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ABSTRACT. This paper aims to propose a simple adaptive fuzzy control system to achieve
precise trajectory tracking control for brushless DC (BLDC) motors even when the input
commands and their frequencies are changed. Moreover, the developed control system is
implemented in a field programmable gate array (FPGA) board for the on-line real time
control. The precise control of BLDC motors becomes very important because they are
applied widely nowadays. Moreover, since the BLDC motors are nonlinear systems, the
effective control algorithm is essential. An adaptive fuzzy sliding-mode control (AFSMC)
system is proposed. This control system is composed of a fuzzy sliding-mode controller
which is utilized to approzimate an ideal controller, and a compensator which is used to
eliminate the approximation error and guarantee the stability of the system. To elimi-
nate the approximation error properly, two kinds of compensators are designed which are
bound estimation compensator and fuzzy compensator. Consequently, satisfactory track-
ing performance can be achieved and the system’s stability can be guaranteed. Then, an
FPGA board is used to implement the control system for the on-line real time control.
From the practical experimental results, it is shown favorable tracking performance can be
achieved by the proposed adaptive fuzzy sliding-mode control system even when the input
commands and their frequencies are changed. Moreover, it is also shown the proposed
control scheme can achieve better control performance than other control methods.
Keywords: Fuzzy control, Sliding-mode control, Brushless DC motor, FPGA

1. Imtroduction. Fuzzy logic control has become a powerful tool in control engineering,
especially for systems that are structurally difficult in model due to naturally existing
nonlinearities and other modeling complexities [1]. Moreover, by equipping with adaptive
law to tune the parameters of fuzzy systems, a lot of adaptive fuzzy control systems
have been proposed [2]. Sliding-mode control (SMC) is a powerful control system and
famous for its capability to eliminate the uncertainty and noise [3]. According to the
definition of sliding surface, tracking error of control system can approach to zero along
the surface. In conventional design, an equivalent controller containing system dynamic
information is designed to force system to maintain on the sliding surface. If the system
dynamic equations are unknown, it will become difficult to design the controller [4,5]. In
order to combine the model free advantage of fuzzy control and uncertainty removable
advantage of SMC, some fuzzy sliding-mode controllers have been introduced by replacing
equivalent controller with fuzzy controller [6,7]. However, there is a drawback that fuzzy
controller lacks a systematic design technique. To ensure the performance and stability of
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control systems, adaptive fuzzy sliding-mode controller equipped with training algorithm
has been proposed by some researchers [8,9]. These adaptive systems are designed to
approximate an ideal controller with guaranteed system’s stability. In the adaptive fuzzy
control system design, adaptive parameter tuning laws are utilized to modify the control
parameters. Moreover, the stability of closed-loop control system can be proved in the
sense of Lyapunov function. In addition, the adaptive fuzzy controller can be classified
into the first type and the second type [2]. The first type adaptive fuzzy controller is based
on a linear fuzzy logic system which has fixed membership functions, so the adjustable
parameters are limited to be linear; whereas the second type adaptive fuzzy controller is
based on a nonlinear fuzzy logic system which has adjustable membership functions, so
its optimal fuzzy logic system can fit into nonlinear system better than the first type.

The adaptive systems described in previous paragraph utilize the fuzzy system and
fuzzy sliding-mode system to approximate the ideal controller. Since the membership
functions of the fuzzy system and fuzzy sliding-mode system are finite, the approximation
error is inevitable when they are used to approximate the ideal controller. To eliminate
this approximation error, a compensator plays an important role in the adaptive fuzzy
systems. Firstly, the commonly used compensator is a sliding-mode type controller, but
this kind of controller requires the information of approximation error bound. Because
the approximation error is usually unknown, the bound of approximation error needs to
be estimated. However, if the estimated bound is too small, the compensator cannot
eliminate the approximation error well; on the otherhand, if the estimated bound is too
large, it will result in control chattering.

