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Abstract - A robust speed control scheme for a brushless
DC (BLDC) motor using an adaptive input-output lineariza-
tion technique is presented. By using this technique, the non-
linear motor model can be linearized in Brunovski canonical
form, and the desired speed dynamics can be obtained based
on the linearized model. This control technique, however,
gives an undesirable output performance under the mis-
match of the system parameters and load conditions. For the
robust output response, the controller parameters will be
estimated by a model reference adaptive technique where
the disturbance torque and flux linkage are estimated. The
adaptation laws are derived by the Popov’s hyperstability
theory and positivity concept. The proposed control scheme
is implemented on a BLDC motor using the software of DSP
TMS320C30 and the effectiveness is verified through the
comparative experiments.

1. INTRODUCTION

In most servo controller designs using BLDC motors,
the electrical dynamics are often neglected because the
electrical dynamics are inherently faster than the associ-
ated mechanical dynamics. By neglecting the electrical
dynamics, the current is usually considered as a control
input for the BLDC motor drive system having the high
gain current feedback, and the speed controller is de-
signed based on the first-order linearized model by a
field-oriented control. This results in the cascaded control
structure where the inner-loop current control and the
outer-loop speed control schemes are separately designed
[2]. Thus, it is more efficient to directly design the speed
controller without using a separate inner-loop current
regulator. Furthermore, robotics, machine tools, and di-
rect drive motors are characterized as a smaller degree of
dynamic time scale separation [3]. For these high per-
formance drive applications, a conventional cascaded
speed controller can not assure a high dynamic perform-
ance and a sufficient accuracy over the entire operating
range. The effective approach to cope with this limitation
is to directly design the speed controller considering the
whole nonlinear motor dynamics.

In recent years, feedback linearization techniques
have been applied to the control of the nonlinear plants
such as the robot manipulators, induction motors, and
BLDC motors [4]-[9]. The main objective is to force the

speed [6], [7] and torque [8] of an induction motor or the
speed of a BLDC motor [9] to follow their reference tra-
jectories. By using these control strategies, the nonlinear
terms can be effectively canceled out, and the output er-
ror dynamics can be specified based on the linear design
techniques [4]. These techniques, however, require the
full knowledge of the system parameters and load condi-
tions. In general, BLDC motor drive systems are faced
with unavoidable and unmeasurable disturbances or some
parameter variations. Coupling the load to the motor shaft
may cause the variations of the inertia and viscous fric-
tion coefficient besides the load variation. Also, the flux
linkage varies nonlinearly with the temperature risc. In
[9]. an input-output linearization technique has been ap-
plied for the speed control of a BLDC motor. In this
scheme, an integral control has been introduced to im-
prove the robustness against the inaccurate speed meas-
urement. However, other motor parameter variations have
not been considered. Even though a steady-state response
can be improved by infroducing the integral control, it
cannot give a good transient response under the parame-
ter variations.

In view of the robustness against a load variation, it
is well known that the use of a disturbance observer is
very effective. Although the disturbance torque is not a
state but an unknown inaccessible input, the conventional
observer can be easily extended under the assumption
that an unknown disturbance is a constant during each
sampling interval [10], [11]. However, there is still a
problem of parameter uncertainty since the flux linkage is
not exactly known for a disturbance observer. An adap-
tive load torque observer against the variation of the flux
linkage has been designed by the gradient method [11].
This method, however, generally requires two supple-
mentary assumptions, 1.¢., the initial values of the esti-
mated parameters must be in the neighborhood of the true
parameters and the speed of the adaptation must be low
[12].

In this paper, a robust speed control strategy of a
BLDC moter using an adaptive input-output linearization
technique is presented. Under the agsumption that the dis-
turbance torque and flux linkage are unknown parame-
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ters, the input-output linearization is performed. The re-
sultant model has the nonlinear disturbances in its input-
output relation, which is caused by the unknown distur-
bance torque and the flux linkage variation. Applying the
linear control law to such a model gives a steady-state
output error as well as a deteriorated dynamic perform-
ance. To overcome these drawbacks, the disturbance
torque and flux linkage will be estimated by using a
model reference adaptive system (MRAS) technique and
the adaptation laws are derived by the hyperstability the-
ory and positivity concept. Since the nonlinear distur-
bances by the incomplete linearization can be effectively
compensated by using this control scheme, a desired dy-
namic performance and a zero steady-state error can be
obtained. The whole control processing is implemented
by the software of DSP TM8320C30 for a BLDC motor
driven by a three-phase voltage-fed PWM inverter.

