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Abstract

Brushless direct current motor(BLDCM) are used to drive many systems in numerous fields. The control of BLDCM with basic drive
techniques is required to obtain the desired output. Although basic drive techniques may be unsatisfactory in meeting these demands,
they have found an invariable place for themselves due to their easy-to-use advantages. Due to these reasons, many researchers have
focused on how innovative solutions are developed. In this paper, an adaptive PI controller is proposed to control the current of
BLDCM drives. This paper aims to design a PI controller with time-varying gains for current regulation. The adaptive PI, improving
the steady-state response, is constructed by one adaptation rule and a classical PI. In addition, the stability analysis is proved with
Lyapunov theory. To demonstrate the effectiveness of the proposed controller, several simulations are performed with comparisons.
The simulations with a classical Pland high-gain current controller comparisons are presented for set-point and sinusoidal references,
and 500 rpm and 1500 rpm motor speeds. Comparing the classical PI with adaptive controller, the adaptive controller improves the
current performance from 0.3442 to 0.0656 for 500 rpm, and from 0.4703 to 0.1552 for 1500 rpm in RMS of the current errors for
2A reference current. Similarly, the outcomes of comparing the high-gain controller to the adaptive PI show that the designed
controller reduces RMS of the currents errors from 0.1853 to 0.1611 for 1500 rpm with 2A reference current, and from 0.1879 to
0.1720 for 1500 rpm with a sinusoidal reference current.
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Oz

Fircasiz dogru akim motoru(FDAM), sayisiz alanda birgok sistemi tahrik etmek icin kullanilmaktadir. FDAM temel tahrik teknikleriyle
kontroli, istenilen performansin alinabilmesi i¢in gereklidir. Her ne kadar klasik yaklasimlar bu talepleri karsilamada yetersiz kalsa
da klasik kontrolorler kolay siiriis avantajlarindan dolay1 kendilerine degismez bir yer bulmuslardir. Bu nedenlerden dolayi, bircok
arastirmaci yenilik¢i ¢dzlimlerin nasil gelistirecegi tizerine odaklanmistir. Bu makalede, FDAM akim kontrolii i¢in uyarlamali bir PI
kontrolcii 6nerilmektedir. Bu makaledeki amag, FDAM akim regiilasyonu i¢in zamanla degisen kontroldr kazanglarina sahip bir PI
kontrolcii tasarlamaktir. Siirekli rejim yanitini iyilestiren 6nerilen uyarlamal PI kontrolcii, bir uyarlama kural ve klasik bir PI
kontrolciiden olusmaktadir. Ayrica, kararlilik analizi Lyapunov teorisi ile kamtlanmigtir. Onerilen kontrolériin etkinligini géstermek
icin karsilastirmalarla gesitli simiilasyonlar gerceklestirilmistir. Klasik PI ve yiiksek kazang¢h akim kontrolorii ile yapilan benzetimler,
sabit ve siniizoidal referanslar ile 500 rpm ve 1500 rpm motor hizlari i¢in karsilastirmali olarak sunulmustur. Klasik PI, uyarlamal
kontrolcii ile karsilastirildiginda, uyarlamal kontrol 2A referans akimi i¢in akimlarinin hatasimin RMS'deki akim performansini 500
rpm hiz i¢in 0,3442'den 0,0656'ya ve 1500 rpm hiz icin 0,4703'ten 0,1552'ye iyilestirmektedir. Benzer sekilde, yiiksek kazanch
kontrolciiniin uyarlamali Pl ile karsilastirma sonugclarinda, uyarlamali kontrolcii, motor akimlarinin hatasinin RMS'sini 2A referans
akiminda 1500 rpm hiz icin 0,1853'ten 0,1611'e ve siniizoidal referans akiminda 1500 rpm hiz i¢in 0,1879'dan 0,1720'ye
diistirmektedir.