Brushless DC (BLDC) motor utilizes an electronically controlled commutation system
to replace mechanical commutation system which is used in conventional brush motors,
and it has the advantages such as simple to construct, high torque capability, small
inertia, low noise and long life operation [10]. Because of these merits, BLDC motor has
been applied on home appliances, electrical vehicles, advanced manufacturing system and
consumer appliances [11]. The difficulty in BLDC motor control is that it is a nonlinear
system. The internal parameters of BLDC motor would change slightly with different
input commands and environments; thus the design of controller becomes complicated.
Recently, some researchers have brought up various control approaches to tackle this
difficulty [12-14]. Liu et al. proposed a PI controller to achieve instantaneous torque
control with reduced torque ripple [12]. However, the selection of PI gains is a trade-off
between robustness and fast transient response. Rubaai et al. proposed an adaptive fuzzy-
neural-network controller to achieve satisfactory tracking performance [13], but it suffered
the heavy computational loading. Rubaai et al. also proposed a robust adaptive fuzzy
controller [14]. Although the experimental results show that robust tracking performance
can be achieved, the control effort may lead to a large control signal as the specified
robustness is increased. In this paper, an adaptive fuzzy sliding-mode control system is
proposed to achieve the trajectory tracking control of BLDC motors.

In recent years, practical applications are implemented under the requirement of small
scale. Thus, the PC-based system becomes unsuitable for many applications. To satisfy
the requirement, field programmable gate array (FPGA) chip has been utilized widely
with its advantages of low cost, high speed and small volume.

In this study, an adaptive fuzzy sliding-mode control (AFSMC) system is proposed
to control a BLDC motor. The AFSMC system is associated with different compen-
sators; one is a bound estimation compensator and another one is a fuzzy compensator.
The control of BLDC motor is practically implemented by a FPGA experimental board.
Finally, different command inputs with different frequencies are tested to illustrate the
effectiveness of the proposed design methods.
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2. Problem Formulation. The system equations of a BLDC motor driver in a d-q
model can be expressed as [10,12]

§ R, . Ly . 1 A
lgs = _L_qlqs - L_qwrlds + L_q‘/;]s - L_qwr (1)
: Ry, L, . 1

s — — 5 lds - Wrlgs _Vs 2
L,=Lis+ Ly, (3)
Ly = Lis+ Ly (4)

where 745 and 74, represent the d and ¢ axes stator currents, respectively; v4, and vy, are the
d and g axes stator voltage, respectively; Ly and L, are the d and ¢ axes stator inductances,
respectively; R, is the stator resistance; L;, is the stator leakage inductance; L4 and L,
are the d and ¢ axes magnetizing inductances, respectively; w, is the electrical rotor
angular velocity; and ), is the flux linkage of permanent magnet. The torque equation
is expressed as [13]

2 . 2

JP—wr+BP—wT :Te—TL (5)
where P, is the number of poles; .J is the inertia of the rotor; B is the damping coefficient;
T, is the electromagnetic torque and T}, is the load disturbance torque. By using the field-

oriented control, the electromagnetic torque of BLDC motor driver can be expressed as

3P,

Te 2 9 )\miqs - ktiqs (6)
where k, = 222, is the constant gain. From (5) and (6), the system dynamic equation
can be obtained as

O = frOm + gt + d (7)
where 6, is the rotor position; f,, = —?; d= —g—’;TL; Jm = PT'“% is a positive constant

gain; and u = 44 is the control effort. To control the position of motor, the tracking error
can be defined as

e=0,—16, (8)

where 6, is the rotor position command. If the system parameters in (7) are assumed to
be known, there exists an ideal controller [15]

u* = g;zl(_fmém —d + éc + kmle + km26) (9)

where k,,; and k2 are nonzero positive constants. Applying this ideal controller (9) into
system dynamic Equation (7), yields

€ + k1€ + Emge = 0 (10)

If the parameters k,,; and k. are selected to satisfy that all the roots of (10) lie on the
left half side of s-plane, it can be derived that tlim e = 0. Unfortunately, because the
— 00

precise system parameters in (7) cannot be exactly known, the ideal controller in (9) is
unobtainable.