II. MODELING OF BLDC MOTOR

The stator voltage equations of a BLDC motor in the
synchronous reference frame are described as follows [1]:

o = Ry +Li +Lwi, +A 0, (1)

sty
v(la = R.) i{l) + L\‘l(l\ L mrlqs (2)
where R, 1s the stator resistance, L, is the stator induc-

tance, o, is the electrical rotor angular velocity, and A,

r

is the flux linkage established by the permanent magnet.
The speed dynamics is expressed as
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where J is the moment of inertia of the rotor and its at-

tached load, B is the viscous friction coefficient, p is
the number of pole pairs, and T, is the load torque. Us-
ing w,, i ,and i, as the state variables, the nonlinear
slate equation of a BLDC motor can be expressed as fol-
lows:
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1. INPUT-OUTPUT FEEDBACK
LINEARIZATION

To linearize the nonlinear model in (4), the con-
trolled variable is differentiated with respect to time until
the input appears. This can be done by introducing the
Lie derivative as follows [4]:

Lh=Vhf= g— (x) ®)
Lih= Lf(L(j‘”h) . (6)

In order to avoid any zero dynamics, ®, and i, are cho-

sen as the outputs [9]. The objective of the control is to

maintain the speed and d-axis current to their reference

values or trajectories. For this objective, the new state
variables are defined as follows:

n=hx) =0, ™
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where y, is the speed, y, is the acceleration, and y, is

the d-axis current. The dynamic equations using the new
state variables can be rewritten as follows:

)"1 =X (10)
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Y, = thz + Lk vy (12)
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To linearize and decouple (10)-(12), the control input

voltages v, and v, can be expressed as follows:

qy

v, Lh+u
gs Dix il 1
(Vdv] ( ) ( L]h2+u2] (13)

where u, and u, are the new control inputs by which the
desired output error dynamics can be assigned, and D(x)
1§ the decoupling matrix defined as

L,L.h 0
o2
122

Using (13), (10)-(12) become a linear decoupled model
of Brunovski canonical form as

(14)

Vi =¥, (15)
Y. = (16)
Vi=uy a7

To assign the output error dynamics having the desired
dynamic behavior, the new control inputs are designed by
using a linear state feedback control law as follows:

1= kg O = @)~k (¥, = @;) + (18)

Uy ==k, (¥; = m)'H (19

where @’ and i, are the commands for the speed and d-

axis current, respectively. Then, this linear state feedback
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control gives the second order speed error dynamics and
the first order d-axis current error dynamics as follows:

(5% +kyps + ko De, = 5€,(0)+¢,(0) (20

(s +kyyde; = €,(0) (21)
where e, =, -, , e,=i, —i,, and 5 is a Laplace
operator. The desired poles can be easily chosen by ad-
justing the controller gains &, , k,,, and &, .

wl ?
This control scheme has some limitations. In order to
implement the linear control law, the new state variables
y must be available. It is, however, difficult to obtain the

w2 ?

information on the acceleration since the acceleration
signal cannot be easily measured and is very noisy. Thus,
it has to be obtained from the original measured states x
and motor parameters using (8). If there are some pa-
rameter variations or uncertainties on the model, these
will cause errors in the transformation into the new state
y as well as in the computation of the control input volt-

ages in (13), which results in the output speed error.

IV. CONTROLLER DESIGN USING ADAPTIVE
INPUT-OUTPUT LINEARIZATION TECHNIQUE

A. Modeling considering unknown disturbance torque
and flux linkage variation

From the relationship between the developed torque
and the mechanical load, the torque equation of the ma-
chine can be expressed using the nominal parameters as
follows:

T = Jo(l} o, , Bo(l)m, +T, 22)
p) d p

T, = A./(l]ﬂ+ AB[l]co, +T, 23)
p)at p

where A7=J-J,, AB=B-B,, subscript ;" denotes
the nominal value, and 7, is the effective load distur-

U

bance. Using (22), the speed dynamics is expressed as

. 3p . B P
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Under the assumption that the disturbance torque and
flux linkage are unknown parameters, (4) can be rewritten

using the estimated values as follows:
= 0+ gV, + vy + AT, +dAN, ©5)

where AT, =T,—T,, Ak, =A, — A,
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and denotes the estimated value.

