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ABSTRACT. Considering the problems of parameter uncertainties and load disturbance
appearing in induction motor drive systems, a discrete-time speed requlation control me-
thod is proposed in this paper. First, Fuler method is used to describe the discrete-time
model of IMs. Next, fuzzy approximation technique is employed to approximate the un-
known nonlinear functions. Furthermore, the problem of explosion of complexity emerged
in traditional backstepping design is eliminated by dynamic surface control technique.
Finally, simulation results prove that tracking error can converge to a small area of the
origin and illustrate the effectiveness of the proposed approach.
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1. Introduction. Induction motors (IMs) are intensively used in industrial applications
because of their low maintenance, high performances and ruggedness, which stimulate
research in advanced motion control to achieve high performance. However, it is still
a challenging problem to control IMs to get the perfect dynamic performance owing to
that its dynamic model is usually multivariable, coupled and highly nonlinear. What is
more, it can be easily influenced by parameter variations and external load disturbances.
To solve the above problems, many control methods have been proposed for IMs, such
as sliding mode control [1], Hamiltonian control [2], dynamic surface control [3], back-
stepping [4] and some other control methods [5, 6]. Unfortunately, all those methods
mentioned above were developed for continuous-time IM drive systems and implemented
on digital devices. Nonlinear discrete-time control design techniques for IM drive system
were seldom discussed. The discrete-time control system is regarded as typically superior
to the continuous-time control system in terms of stability and achievable performances
[7].

The backstepping control is considered to be one of the popular techniques for con-
trolling the nonlinear systems with linear parametric uncertainty. However, during the
backstepping design procedure, the problem of “explosion of complexity” arises. To over-
come this issue, a dynamic surface control (DSC) method was proposed by introducing
a first-order filtering of the virtual input at each step of the conventional backstepping
approach. However, the DSC technique has not been applied to nonlinear discrete-time
systems with unknown parameters. Recently, fuzzy-approximation [8] method has at-
tracted great attention in induction motor drive systems because of its inherent capability
for modeling and controlling highly uncertain, nonlinear and complex systems.

From the above observations, the adaptive fuzzy DSC control method is proposed to
speed regulation for IMs based on discrete-time technique in this paper. The simula-
tion results are provided to demonstrate the effectiveness of the proposed discrete-time
adaptive speed tracking control method.
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The rest of the paper is organized as follows. Section 2 describes the mathematical
model of IM drive system. The dynamic surface adaptive backstepping control is designed
in Section 3. Section 4 shows stability analysis. In Section 5, the simulation results are
given. Finally, some conclusions are presented.

2. Mathematical Model of the IM Drive System. Induction motor’s dynamic math-
ematical model can be described in the well known (d-¢) frame as follows [9]:

(dw np 17,
dt J Vil =
dig L;Rr +L2R,  Lpn, .~ LpRyigia 1
at _W” T oL, T el T
g LR, (1)
D7 ——wd L. iq
dig LfnRT +L?R,.  LpR, LR, i 1
\ E:_—ULSL?" g + LLde+npwzq+ L %+0Lsud
L2

where 0 =1 — T W, Ly, n,, J, T1, and 14 denote the rotor angular velocity, mutual
inductance, pole pairs, inertia, load torque and rotor flux linkage, respectively. ¢; and i,
stand for the d-q axis currents. ug and u, are the d-g axis voltages. R, and Ly mean the
resistance, inductance of the stator. R, and L, denote the resistance, inductance of the
rotor. By using the Euler method, the dynamic model of IM drivers can be described by
the following equations:

ZL’l(k’ + ].) = l’l(k) + CLlAtIL‘Q(k?)l’g(k’) — agAtTL

o(k+1) = (1 + b1 Ap)za(k) + ba Ay (k)xs(k) — bsAwxy (k)xy(k)
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ZL’3([€)
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walk+1) = (14 b A)as (k) + ;A (k) + Mtfgg