3. Adaptive Fuzzy Sliding-Mode Control System Design. In this section, an adap-
tive fuzzy sliding-mode controller is proposed to approximate the ideal controller in (9).
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3.1. Fuzzy sliding-mode controller design. The output of a j-rules fuzzy control
system is defined as [2]

Use(z ZIBZ (gi, (2 —my)) (11)

where z = [2; 23 ... 2, | is the input vector, ©;(o;, (z — m;)), i = 1,2,...,j are the
Gaussian functions, o; = [0; 09; ... 0p; [T and m; = [my; my; ... my, |7 are vectors which
denote the inverse of standard deviation and mean of Gaussian membership function,
respectively, and f; is an adjustable parameter. Each Gaussian membership function in
the fuzzy logic system can be represented by

= exp ( Zak] mkj)2> (12)

To ease the notation, (12) can be expressed in a compact vector form as

UfC(Z, ,B,O',m) = ,BT(")(Z,O',m) (13)
where B = [B1 By ... Bi]", @ = [0, O, ... O], 0 = [o] o] ... o]]" and m =

According to the universal approximation theorem [2], there exists an optimal fuzzy
system u* to uniformly approximate the ideal controller, such that

ut =uy(z, B, 0", m") + A= BTO(z,0*, m")+A=p70"+A (14)

where A denotes the approximation error and o*, m* and 8* are the optimal parameter
vectors of o, m and B, respectively. In fact, the optimal parameter vectors in the optimal
fuzzy system to approximate the ideal controller are unobtainable. Thus, an adaptive

fuzzy sliding-mode controller is proposed to estimate the optimal parameters, and it is
defined as

Ufsme(2, B,0,m) = BTO(2,6,m) = 7O (15)

where o, m and B are the estimation values of o*, m* and B*, respectively. By using
the estimation fuzzy control system to approximate the ideal controller, the estimation
error can be written as

afsmc =u" — '&fsmc = ’LL}C - afsmc +A = BT(:) + BT(:) + BT(:) +A (16)

where 8 = 8* — B and ©® = ©* — ©. In order to achieve favorable estimation of the ideal
controller, the parameters of fuzzy controller will be modified by some adaptive tuning
laws. Because the parameters of membership functions are also expected to be modi-
fied, the Taylor expansion linearization technique is employed to transform the nonlinear
function into a partially linear form [2,16], i.e

A 901 991
0, 9o om
_ 0, 90, 905
0= — | oo o+ | om m+h (17)
: : o=6 m=m
O, 20; 20,
J oo om

or
©=A"¢ +B"m +h (18)
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where 0 = 0* — 0; m = m* — m; h is a vector of higher-order terms; A = [%% e
%] a:&; B = [%% %] ‘m:m; and % and % are defined as
90,1" 00, 00,
=10---0 0---0 19
[ oo } |:(i—1)><n 001; 00 i (j—i)xn] (19)
00,1" 00, 06,
= (0---0 0--:0 20

Substituting (18) into (16) yields
Ufome = BTO + BT (AT6 + BT+ h) + B0 + A =70 + 6T AB + m BB + ¢ (21)

where the uncertain term £ = 870 + 87h + A is assumed to be bounded by |¢| < E and
FE' is a positive constant. If the fuzzy control system can perfectly approximate the ideal
controller, that is @ s, nearly equals zero, then the fuzzy control system can be utilized
to control the BLDC motor stably.

3.2. AFSMC with bound estimation compensator. In order to control the BLDC
motor, the structure of the developed AFSMC system with bound estimation is shown in
Figure 1 and the control system is defined as

UAFSE = Uy, T Usg (22)

where the adaptive fuzzy sliding-mode controller u . is used to approximate the ideal
controller u*, and the compensator u, is utilized to compensate the approximation error
between the fuzzy sliding-mode controller and the ideal controller. Substituting (22) into
(7) yields

Define a sliding surface as
s=¢é+ ke + kma / edt (24)
Then from (9), (23) and (24), the following equation can be obtained
€+ km1é + kmze = § = gm(u" —u,,, — Usg) (25)
: Bound E
: Sll.dll'lg & Estimation u, !
: surface B ‘ompensator :
1 1
| E :
3 Adaptive
i Laws i
i Bom | !
0.+ e ! +H 7]
=) : Fuz_zy Upe ': e BLDC e -
=] 4 -@—- Sliding-mode| + | Motor
! Controller !