B. Adaptive input-output linearization technique

To linearize the nonlinear state equation in (25), the
new state variables are defined as follows:

g=hn(x)=0, (26)
_ 3p°s . B, . pa

2= Liiy(x)= EHJT?L'”Z”" —7”'0% _J_"’I;I 27)

2= hy(x) =1, (28)

where z; is the speed, gz, is the computed acceleration
using the estimated parameter values, and z, is the d-axis
current. The state z, is employed for the implementation
of the linear control law instead of the real acceleration.
As 7A\.m and 7":! converge fo their real values, z, con-

verges to the real acceleration signal. By using (26)-(28)
as the state variables, (25) can be rewritten as follows:

g =z, Lk AT, + Lk -AX, 29)
. d - dz>
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+L{1]th1 AT, + Lﬂth, Ak, (30)
A = Ljh.-, —!—LR:,_h._, Vg (31)
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To linearize the nonlinear equations in (29)-(31), the
control input voltages can be expressed as follows:

v(l.\

* d kad d n
2
(V(h] — Du(x)-l _thl _ET;I Lok _E;\’m “Lyghy +
: —L.h, +u,
!
(32)
where u, and u,, are the linear control inputs which as-

sign the output error dynamics, and the decoupling matrix
D,(x) is defined as

L.L.h, 0
— L
pn ="y 0 )

Note that the estimated value A is used in D, (x) for

the calculation of LRlthI. In contrast to D(x), D,(x)

(33)

becomes singular if the estimated flux linkage reaches a
particular value. This value can be obtained using
detD,(x)=0 as A, =0. This singularity has to be con-
sidered in the adaptation process. Everywhere except for
this singular point, the control input voltages in (32) can
be always obtained. Using (32), the nonlinear motor
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model becomes an incompletely linearized model and can
be expressed as

4 =2y + Lyhy - AT, + Lk, - AR, (34)
L=, + LdlLf"hl AT, + LdzL;-hl AX, (35)
b=u, . (36)

Fig. 1 shows the block diagram of the resultant out-
put dynamics after the linearization. As a result of the in-
complete linearization, the nonlinear disturbances exist in
its input-output relation. Such disturbances yield a
steady-state error and a large transient in the speed re-
sponse. Using the transformed state z, the linear control
law is selected as follows:

u, ==k, (2, =0 )=k, (z, @)+ @ €1))

yy = —kig (23 = ig) Fig, - (38)

C. Estimations of disturbance torque and flux linkage

The disturbance torque and flux linkage will be si-
multaneously estimated using an MRAS technique. Using
the linear decoupled model in (15)-(17) and the linear
control law in (18) and (19), a reference model can be
chosen as

Zy = Ayzy +U (3%
where 2y = (2 Zar  Zaml

0 1 0 0
Ay =|—ky —kyp O |, Us|kyo, +k,0,+6

K

k. i

0 0 -ku[ Tl ey + l(!_s

This reference model represents a desired output dynamic
behavior, which is resulted from imposing a linear con-
trol law on the linearized model under the assumption of
the parameter matching. An adjustable model can be ob-
tained from the incompletely linearized model in (34)-
(36) and the corresponding linear control law in (37) and
(38) as follows:

i=A,z+U+B -AT,+B,-AA,, (40)

where B = (L LyLy 0)
By = (Ll LdzLJ;hl 0)".
By subtracting the reference model from the adjustable

model, the error dynamic equation can be obtained as fol-
lows:

T=AZ-W @1n
where 7 =z-z, and W=-B AT, -B,-A\,. From

this error dynamic equation, the adaptation mechanism
can be defined as

v=PF7 (42)
fj,(v,t) = J- (:‘Pl (v,t)dt+‘P2(v,t)+'i:,(O) (43)
Xm(v,t) = J (;tbl(v,t)a’1:+®2(v,t)+ﬂ.m(0) (44)

where P is a symmetric positive definite matrix, ‘¥,

Y,, ®,, and &, are the nonlinear adaptation mecha-
nisms for the estimations of the disturbance torque and

flux linkage, and ﬁl(O) and A (0) are the initial esti-

m

mates. The design procedures to obtain the asymptotic
adaptation become as follows:
1. Determine P, W¥,, ¥,, @,, and P,such that

limZ(z) = 0 for any initial conditions z,,(0) and z(0)

