observer obtain good estimation.

6. Conclusion. For the speed sensorless PMSMs with full-state constraints, an adaptive
fuzzy controller based on CFC is proposed in this chapter. BLF is introduced to design
the controller to ensure that all system states are always in a given range, and a fuzzy

Position(rad)

0 5 10 15 20 25 30
Time(sec)

F1GURE 1. The trajectory of xy and x4
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F1GURE 2. The trajectory of x; and 2,

reduced order observer is established to estimate the PMSMs rotor angular velocity. In
addition, the CFC scheme is used to solve the problem of “complexity of differentiation”,
and an error compensation link is constructed to eliminate the adverse effect of filtering
error.
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