Anahtar Kelimeler: Fircasiz dogru akim motor stiriiciisii, Uyarlamali kontrol, PI kontrol, Akim kontrol

1. Introduction drives have been a viable option in industries like robotics,
aerospace, industrial process control, household appliances, and
more [2, 3]. Unlike conventional DC motors, PM brushless DC
motors are commutated electrically. Thus, it requires continuous

information on the rotor position to rotate the motor.

A brushless direct current motor (BLDCM) is an electric motor,
which is supplied by a DC voltage source and is commutated
electronically without using of any brushes, unlike the
conventional DC motor. The definition of BLDCM types is

simplified as PMSMs having the trapezoidal-induced emf are
known as permanent magnet brushless direct current motors
(PMBLDCM) [1]. Inrecent years, due to its many advantages, such
as simple structure, high efficiency, large torque, etc, BLDCM
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Over the years many control methods have been employed for
the control of BLDC motor drives. Due to the fact that BLDC motor
is a permanent magnet synchronous motor, vector control
methods such as field-oriented control (FOC) [4] and direct
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torque control (DTC) [5], have been quite popular methods. The
control of BLDCM drives requires continuous information on the
rotor position. However, this can be overwhelming in terms of
costs. Therefore, some sensor-less methods including Kalman
Filter [6] and Model Predictive Control (MPC) [7], have been
employed to that FOC [8], DTC and many other control methods
like back-EMF difference estimation methods [9, 10, 11] and
back-EMF zero cross detection estimation [12] to exclude the
sensors. Each of these methods has its advantages and
disadvantages. However, none of them has the simplicity of a
classical PI/PID controller.

The PID has been widely used since its introduction in the 1940s
during the analog era. Examples of modern digital systems that
utilize it include distributed control systems (DCS), supervisory
control and data acquisition (SCADA), and digital systems [13].
As the systems advanced through the years, the need for tuning
methods was brought along, such as Ziegler-Nichols. Having a
simple structure and easy-to-use advantages have made PI/PID
controllers be employed in many kinds of systems. However,
systems in real life have nonlinearities and uncertainties, which
need to be dealt with by an advanced controller. Although
Ziegler-Nichols is simple and intuitive, it lacks good stability
margins and creates a closed-loop system that is poorly damped.
Hence, conventional PID controller struggles to adapt to varying
operating conditions, leading to suboptimal performance. To
overcome this problem, advanced methods, which are
aforementioned, were brought up, implemented, and tested. The
outcome of these advanced control methods has shown better
performance in terms of trajectory tracking and compensation of
nonlinearities, disturbances and even varying load conditions
than a conventional PID controller. However, these advanced
control methods are quite complicated in structure, and in the
sense of computation, they are rather expensive and
overwhelming. In practice, to reduce the cost and computational
burden, these advanced methods have been undesired. As long as
the PI/PID controller can compensate for the effects of
nonlinearities, uncertainties parameter variations, etc., it will be
the go-to choice for many systems. The synthesis of a universal PI
control for nonlinear systems with analytically calculated gains,
while guaranteeing stability and transient performance, is an
ongoing unresolved topic. If the systems contain actuation
failures, external disturbances, and modeling uncertainty, the
issue becomes even more complex [14]. Multiple methods have
been implemented for the control of nonlinear systems ranging
from linearization of nonlinear systems into a linear system,
adaptive backstepping control [15], to direct compensation of
nonlinear systems by integrating neural networks (NN) with
approximation capabilities [16]. Moreover, in [17] with the
implementation of feedback linearization, an equivalent linear
system for a DC motor was obtained and controlled with a linear
quadratic regulator (LQR) to improve the performance.
Furthermore, in [18] an adaptive input-output feedback
linearization control, which was robust against the variation of
motor parameters, for a non-ideal BLDC motor is proposed to
generate the reference voltages for three phase voltage source
inverter (VSI). In [19], an adaptive deadbeat controller using
particle swarm optimization (PSO) and an adaptive neuro-fuzzy
interference system (ANFIS) were used collaboratively to achieve
a deadbeat response. In [20, 21, 22], fuzzy-based PI/PID
controllers have been designed and implemented for the control
of the speed of BLDC motors, and the incompetency of
conventional PI/PID were alleviated in terms of compensating
the side effects of nonlinear systems. In [23], for a class of
nonlinear systems, a PI adaptive fuzzy controller has been
employed, which ensures stability through Lyapunov theory
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while ensuring stability and robustness under large and fast
varying disturbances. These forenamed algorithms, methods, and
techniques have made significant improvements in PI/PID’s
ability to deal with nonlinear systems and to ensure stability and
performance for closed-loop systems. However, there is still
much to be discovered in terms of affordability, simplicity, and
effectiveness. In [24], a self-tuning PID controller, where the
gains of the controller were adjusted online. The adaptation
mechanism has been designed based on the Lyapunov approach,
ensuring the stability of the designed controller. Moreover,
PI/PID controllers have been designed for nonlinear systems
with possible sensor and actuation faults, where no linearization
and approximation were done and stability was ensured through
the Lyapunov approach, with control schemes that are simple in
structure and computationally affordable [25, 26, 27]. However,
such controllers specifically for BLDCM drives have not been
come across in literature.