Py

2. Find the supplementary conditions which lead to

limZ,(n) =T, and limA&, (v,)=A,, .

m

Based on (41)-(44), an MRAS structure can be con-
structed as shown in Fig. 2, which consists of a linear
time invariant forward block and a nonlinear feedback
block. This system is hyperstable if the forward transfer
function matrix is strictly positive real and the input-
output inner product of the nonlinear feedback block sat-
isfies the Popov's integral inequality as follows [12]:

Lt 4l
J' VIWdr= [ (=B AT, =B, Ak, )t >
[} [{]

forallf;, 2 0 (45)
where v> is a finite positive constant. Tt is shown that for
a given matrix A, , the strictly positive real transfer func-
tion matrix

H(s)=P(sI=A,,)" (46)
can be obtained by choosing P as the solution of the
Lyapunov equation as follows:

ALP+PA, =-Q 47
where Q Is a symmetric positive definite matrix. If and
only if the reference model is asymptotically stable,
which is generally the case, (47) always has a positive
definite matrix solution P. In order to derive the adapta-
tion mechanisms, (45) can be expressed using (43) and
(44) as follows:

j "B .(T,, - (:\Pl(v,t)dt—‘l-’z(v,t)— f},(O))dt

0

+j " B, [x - _[ '@ (v,1)dT— B, (v,1)— ?Aum(O)Jdt >y
4] {

(48)

To derive the adaptation mechanisms from (48), the
estimated parameters need to be unknown constants or
slowly-varying. Even though the disturbance torque T, is

not a constant parameter under the mechanical parameter
variations such as the inertia and viscous friction coeffi-
cient, if the sampling interval is sufficiently fast as com-
pared with the time variation of the unknown disturbance,
the disturbance torque 7, can be assumed to be a con-

stant during each sarnpling intervals as follows [107], [11]:
T,=0. (49)
Using the above assuraption, it is shown that the inequal-

ity in (48) can be satisfied by selecting the nounlinear ad-
aptation mechanisms as follows [12]:

¥, =k,(v'B) (50)
W, =k, (v B) (51)
& =k, (v"B,) (52)
®, =k, (V' B,) (53)

where k.. and k, are the PI gains for the disturbance

torque estimation, respectively, and k,, and k, are the
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PI gains for the flux linkage estimation, respectively. By
substituting (50)-(53) into (43) and (44), the disturbance
torque and flux linkage can be simultaneously estimated
as follows:

ﬁz(”at) = (kPT + ki) ' (VTBl)"" f:l(o) (34)
5

A, (,0) = (k,,l +X. )-(vTBZ)+ A, (0) (55)
5

with vV B, = v, Ly +v, LyL
VTBz =v;-Lph +v, 'L(lszhl

where v=[v, v, v;]” and the nominal values 7;, and

A,, are used for the initial estimates of ’.IA:,(O) and

mo

im(O) , Tespectively.

V. SIMULATION AND EXPERIMENTS
A. Configuration of overall system

The overall block diagram for the proposed control
scheme is shown in Fig. 3. The overall system consists of
a reference model, an adjustable model, and an adapta-
tion mechanism. In this figure, the large shaded area rep-
resents the adjustable model resulting from the parameter
mismatch between the speed controller and motor. Dur-
ing the operations, the transformed state g is continu-
ously compared with the model output z, . The differ-

ence Z Is used in the adaptation mechanism to update
the controller parameters used in the adjustable model.

The computed reference voltage vector v: are applied to

a BLDC motor using the space vector PWM technique
[13].

The configuration of the experimental system is
shown in Fig. 4. The whole speed control algorithms in-
cluding the space vector PWM technique are imple-
mented by the assembly language program using DSP
TMS320C30 with a clock frequency of 32 MHz. The
sampling period is set to 128 [psec]. The BLDC motor

is driven by a three-phase PWM inverter employing the
intelligent power module (IPM) with a switching fre-
quency of 7.8 kHz. The rotor speed and absolute rotor
position are detected through a 12 bit/rev resolver-to-
digital converter (RDC) using a brushless resolver. The
nominal parameters of a BLDC motor are listed in Table
L