Adative Fuzzy Control System

Ficure 1. The structure of adaptive fuzzy sliding-mode control system
with bound estimation
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Substituting (21) into (25), yields

= gn(B70 + 6T AB +m BB + = — uy) (26)
To prove the stability of the control system, a Lyapunov function is defined as

1 Im -7~  Gm 7 ~
1% _ Ym AT A m T Im T
APSE 28 * 277ﬁﬁ Bt 2770 7 277m m 21

Im_pe (27)

where 1, 15, Nm, and 7. are the learning-rates with positive constants, and E=E-FE
in which F is an estimation value of the approximation error bound E. Differentiating
(27) with respect to time and using (26), it can be obtained

Varse = 85+ 278 + 22675 4 tomnm + 22 EE
= 5gm(BTO + 6" AB + M BB + = — uy,)
9 GTR 4 ImgTé 4 9T + B E
+22 B+ngo- o+ I=m m+.neEE | (28)
= 9B (50 + ) + 96" (sAB+ Z) + gt (sBB + )
— wm BE
+59m (€ — usg) + L2 EE

Since B*, o* and m™* are constant vectors, the adaptation laws are selected as

B=—B=nsO (29)
6=—6=n,5A8 (30)
m = —m = 1n,,sBf (31)
and the compensator is given as
gy = Esgn(s) (32)

where sgn(-) is a signum function, and the bound estimation law is selected as
E = _E =Te |S| (33)
Then Equation (28) can be rewritten as

Varce = £59m — E 5| gm — (B = E) |3 gm < |e| 5| g — E |s] gm = —(E — |e]) [s] gm < 0

(34)
In addition, define
parse = (B —€)sgm < (E — |g])sgm < —Varse (35)
Then by integrating both sides of (35) with time from 0 to 7', it can be obtained
Ji parsedt < VAFSE(S(U),B(Q),5’(0),77'1(0),E(O)) (36)
~Varse(s(T), B(T),o(T), m(T), E(T))

In (36), because Virsr(s(0), B(0), 5(0),m(0), £(0)) is bounded and Vapss(s(T), B(T),

&(T), m(T), E(T)) is not increasing, it implies fo parsedt < oo. Moreover, since parse <

00, it can be claimed that thrn parse = 0 by Barbalat’s Lemma [17]. Consequently, it
—00

also implies s — 0 as t — oo. This guarantees the stability of the control system.
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FIGURE 2. Input and output membership functions of fuzzy compensator

Sliding| s Fuzzy uy

d/di|—| Sliding-mode| +
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Ficure 3. The structure of adaptive fuzzy sliding-mode control system
with fuzzy compensator

3.3. AFSMC with fuzzy compensator. In the previous section, an AFSMC sys-
tem with bound estimation is proposed. However, the proposed compensator contains
a signum function, so that the chattering phenomena in the control effort would occur if
the uncertainty bound is overestimated. To overcome this problem, a fuzzy compensator
is proposed to replace the bound compensator.

The fuzzy compensator is designed by three simple fuzzy rules to reduce the calculation.
The fuzzy rules are defined as

Rule 1: IF s is PS THEN uy., is UPS
Rule 2: IF s is ZE THEN uy. is UZE (37)
Rule 3: IF s is NS THEN wuy, is UNS

where the input and output membership functions are shown in Figure 2.
According to these fuzzy rules, the output of fuzzy compensator is given as [18]

Use = Ypps + 0pze — vons = Y(pps — ©ns) (38)

where —v, 0 and 7 are the centers of the output membership functions, and ¢pp, ¢vzg
and ¢pyp are the fire strengths of the rules.