One of the reasons for the torque ripple in BLDCM drives is the
commutation torque ripple which arises from the switching of
the model dynamics. To handle this problem, several modified
PWM methods are used such as the elimination commutation
torque ripple of brushless DC motor with minimum commutation
time [28], PWM modulation technique without calculation of
commutation time [29], the switched current controller with
commutation delay compensation [30], the switched adaptive
controller [31]. In this paper, because the updating of the
controller gains is considered the system dynamics, the reduction
commutation torque is met without an additional controller
modification.

The main purpose of this paper is to design an adaptive PI
controller to regulate the currents in BLDCM with the elegant
presentation of the current model. In the closed-loop nonlinear
system containing nonlinearities and uncertainties, the general
rule to determine the gains of the PI/PID controller does not exist.
The tuning of the controller gains is usually adjusted by the trial-
error method and practical concerns in nonlinear systems.
However, this paper presents a tuning method for the gain of the
PI controller which guarantees that all signals in the closed-loop
are bounded aiming that the currents of BLDCM drives regulate
in advance. The main philosophy of the structure of the designed
controller is first to assign roughly PI controller gains to the
BLDCM drives in which the drive is simple but inadequate
considering the system performance. Secondly, the system
performance is met by time-varying gains of the proposed PI
controller which is constructed based on Lyapunov stability
despite the system uncertainties, external disturbances, and
actuator faults. Finally, the convergence of uniformly ultimately
bounded stability of the closed-loop current dynamics is proved
in the sense of Lyapunov theory. In addition to the
aforementioned advantages of the designed controller, the
contributions of this paper can be listed as follows:

1. Although the designed controller for the current control
of BLDCM has a fundamental structure, an adaptation
rule is employed for the control of the current of BLDCM
as if advanced PI controller gains are used in PI control.
The controller structure is designed for the control of
the conducting period of the motor, however, it is well-
known that the BLDCM has a commutation period for
each sector of currents. Without an additional
controller, the designed controller proceeds due to the
adaptation rules in the time-varying controller gain
taking into account this switching of system dynamics.
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The response of the designed controller seems to be a
high-gain current controller but it is a controller that
consumes less energy and responds easily to a non-
linear changing of the system.

To show the effectiveness and viability of the proposed
controller, several numerical simulations are carried out by
comparing a traditional controller PI and a high-gain controller.

The rest of this paper is organized as follows. In Section 2, some
lemmas are introduced to facilitate the understanding of
controller design steps in the convergence analysis of the
proposed controller. Section 3 gives the dynamic model of the
BLDCM drive and its elegant presentation of the implicit current
dynamic model. In Section 4, the design steps with the stability
analysis of the proposed PI controller are rendered. In Section 5,
some computer-based numerical experiments are presented to
show the effectiveness of the proposed adaptive controller as to
the traditional PI controller and a high-gain current controller.
Finally, the conclusions are referred to in Section 6.