+ b3 Ay (k)xo (k) + bsAyug(k) (2)

where A, is the sampling period and

z1(k) = w(k), m2(k) =ig(k), x3(k) =da(k), z4(k)=1ialk),

iy L 1 L% R, + L’R, Lo,
w=Tg Ty hEmTe e =
b3 =N b4 = LmRT b5 = L C1 = —& Coy = LmRr .
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The control objective is to design an adaptive fuzzy controller such that the state
variable z;(k) (i = 1,2,3,4) follows the given reference signal x;4(k) and all the closed-
loop signals are bounded. The approximation property of the fuzzy logic systems (FLSs)
can be found in [2]. By using the FLSs, given a compact set z = [z1, 22,...,2,] € €,
the unknown smooth function ¢(z) can be expressed as p(z) = WTS(z) + £(z), where
W € RN is the optimal parameter vector, S(z) = [s'(2),s*(2),... ,sN(z)}T is a fuzzy
basis function vector with s'(z) = TI7_;pg (2) /S T pg (2:), and then S(z) has the
following properties: Amax [S(2)S7(2)] < 1. And £(z) € R is the approximation error
satisfying [e(z)| < & with the constant & > 0. 4 (z;) is the fuzzy membership function
and ¢! is fuzzy sets in R.
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3. Adaptive Fuzzy Controller Design with Backstepping. In this section, we will
design the controllers for the approximate discrete-time IM drive system via backstepping.

Step 1: For the reference signal x4, define the tracking error variable as e (k) = x1(k)—
214 (k). From the first equation of (1), we can obtain e;(k+1) = z1 (k) + a1 Ayzo(k)zs(k) —
as ATy, —x14(k+1). Choose the Lyapunov function candidate as Vi (k) = 1ei(k), and then

the difference of V;(k) is computed by AVi(k) = 1[z1(k) + a1 Awa(k)zs(k) — axNTp—
T4k + 1)} — 2e3(k). Construct the virtual control law (k) as
—x1(k) + x19(k + 1) + a AT ] 3)
a1 A3 (k)
<t lona(k +1) = ana(k)] + Arena(k) = Arar(k),  a14(0) = a1 (0) (4)
Define ey(k) = z2(k) — a1q(k). By using (3), AV;(k) can be rewritten as

Cvl(]{?) = [

AVA(k) = 5037 ea(k) + caa(k) — on ()] #3(k) — 563 (k) )

Step 2: From the second equation of (1), we can obtain eq(k + 1) fa(k) +bsAvuy(k),

(
where fao(k) = (1+b1A,) 2o (k) +bo Ay (k)3 (k) — bs Ay (k ) (k) — %—ald(m
1). Choose the Lyapunov function candidate as Va(k) = 1e3(k) + Vl(k) Furthermore,

differencing V5 (k) yields

AVa(k) = S[A(K) + sy (B) — e3(k) + AVi() (6)

By using the approximation property of the FLS, for any given €5 > 0, there exists
a fuzzy logic system Wi Sy(29(k)) such that fo(k) = W] Sy(29(k)) + €9 where &9 is the
approximation error. At this present stage, choose the following control law u,(k) and
adaptive law 7o (k + 1) as

ug(k) = —b51At772(/f)H52(22(/f))H (7)
Ma(k + 1) = Na(k) + v2||S2(22(k))[|e2(k + 1) — dama (k) (8)

where 7, and 09 are positive paramenters. In general, W5 is bounded and unknown and
let ||Wa|| = ne where 7o > 0 is unknown constant. Let 7o(k) estimate 7, and the estimate
error s 7j2(k) = 1z — 7j2(k).
By using Equality (7), we can obtain
1

AV (k) < 4[| Sa (2 (DI + 2 (R) [ Sa(z2 ()| = €3 (k)

+ a1A2 2 (1) [ea(k) + ana(k) — aa (k)] — %el(/f) e ()