Replacing the bound estimation compensator with the fuzzy compensator, the structure
of the developed AFSMC system with fuzzy compensator is shown in Figure 3. The control
system is defined as

UAFSF = Ufsme + Ufe (39)
Substituting (39) into (7), it can be obtained

ém - fmem + gm(ufsmc + ufc) + d (40)
From (9), (24) and (40), it can be obtained

- ufsmc - Ufc) (4]‘)

*

§ = gm(u
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Substituting (21) into (41), yields

i=g, (BTG) +6TAB+mTBB + ¢ — ufc) (42)
To prove the stability, a Lyapunov function is defined as
1 dm ~ dm -~ 7T ~
1% - Zm 3T le+"m’ 43
AFSF1 = 28 +2775'3 ﬂ‘i‘Q% +277mm m (43)

Differentiating (43) with respect to time and using (42), it can be obtained

VAFSFI == %SS + %_T;BTB + %&T& + Z_:me
— g, A" (sé) + %) + g (SAB + nl) + grn” (sBB + %) + Sgm(e — use)
(44)

If the adaptive laws are selected as (29)-(31), then (44) can be rewritten as
Varsi = 8gm(e = tge) = sgm(e = 7(pps — ¢ns)) (45)

Because the fire strengths ppgs and pyg are excited only in the condition of s > 0 and
s < 0, respectively, it implies sy(¢ps — ons) = || 7 |¢ps — ¢nsg|.- Therefore, (45) can be
rewritten as )

Varsri = $gme — || gm7 [ops — s

< |s| gm || = 5| gm7 loPs — pns| (46)
= [s| gm(le] = ¥ lps — pnsl)
If the condition v > I can be satisfied, the differentiation of V pgpr; is less than

lops—pnsl
zero. To guarantee this condition, assume an optimal value exists

€]

=+ (47)
lops — ©ns|

where 1) is a small positive constant. To find out the value of v* which includes uncertainty

term |¢|, an estimation parameter 4 is utilized to estimate the optimal value v*. Therefore,

the fuzzy compensator in (38) can be rewritten as

uge =9(¢ps — ns) (48)
and the Lyapunove function is redefined as
1 Im zr Im 576 Im Im -2
V. - 49
AFSF2 = 28 + 2 ,3 ,3+ 2770 0'+ 277mm m+ 27777 ( )

where 7, is a positive learning-rate of 4, and ¥ = v* —4. Differentiating (49) with respect
to time and using (42), it can be obtained

* . . g_mNT; g_m’“T’.‘ g_mNTL g_mN:,
Varsry = 55+ 2P ﬂ‘f‘LnaU o+ ;-m m—|— ny VY
= g87 (s@ + %) +.gm6'T <3AB + T%) (50)
+gmm” (sBﬂ + %) + 5gm(e — use) + 2257

If the adaptive laws are selected as (29)-(31) and the fuzzy compensator is defined as (48),
then (50) can be rewritten as

Varsrs = 5gm (e — A(pps — ons)] + 2 o~ o7
= $Gm€ + sgm(¥ — Y )(pps — pns) + gm’Y’Y (51)
= gm7 |5(0ps = ¢ns) = 27| + 59m e = 7" (9rs — pns)]
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If the adaptive law of fuzzy compensator is defined as

~

¥ = ny5(¢ps — ©ns) (52)

Then (51) can be rewritten as

Varsra = 8Gm € — 7V (0ps — ons)] < |5] gm [|E] = 7 l0Ps — ©ns]] (53)
Substituting (47) into (53), yields

Varsia < = |s| gmtby lops — ens| <0 (54)
In addition, define
parsk = sgmW¥y(@ps — @ns) < ~Varsra (55)
Then, by integrating both sides of (55) with time from 0 to 7', it can be obtained

fOT pAFSF(t)dt < VAFSFQ(S(O) (Q), 6’(0~)