2. Preliminaries

This section presents some Lemmas to facilitate the design of the
controller to be proposed and the stability analysis of the
controller structure.

Lemma 2.1 (Barbalat’s Lemma): Let a(t):[t;,©) = R be a
continuously differentiable scalar function. If «(t) has a finite
limitast — oo, and @ (t) is uniformly continuous over [t,, ), then

(0

tlim a(t) =0.

For Proof of Lemma 2.1, see [32].

Consider a PI controller and we define a filtered variable u which
is

u(t) =e(t) + B f, e(x)dr. (2)

where e(t) = x(t) — x*(t) is the error of trajectory tracking and
B >0 is a design parameter gain to be determined in the
implementation of the controller to be designed for the torque
loop control of BLDCM drive. We assume here that e(t) is a
sufficiently smooth function.

Lemma 2.2: Consider the filtered variable u(t) given in (2). If
tlim u(t) =0, then e(t) and fot e(t)dt converge asymptotically to
zero as t — oo with the same decreasing rate with the filtered
variable.

Proof: According to Lemma 2.1, it is satisfied that tlim u(t) =0

which means that

d t

a<e(t) +p jo e(‘r)d‘r> =0. 3)
Then,

e(t)+ Be(t) =0. (4)

The solution of the equation given in (4) can be calculated as
follow:
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Figure 1. BLDCM Drive. [33]
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The proofis thus completed by the same decreasing rate value as
that of u(t).

3. Model of BLDCM Drives

In this section, the dynamical model of a three-phase BLDCM
drive is presented. In the modeling of the BLDCM drive, some
assumptions are taken into account as follows: (1) mutual
inductance for each winding is zero, (2) resistances and
inductances of three phases are equal, and (3) the neutral motor
voltage is neglected. The equivalent circuit model of the BLDCM
drive system is shown in Figure 1. The mathematical model of
BLDC motor drive can be introduced as follows [34]:

N

1220 (6 - Ria0) - a9 %
»

LT @)~ Riy() — ep(0) ®)
B

LD (6~ Ric®) — et ©

where i,,i,,i. denote the phase currents, v,, v, v, denote the
phase voltages, e,, ep,, e, denote the back-EMF voltages, R is the
resistance per phase and L is the inductance per phase. Besides,
the following equality is satisfied:

i) +ip(t) +i(t) =0. (10)

The differential equation for the mechanical part of the BLDC

motor drive is modeled as follows:

dw(t)
dt

J (11)

=T.(t) = Ti(t) — Bo()

where ] is the equivalent inertia, w is the angular velocity of
BLDC motor shaft, T, is generated motor torque and T; is the load
torque. Besides, the motor output torque of the BLDCM can be
formalized as follows:

eq(t)ig(t)+ep(D)ip(t)+ec(t)ic(t)
w(t) !

Te(t) = (12)

To achieve the desired output torque, the BLDC motor types need
a well-shaped current drive when it is considered the shape of
back-EMF signals. However, driving the currents of the motor to
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be obtained for each phase is not possible in practical
applications. In practice, matched and un-matched uncertainties,
external disturbances, faults in actuators, and nonlinearities also
make the control of currents of the motor difficult. The main aim
of this paperis to design a Pl regulator for BLDC motor drives that
takes the aforementioned drawbacks into account in the torque
loop control. To facilitate the controller structure, the current
dynamics given in (7)-(9) can be re-written as follows:

dis(t) .
o = fUse) +gvs(®) (13)
where = {a, b, ¢}, f(is, e5) = —%Ris —%es, g= % and v; = pv +

v, With the definitions that p is actuator healthy rate, v is the
controller input to be determined by the adaptive PI controller,
vy is uncontrollable part of the controller signal vg given in (13).
It is noticed that the controller gain g is a time-invariant
unknown coefficient such that0 < g < |g| < g,and pand v, are

unknown but bounded such that 0 < p < p <1 and |v,,| < vy,
with unknown p and v,,,, values. Besides, the bounded uncertain

function f (i5, e5) includes the measurement of currents and back-
EMF signals which render some nonlinear effects, and there
exists an unknown time-invariant f, > 0 and a known nonlinear
function ¢ (i, e5) = 0 such that |f (i, e5)| < f. (i, €5)-