Step 3: For the reference signal xgq, define the tracking error variable as es(k) =
x3(k)—x34(k). From the third equation of (1), we can obtain es(k+1) = (1 4+ ¢;Ay) (k:)+
baAvz4(k)—x34(k+1). Choose the Lyapunov function candidate as Vs (k) = 1e3(k)+Va(k
Furthermore, differencing V3(k) yields

1 1
AVs(k) = 2 [(1+ 1 A)ws(k) — 2aalk + 1) + bala (k)] — Se3 (k) + AVa(k)
Construct the virtual control law s (k) as

Oég(k) =

i [P ez (k) + sl + 1) (10)

G2 [vaa(k + 1) — aga(k)] + Arana(k) = Araa(k),  aa(0) = az(0)
Using (8), AV3(k) can be rewritten as:

AVs(k) < 75 (k)|1S2(z2(k))||? + 43 (k)] S2 (22 (k)) ||
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+ AT ea(k) + analh) — an(R)]* — SA®E) — SAH)
+ @A) (k) + o)~ (WE - SAE) +5 ()

with €4(k‘) = I4(k’) — 052(]{7).

Step 4: From the fourth equation of (1), we have eq(k+1) = f4(k) + bsAyug(k), where
f4(k’) = (1 + blAt)I4(/€> + CQAtl‘g(k’) + b3AtZ‘1<k').T2(]€) + b4Atff3—Eg — Oégd(l{? + 1) Choose
the Lyapunov function candidate as Vi(k) = Le2(k) + V3(k) with P > 0, and then the
difference of Vj(k) is computed by

AVA(k) = © [flk) + b A — T 3(k) + AV (R) (12)

Similarly, the fuzzy logic system W] Sy(z4(k)) is utilized to approximate the nonlinear
function f4(k) such that for given g4 > 0, fi(k) = W[ S4(24(k)) + €4. Now choose the
following control law ug(k) and adaptive law 74(k + 1) as

r
ua(k) = ———a(k) || Sa(z4(k))| (13)
bs A\
Na(k +1) = (k) + 72 [[Sa(za(k)) | ea(k + 1) — daiia(k) (14)
where v, and 04 are positive paramenters. In general, W, is bounded and unknown and

let ||Wy]| = n4, where 14 > 0 is an unknown constant. Let 74(k) estimate 1, and we have
Na(k) = ng — n4(k). Substituting (13) into (12) results in

AVi(k) < PR Su(a ()2 + PR (B |Sia(R)IP — 3 PEE) + P} — S

+ %biﬁf [ea(k) + aza(k) — az(k)]” + %afﬁfévi(k) [ea(k) + ara(k) — an (k)]

— SRR+ 433 (B) 1152 (22 () P + BRIS: (2 () I+ 63— 53(H)  (15)

4. Stability Analysis. To address the stability of the closed-loop system, choose the
Lyapunov function candidate as V (k) = Vi(k) + 343 (k) + 3v3(k) + ﬁﬁ%(k) - %ﬁi(k‘),
where y;(k) = (k) — a;(k) and 3, 4, P are positive paramenters. Furthermore,

differencing V' (k) yields

AV(E) = AVi(h) + 5 [0+ 1) = (8] + o 706+ 1) — (0]

1 1
2[00k 4 1)~ )] + 5 [0+ 1) — 3] (16)
By using (4), we can obtain

yi(k+1)= (_%t + 1> yi(k) + ri(k), (i=1,2)
yZ(k+1) —y2(k) < (?—5 _ 34 + 1) y2 (k) + (2 — %) ki(k), (i=1,2)