B m(0),7(0))
—Varsra(s(T), B(T), (56)

(T),(T),5(T))

Because Vpgro is a nonnegative function and VAF§F2 is less or equal to zero, it implies
Varsre is not increasing. Moreover, Vapsra(s(0), 8(0),a(0),7(0),7(0)) is bounded, so
it can be shown that fOT parsrdt < co. Furthermore, because psrsr < oo, by Barbalat’s

Lemma [16], it implies tlirn parspa(t) =0 or s — 0 when ¢ — oo.
—00

4. Experiment Result. The proposed AFSMC systems are applied for the trajectory
tracking control of a BLDC motor. The control parameters of the proposed control
systems are selected as k,,; = 2000, k,» = 10009, = n, = 0.000002, n, = 0.00005,
ng = 0.000005. The selections of these values are to achieve satisfactory control perfor-
mance considering the requirement of stability and possible operating conditions through
some trials. Moreover, the learning-rates are selected by concerning the stability of param-
eter convergence and learning speed. The experimental environment is shown in Figure
4. In order to test the trajectory tracking performance of the command inputs with dif-
ferent frequencies, the period of command signals would change from T"'=2.25to T'= 1.5
at the 5th second. To compare the control efficiency between the proposed controllers,
the experimental results of the BLDC motor to follow (i) a sinusoidal command signal is
shown in Figure 5, and (ii) a step command signal is shown in Figure 6. Figures 5(a) and
5(b) illustrate the experimental results of the AFSMC system with the bound estimation
compensator and the fuzzy compensator for the sinusoidal command signal, respectively.
Figures 6(a) and 6(b) illustrate the experimental results of the AFSMC system with the
bound estimation compensator and the fuzzy compensator for the step command signal,
respectively. Obviously, bound estimation compensator has the chattering phenomena
because of the signum function. On the contrary, fuzzy compensator can eliminate the
chattering phenomena effectively. It is easy to find that the tracking responses of the
fuzzy compensator are superior to the bound estimation compensator for different com-
mand inputs. The comparisons of these experimental results are summarized in Table 1.
From these comparisons, it can be seen that the fuzzy compensator can reduce the control
chattering and also reduce the mean square error when compared with the bound estima-
tion compensator. Moreover, comparing these experimental results with the PI control
[12], adaptive fuzzy-neural-network control [13], and robust adaptive fuzzy control [14] for
the BLDC motors, it is shown the proposed AFSMC system can achieve better control
performance than these control methods.
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FIGURE 4. The structure of experimental environment,
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. position ; I Tracking response

FIGURE 5. Trajectory tracking responses of BLDC motor for the sinusoidal command

TABLE 1. Comparison for different compensators

Control System | MSE (e)
S compensator | 92359
Sinusoidal Command AFSMC+fuzzy -
7.6161
compensator
SESE o 5
Step Command AFSMC+fuzzy -
9.6196
compensator
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Tm.(sec) o ..'.I'me(.sec)

Iw gt g

(b)
FI1GURE 6. Trajectory tracking responses of BLDC motor for the step command

5. Conclusion. In this paper, two adaptive fuzzy sliding-mode control (AFSMC) sys-
tems have been designed and successfully implemented by an FPGA board to control a
BLDC motor. The proposed AFSMC systems are designed without the need of the infor-
mation about system dynamic equations. In order to eliminate the approximation error
properly, a bound estimation compensator and a fuzzy compensator are designed. Ac-
cording to the adaptive tuning laws, satisfactory control performance can be achieved by
modifying the control parameters. The algorithm of bound estimation can overcome the
guess of the real approximation error bound. However, it leads to the control chattering
because of a signum function. The fuzzy compensator can get rid of chattering phenom-
ena. The experimental results of the trajectory tracking control of a BLDC motor have
been provided to verify the efficiency of the proposed control systems. In addition to the
BLDC motor control, the developed control algorithm can be also applied to the other
servomotor control systems and other automatic control systems such as robotic systems,
magnetic levitation systems, power converters and anti-braking systems.
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