4. Adaptive PI Controller

In this section, an adaptive PI controller is proposed for the
torque loop control of BLDC motor drives, where the adaptive PI
controller proposed in [26] is utilized for the regulation of the
current of BLDCM drives to reduce the effects of the ripples over
the output torque. It should be noted that the proposed controller
is designed to address actuation failures, other uncertainties, and
unknown controller gain. The designed controller diagram is
presented in Figure 2.

First, the error expression can be defined as follows:

Les (1) = 15 (t) — 15(t) (14)

where iS is the desired sufficiently smooth current trajectory
w1th i > < l < oo. Then, the classical PI controller is

0() = ~Kpies () — Ky f (D)t (15)
0

where kp and k; denote the non-negative PI controller gains, and
the relationship of two controller gains can be assigned as k; =
Bkp where the coefficient f is the controller design parameter.
As it is given in (2), a filtered variable can be introduced as
follows:

fo®) = ieg(®) + B fj les(Dd. (16)
The proposed controller structure is
v(t) = —(kp + Akp(8))ies(t) — (K
‘ (17

+ Ak (1)) f ios(T)dT
0

where Akp and Ak; are the time-varying controller gains to be
determined by an adaptation rule, however, Ak; = BAkp.
Utilizing the filtered variable f,, given in (16), the proposed
controller structure can be re-expressed as
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BLDCM

is, s = {a,b,c}

Figure 2. Block Diagram of the Adaptive PI Controller.

v(t) = —(kp + Akp (1)) f, (D) (18)
Then, the derivation of the filtered variable is obtained as
ar,(t) ) dig(¢)
de = S+ 9pv(0) + gvin(®) == (19)
+ Bies ()
and substituting (18) into (19), the equation (19) becomes
an)
dt f(ls'es) gp(kP + AkP (t))fv(t) + 9Vun (t)
(20)

dls (t)

+ Bles(t):

To be able to construct the adaptation rule and to analyze the
stability of the system, we assume that the form of the estimation
erroris A(t) = 8 — yd(t) wherey is a positive adaptation gain to
be determined later, and the candidate Lyapunov function can be
defined as

V() = _fv O+~ 9 ® (21)

whose derivative along the filtered trajectory of (16) is

fv( )

.\ dd(t)

V(©) = fo(0) 0O—;

1
9gp

= F2(©)(=gplks + Bkp(0) + (O] (f(isre) +

O 1 Bins(®) - 5 9()‘“’“)

goun () —

< 20 (g plicp + 8lep(®)) +
|fu(t)|(fc¢(isr es) + ygun(t) - Z +

ae(:)

lies @) — 75802, (22)

With the help of defining of 6 = max{§ Vyn + ﬁ, fc,ﬁ} and
O(lps65) =1+ d)(is, es) + |ies(t)|, and time varying controller

2
gain Akp(t) = IfI

of the constant of 8 and non-negative sufficiently small value
respectively, the equation given in (22) becomes

,in which 8(t) and e stand for the estimation

y 9(t) Z(Ies' s)fvz(t)
V< —g pkefi'(0) = 9270 e

00es, ) (O = 1560 50
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A z(lesr s)fvz(t)
< =g pkpf? () + (6 - QB“”) (i) +

De — Lé(t) do(t) (23)
agp dt
where it is used J}% < 1 to obtain the right-hand side of (23).