% %

where k;(k) = a;(k) — o (k + f) As defined before, it can be computed that
i (k4 1) = 7 (k) = 7+ (k1) = 2k + 1) = 77 () (17)
07 (k+ 1) = A7 (k + 1) [|Si(za(k) I + (1= 6)* A7 (k)
+2(1 = 0:)% [1Si(zi(F)) [l i (k + 1) (k) (18)
Replacing (18) into (17) yields
i (k+1) =07 (k) = 07 + (1 = 0:)%7 (k) + e (k + 1)]|8;(2i(k)) |
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= 2(1 = 0)minii(k) + 2(1 = 6:)yl| Si (=i () lles (K
+ 1)ii(k) — 7 (k) — 2%l Si(zi(k)) llei(k + L), (19)
Then, with ||S;(2;(k))||* < 1 and according to the Young’s inequality [6], we have
Mk +1) — 72 (k) < (1697 — 8476, + 9y — & +2) n7 + (67 — 46; + 3) 07 (k)
+ (497 — 2976, 4+ 2v; — 1) 777 (k)
+ (497 — 2970 4+ 2vi) e, (1 =2,4) (20)

Define z3(k) < M, where M is a positive constant. Substituting (20) and (15) into
(16), one has

L, L,

b, 1
AV < — D) + AR + BANE (k) — SeA(h) — 2e3(k) — SeA(h)

1 {(_A_j L 38 1) (k) + (ﬁ = 2) (k:)} + 3N M3 (k)

2 S1 S1 S1
1 A2 3A A
-3 {(——; +— - 1> ys (k) + (—t - 2) (kz)} + a2 AZMy3 (k)
2 ) G2 G2
1 . _
+ g7 [0 =40, +3) 0(K) + B2 + (495 — 21302 + 412 — 1) 73 ()]
2
P R N
+ % [(6F — 464+ 3) N7 (k) + By + (47; — 27504 + 4ya — 1) 775 (k)]

Bi= (477 — 2976 + 4vi) &f + (1677 — 8970, + 17y, — 6; + 2) 7, (i =2,4)
By choosing a suitable parameter P and sampling period A;, we can get % —b03AZ >0,
L GAM > 0,8 -2 > 0. 208A7 + 3 — 380 41 < 0, 203AZM + 5 — 320 41 < 0. If we
choose the design parameters as follows 02 — 46, +3 < 0, 492 — 2720; +4”yl —1<0, fori=

2,4, then AV (k) < 0 once the error |eq(k)| > ,/% and |ey (k)| > | st 27521A2M

klim |x1(k) — x4 (k) || < o where o is a small positive constant.
—00

5. Simulation Results. To illustrate the effectiveness of the proposed control approach,
the simulation is run for IM with the parameters: J = 0.0586Kg-m?, R, = 0.1Q, R, =
0.15Q, Ly = L, = 0.0699H, L,, = 0.068H, n, = 1. The reference signal is chosen as
x14(k) = 2cos(A¢km/2) with the load torque being T, = { ?g: 2?150%02000 . The
sampling period is chosen as A; = 0.0025s considering the system efficiency and control
performance. The values of the control parameters are selected as 9, = 0.87, 64 = 0.0021,
¢1 = 0.0025, ¢ = 0.002, 75 = 0.98 and 4 = 0.25.

Simulation results in Figures 1-4 are obtained by using the proposed scheme. The
trajectories of x;(k) and 14(k) are given in Figure 1, in which the solid line represents
x1(k), the dashed line represents x14(k). It can be observed that the system output can
track the desired reference signal well. The dynamics of the tracking error is shown in
Figure 2 and it can be seen that the tracking error converges to a small neighborhood
of the origin. The trajectories of u,(k) and ug(k) are shown in Figure 3 and Figure 4.
From Figures 3 and 4, we can seen that u,(k) and u,(k) are bounded into a certain area.
The controllers can guarantee the robustness against the system parameter variations and
load disturbances. In this simulation, it should be remarked that when the load torque
changes, the controllers can cope with the sudden change of the load torque and provide
a fast tracking response.
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6. Conclusion. In this paper, based on DSC backstepping technique, fuzzy adaptive
discrete-time method is proposed to speed regulation control for IM drive system. The
designed controllers guarantee that the tracking error converges to a small neighborhood
of the origin. Simulation results are provided to demonstrate the effectiveness and ro-
bustness of the proposed approach. Future research will focus on adaptive fuzzy control
of permanent magnet synchronous motors based on dynamic surface control.
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