Table. I Specifications of a BLDC motor

400 W Rated speed 3000 rpm

Rated torque 1.274 Nm Number of poles 4

Magnetic flux 0.17 Wb Stator resistance 3.0 ohm

Stator inductance 10.5mH  Moment of inertia 1,54 x10™ Nm.s°

Rated power

B. Experimental results

The d-axis current cornmand is given as zero and the
speed trajectory command is given as follows:

.o, o,

o =L —fsm(ﬂ) (56)
T 2n T

P ] w

o =z —”’cos(ﬁ) (57)
T T T

. o  (2mt

W, =2x—"-sin| — (58)

7 o\T

where @, is the desired final speed and T is the time
when the speed command reaches from zero to w,,. Fig.

5 shows the Experimental results for the linear control
law in (37) and (38) under the nominal parameters with-
out adaptation algorithms. The gains of the linear control
law are selected as k,,=140, k,,=9800, and &, =1000

so that the poles of the speed error dynamics and the d-
axis current error dynamics are determined as —70% 570

and -1000, respectively. Under the nominal parameter
values, the speed command can be well tracked. Also, the
computed acceleration z, is effectively controlled to the

acceleration command. Fig. 6 shows the experimental re-
sults of the proposed control scheme when AA, is ini-

tially -20 % of its nominal value. It is shown that the
speed response is unaffected by this variation and gives
the desired dynamic performance and zero steady-state
error. The computed acceleration z, using the estimated

parameters shows a large transient error because of the
flux linkage variation. However, as the flux linkage and
disturbance torque are estimated, z, is well controlled to

the acceleration command. The experimental results for
the inertia variation are shown in Figs. 7-9. Without the
adaptation algorithms, the speed response shows the un-
desirable dynamic performance under the inertia varia-
tion as shown in Fig. 7. Under both the flux linkage and
inertia variations, the speed response shows the undesir-
able dynamic performance as well as the steady-state er-
ror as shown in Fig. 8. In the proposed scheme, however,
the speed response shows a good dynamic performance
as a result of an effective simultaneous parameter estima-
tions as shown in Fig. 9. The gains of the linear control
law are set as the same as the non-adaptive case. The PI
gains for the adaptation algorithms are chosen as follows:
kpp=1x10", k;=5x107, ky =0, k,=3x10", and

Q=diagl 5x107 1).

VI. CONCLUSIONS

A robust speed control method of a BLDC motor us-
ing an adaptive input-output linearization technique has
been proposed. By using this method, a systematic design
approach for a speed controller can be accomplished
without considering a separate inner-loop current regula-
tor. Under the parameter variations, the input-output line-
arization scheme with the linear control law yields the
steady-state errors as well as the deteriorated transient
responses as a result of the incomplete linearization. To
overcome this limitation, the system parameters are esti-
mated using an MRAS technique where the disturbance
torque and the magnitude of the flux linkage can be si-
multaneously estimated. The estimated parameters are
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used for the input-output linearization to obtain a robust
control performance. Thus, a speed control performance
is not affected by the load torque disturbance and the
variation of the motor and mechanical parameters.
Through the comparative experimental results, it is veri-
fied that the proposed control scheme yields a robust out-
put performance even under the presence of the variation
of the motor parameter and the external disturbances
caused by the inertia variation and step load change.,
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Fig. 1 Block diagram of the incompletely linearized out-
put dynamics
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Fig. 2 Structure of MRAS for the estimations of the dis-
turbance torque and flux linkage
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Fig. 3 Overall block diagram for the proposed scheme

PWM inverter

Fig, 4 Configuration of experimental system

w,
8 o,
LT (1000 rpny/div)
- s i, (1 Afdiv)
] = ‘*““*r‘"‘w' Mokl T, (0.5 A/div)

50 [msec/div]
(a) speed transient response

(1280 rad/sec?/div) |

S

%
50 [msec/div]
(b) computed acceleration
Fig. 5 Experimental results for the linear control law un-
der the nominal parameters without adaptation algorithms
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Fig. 6 Experimental results of the proposed control
scheme under the flux linkage variation
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Fig. 7 Experimental results of the linear control law un-
der the inertia variation without adaptation algorithms
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Fig. 8 Experimental result of the linear control law under
both the flux linkage and inertia variations without adap-
tation algorithms
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Fig. 9 Experimental results of the proposed control
scheme under both the flux linkage and inertia variations
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