If the estimation error 8 is re-defined as

o(t)

60— gpo®), (24)

where gp=v then the inequality given in (23) turns into

V(D) < —vhpf2(0) + 6(0) (LleEO

1dB()
Pliaselfyl+e ) +
O€.

o dt

(25)
The adaptation rule can be designed as follows:

do(t)

dt

(pz (iES’ eS)f‘UZ (t)

—ok0(t) + 0 —
O+ o s elfyl + e

(26)

where k is a design parameter, and (25) transforms to
V() € —ykpf2(t) + kB()H(L) + e

< —ykpf2(0) - 2—Ky (82(t)-62) + be 27)

1

s s A\ L (p2 72

a()e(t) = y(e e(t))e(t) < o (~9 ] (t))

employed by using inequality 200(t) < 8% + 62(t). Thus,
ploy y g neq y

where is

V(t) < —ykpf2(t) — % (62(t)-62) + be

< =8 V(t)+ 6, (28)

where §; = min{2kpy,k} > 0and §, = 2K_y 0? + ¢. The solving of
V< =6,V +8,isV < 24 (V(0) — ) e which implies that
1 1

all signals of the current dynamics of BLDCM drive system are
uniformly ultimately bounded (UUB) with the globally attractive

set §= {(f,,, §)|V Sg—i}. According to Lemma 2.2, the error

variable f,, is also UUB. The filtered variable satisfies |f, | < /2 %
1

which means the filtered variable is bounded in a finite time.
Hence, the filtered variable converges to a very small
neighborhood of origin, and the convergence rate can be tuned
by appropriate parameters mentioned in the stability analysis.

. t, .
Moreover, i, and fo ios(7)dt are continuous and bounded

according to Lemma 2.2, and the value of % is related to the
1

design parameters, so the error i,; converges to a very small
neighborhood of origin.

5. Simulation Results

Several numerical simulations have been carried out to assess the
performance of the proposed adaptive PI controller.
Implementation of the simulation has been done on
MATLAB/Simulink. The back-EMF signals are considered to be
ideal. Phase inductance and phase resistance of the BLDC are
taken as L = 2.5 mH and R = 0.58 Q. Three-phase inverter is fed
by a DC voltage source of 48V. PWM is created with the switching
frequency of 10kHz and there is no switching loss since the
switches are ideal. For the first part of the comparisons, PI
controller parameters are chosen as k, = 2, f = 1, where k; =
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Bky. Adaptation parameters are assigned o = 10000, x = 0.01
and € = 0.001. Rotor speed is taken constant throughout the
simulations. For the second part of the comparisons, the
proposed adaptive PI controller is compared to a high-gain
controller, where k;, = 10, 8, = 21.2 and ¢;, = 10, to solidify the
performance of the proposed adaptive PI controller. The design
steps of the high gain controller are given in Appendix.

Miscellaneous numerical simulations have been carried out for
different references and rotor speeds. In the first comparison,
each simulation results are illustrated with a duration of 0.1s.
Adaptive PI controller does not take place in the first half of the
simulations. In the second half, adaptation rules apply to the PI
controller. Figure 3 and Figure 4 illustrate the results for constant
and sinusoidal current reference at 500rpm constant rotor speed.

In these numerical results, each current, the error of currents, the
controller input, the generated motor torque, the estimation
parameter § and time-varying proportional controller gain are
presented, respectively. Table 1 and Table 2 represent the
numerical values, which were obtained from the simulations that
are illustrated in Figure 3 - Figure 6. As illustrated in Figure 3 -
Figure 6, the error presence is significant with conventional PI at
lower and higher speeds both for constant and sinusoidal
reference. However, as the adaptive Plis applied, the steady-state
error is significantly compensated and the ripple widths in
current, and error in torque response are decreased. Besides, it is
also proved that the internal signals are converging to a constant
value, as shown by the means of Lyapunov theory in Section 4.
Table 1 and Table 2 demonstrate that with the proposed adaptive
PI controller, the RMS value of the current error for constant
current reference has been improved from 0.3442 to 0.0656 at
500rpm, and from 0.4703 to 0.1552 at 1500rpm. The RMS value
of the current error for sinusoidal current reference has been
improved from 0.3432 to 0.0670 at 500rpm, and from 0.4700 to
0.1677 at 1500rpm. Overall, the current error RMS value has
improved by approximately 60% - 80% at high and low speeds,
respectively. Additionally, the current error has been improved
by around 7% during commutation period. It stands out that the
control signal in both constant and sinusoidal current reference
changes significantly as adaptive PI controller kicks in, as
opposed to the conventional PI controller. This is due to the
controller design parameters, especially sufficiently small € value
having significant effect on the magnitude of the control signals,
which can be deduced from the adaptation rule given in (26).

In the second comparison, in the first half of the simulation, the
proposed adaptive PI controller does not take place and a high-
gain controller is utilized to regulate the system. In the second
half of the simulation, the proposed adaptive PI controller takes
place. Figure 7 and Figure 8 illustrate the comparison of high-gain
controller and adaptive PI controller with constant and
sinusoidal current reference at 1500rpm constant rotor speed. In
these numerical results, each current, the error of currents, the
controller input are presented, respectively. Additionally, in this
case, small € value is increased to 0.1 to observe the effects on
control signal and the reference tracking performance. In Figure
7 and Figure 8, it is obvious that with the high-gain controller, the
reference tracking performance has significantly increased
compared to the first case. However, even the maximum value of
the current response with high-gain controller is still under the
current reference value, namely it still exists steady state error.
Also, the control signal of high-gain controller has increased. In
the second half of the simulation, proposed adaptive PI controller
is applied. When adaptive PI is applied, the current response
swiftly sits on the current reference value, outperforming the
high-gain controller. It is also obvious that by increasing the small
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€ value, the control input of the adaptive PI controller decreased
significantly. Moreover, it even is smaller in magnitude compared
to the high-gain controller, meaning that the proposed adaptive
PI controller achieves better current response with less energy
consumption in control input. In Table 3 and Table 4 numerical
values, which were obtained from the simulations that are
illustrated in Figure 7 and Figure 8, are represented. With the
proposed method the RMS value of the current error has
improved from 0.1853 to 0.1611 with constant current reference
at 1500rpm. With sinusoidal current reference at 1500rpm, the
RMS value of the current error has been improved from 0.1879
to 0.1720. Overall, the RMS of the current response and current
error have been improved by approximately 9%. In addition to
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that, the designed controller seems to be a high-gain controller
but it is a controller that consumes less energy and responds
easily to a non-linear changing system. We especially see this
phenomenon in the switching case of the system, which is due to
that the adaptation in the designed controller is updated
according to the system dynamics.

Consequently, numerical solutions solidify the success of the
proposed adaptive PI controller on BLDCM drives by employing
comparisons with a conventional PI controller and a high-gain
controller, while ensuring the stability of the controller by
Lyapunov theory and the ability to compensate for the effects of
external disturbances, nonlinearities, and uncertainties.
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Figure 4. Simulation results for sinusoidal current reference at
500rpm constant speed. Change of the phase currents, current
error, control input, torque, estimation of 6, and adaptation gain
Ak, respectively from top to bottom.
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Figure 5. Simulation results for 2A constant current reference at
1500rpm constant speed. Change of the phase currents, current

error, control input, torque, estimation of 8, and adaptation gain

Ak, respectively from top to bottom.

Table 1. Numerical simulation results for 2A constant current
reference at different speeds.
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Figure 6. Simulation results for sinusoidal current reference at
1500rpm constant speed. Change of the phase currents, current
error, control input, torque, estimation of 8, and adaptation gain

Ak, respectively from top to bottom.

Table 2. Numerical simulation results for sinusoidal current

reference at different speeds.

w L

i
Srms

w l

L

eSrms Srms eSrms
Classical PI 500rpm 1.6757 0.3442 Classical PI 500rpm 1.6818 0.3432
Adaptive PI 500rpm 2.0267 0.0656 Adaptive PI 500rpm 2.1178 0.0670
Classical PI 1500rpm 1.5487 0.4703 Classical PI 1500rpm 1.5539 0.4700
Adaptive PI 1500rpm 19718 0.1552 Adaptive PI 1500rpm 2.0601 0.1677
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Figure 7. Simulation results of comparison of high-gain
controller and adaptive PI for 2A constant current reference at
1500rpm constant speed. Change of the phase currents, current
error, control input, respectively from top to bottom.

Table 3. Numerical simulation results of comparison of high-gain
controller and adaptive PI for 2A constant current reference.

@ Lsrms Lesrms
High-gain Controller 1500rpm 1.8915 0.1853
Adaptive PI 1500rpm 1.9628 0.1611

6. Conclusions

This paper proposes an adaptive PI controller for the regulation
of currents in the torque loop of BLDCM drives. The proposed
controller guarantees that all signals in the closed-loop dynamics
remain bounded. Additionally, the trajectory tracking error of the
currents tends to a very small neighborhood of the origin, which
can be tuned by the adaptation rule. The convergence rate is
adjusted with a pre-defined constant decreasing rate with the
filtered variable. The proposed controller is tested with
numerical simulations containing simulations that address
nearly all practical issues, along with comparisons to the classical
PI controller. When the PI controller is compared with the
designed adaptive control, a better response in the regulation of
currents of BLDCM observed a reduction in the root mean square
(RMS) error current by 35.57% for a sinusoidal current reference
at 1500 rpm when compared to the PI controller. In comparison,
the reduction rate observed with the high-gain controller is
approximately 9%. Future studies plan to extend the presented
controller design to the torque loop of variable-speed brushless
DC motor drives and implement the proposed controller in real-
time on a BLDCM driver.

Appendix

In Appendix, the design steps of a high-gain nonlinear current
controller based on Lyapunov function is presented to facilitate
the comparative analysis.

First, the error expression can be re-defined as follows:
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Figure 8. Simulation results of comparison of high-gain
controller and adaptive PI for sinusoidal current reference at
1500rpm constant speed. Change of the phase currents, current
error, control input, respectively from top to bottom.

Table 4. Numerical simulation results of comparison of high-gain
controller and adaptive PI for sinusoidal current reference.

@ isrms lesrms

High-gain Controller 1500rpm 1.8938 0.1879

Adaptive PI 1500rpm 2.0515 0.1720
les(t) = i5(t) — i5(0) (A-1)

where iy is the desired sufficiently smooth current trajectory.
Utilizing the equation (13), the current error dynamicis obtained
as follows:

Ldies(t) i e5)
g da g

1dil(t)

+ v(t) — g dt (A-2)

where the notations are defined in Section 3, and we assume that

OS%—g%SBh. In order to design a high-gain

controller, we consider the following candidate Lyapunov
function:

1.,
V() = Eles ®). (A-3)

If the derivation of V(t) with the respect to time is taken, it gives
as follows:

av(e) 1 di;‘(t)) (A4)

, fis es)
dr les(t) <T+ vs(t) — 5 dt

Considering the equation (A-4), the controller input can be
designed as:
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1JS(t) = _khies(t) - €p > 0.

Pii tes(®) (A-5)
€n

After the controller input given in (A-5) is proposed, the equation
(A-4) turns into

av(t) >
—ar —knpizs(t) —

Biies®  flse) 1dis(®)
€n g g dt

: Bi i3s(t) ;
=< _khlgs(t) - % + Bhlles(t)l

= —lniZ5(6) + Bilies(0)] (1 - PE=) (A-6)

where if B lies(t)] > €, then 20 <
that i,¢(t) converges to zero. It is noticed that this case is satisfied

under the condition of sufficiently high values of S, |i.s(t)I.

—kyi2,(t) which means
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