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Abstract

Hedge Algebra (HA) is an algebraic structure
for computing, simulating semantics of language, so it
can be considered as the basis of fuzzy logic. Using
HA for designing the controller can create an
algebraic structure in the form of a functional
relationship, which allows to form a large set of
linguistic values to describe input and output
relationships. HA-based research is a new approach
in the calculation of fuzzy controllers, so researchers
have had ideas applying it in the field of control. The
remarkable success of the HA is based on functional
reasoning methods that contain a wide variety of open
elements. The user can optionally select different
approaches in each step of the method. The paper
proposes the Hybrid Pl — Hedge Algebraic controller
applied for the BLDC motor. The control system
includes an inner PI controller loop and an outer
hedge algebraic controller loop.

Keywords - BLDC motor, DC-Link, PI controller,
HA, HAC.

l. INTRODUCTION

Hedge Algebra (HA) has been studied since the
1990s arming at inheriting and developing the
advantages of fuzzy systems [4]. HA has solved
effectively the problem of identification, diagnosis,
and objects which model difficultly. Therefore, its
applications are becoming popular in the field of
control and automation [3], [8]. However, the use of
HA in industrial systems is still a new problem.

Recently, the BLDC motors are used in many
applications such as optical drives, radiator cooling
fans of laptops, household appliances and office
automation. In these applications, control circuits are
designed simply and reliably. With the development
of semiconductor switching technology and the design
of high power converters, the performance of the
electric drive systems using BLDC motors is better
than that of others using DC motors as well as
synchronous motors. Take mobile vehicles consuming
independent DC voltage sources from batteries or
solar energy an example, especially drive systems of
electric vehicles, cars and aircrafts with the capacity
from several W to hundreds of kW.

There is a variety of proposed papers in terms of
different speed control methods of BLDC motors.
They work on tuning PID parameters as based on
genetic algorithm, Ziegler Nicholas tuning methods
and other work on adjusting PID parameters by fuzzy
optimized algorithm or using fractional order PID
controller. The BLDC motor is non-linear and multi
variable system due to temperature or load, so that it is
difficult to drive it with accurate and reliable control
response using the classical controlling methods.

The paper proposes the hedge algebraic controller
for the outer speed control loop and the PI controller
for the inner current control loop.

1. THE INTRODUCTION OF HEDGE ALGEBRA

A. Hedge Algebra

In fact, the value of linguistic variables has certain
orders semantically. For example, it is obvious that
young is smaller than old, fast is larger than slow.

Hedge Algebra consists of four parts including “X,
G, H,<”. With “X” is a domain of the linguistic
variable; “<”” is a semantically ordering relation; “G”
is the set of generators; “H” is the set of linguistic
hedges (H can be negative or positive hedges).

As a result, semantics of words represented by the
structure HA is likely to be determined by their
relative position in ordering arrangement between
words in linguistic domain, based on their natural
meaning. Linguistic value is quantified by a real value
in [0, 1].

Example: the linguistic variable “SPEED” can be
considered as an algebraic structure, singed AX = (X,
G, H, <), where: “X” is the set of values (Fast, Slow,
very Fast, very Slow, more Fast, more Slow, little
Fast, little Slow, approximately Fast, approximately
Slow, less Fast, less Slow, very more Fast, very more
Slow, very possible Fast, very possible Slow,...) ; “G”
is the set of generators (Fast, Slow); “H” is the set of
linguistic hedges (very, more, little, less,...); “<” is an
semantically ordering relation (Slow < Fast, more
Slow < more Fast, very Slow < very Fast, less Slow <
less Fast, little Slow < little Fast,...)
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B. Selection of HA parameters

A set of rules is shown as following equations,
with X;, X;..., Xm linguistic variables Y and
proportional values Ajj;, Bi (i=1...n;j=1... m).

If Xl = All and ... and Xm = Alm thenY = B]_
If X, =Ay and ... and X;, = Ao then Y =B,
If X, =An and ... and X;, = Apn then Y = B,

The main idea of this method is that each clause
“if ... then”will determine a point in Decac space
Dom (Xy)*...*Dom (X,)* Dom (Y), where Dom (X;),
Dom (Y) are proportional linguistic domains of
linguistic variables X; and Y seen as HAs.

Recently outstanding successes of HA are based
on functional reasoning method including open
elements to help researchers can develop and choose
different accesses depending on study purpose. A
number of studies using HA mainly focus on
information technology and control sectors. For
example, control problems for inverted pendulums,
earthquake prediction or disease diagnosis... Hence,
this paper analyzes and appreciates existing results of
various studies, leading to the development of
methods applied in the industry.

From the model (1), we see that this model
includes (m+1) linguistic variables. HA parameters
consist of the fuzzy measure of elements: fmax;(c),
fmaxi(c?) in the relation: fmay;(c?) + fmaxi(c*)= 1.

And the fuzzy measure of particles: uaxi(h;)
satisfies some functions:

Y A =a Y D=Ba+p=1

C. The design method

'uAX|

The HA Controller designed from the block
diagram as Fig. 1.

Denormalization]
(IID)

x | [Normalization

| @ (I

Fig 1: The structure diagram of the HA controller

Where, xdenotes input value; X; means input
semantic value; u is control value and us represents
semantic control value.

The HAC consists of the following blocks:

- Block I - Normalization: transforming x into Xs.

- Block Il - SQMs & HA-IRMd (Semantically
Quantifying Mappings & Hedge Algebra-based
Interpolative Reasoning Method): implementing the
semantic interpolation from x, to usbased on
quantitative semantic mapping and control rules.

- Block Il - Denormalization: linear
transformationus into u.
1. DESIGN THE HYBRID PI —-HEDGE

ALGEBRAIC CONTROLLER FOR THE
BLDC MOTOR

A. The mathematical model of the BLDC motor

The main parts of the system are shown in
the figure 2, which consists of three-phase star-
connected stator windings and permanent magnet
rotor. The motor is driven by three-phase inverter with
trigger signals generated by the controller. It depends
on rotor position sensors connected to the switches
from Q; to Qg in order to drive the motor with stator
currents corresponding with the back emfs.

+ Inverter
—_
D, Dy 0 Ds Stator
Ql— Qzl—‘ 5’* i €,
T (B & (P T NEY LRI
2 AMA—YY Y ——)
= l o/ | Rotor
- R b G
A Y Y Y ‘
[)2 : y
Q QOLD ‘c’ le c ,ef uPosition
VWA Y Y Y'Y 1‘7'

A T4 ‘ g Ty »v.lL sensor

- Elwli o lt» ==

"Trigger generator and
controller

Fig 2: The principle diagram of BLDC motor

The stator phase voltages can be described by the
following three equations (1):

) d

V,= R+ L —+ M + M, —+e
dt dt
. di, di, di,

V, = Ry, + L K"‘ M., dt M ;*‘ €, (€]

. di di, .

V.= R + L, + M, —+ M + e,
dt dt dt

If three-phase system is balanced, we have:

R,=R,=R.=R, L,= Ly =L, =L, My = My = My,
—Mbc Mcb—Mca—M
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Equations (1) become a set of equation (2)

di di, di_
Va:R|+L— M —+ M —+ e,
dt dt dt
di di di
V,= Rij+ L—=+ M —~+ M —=+ ¢, (2)
dt dt dt
di di, di
V.= Ri,+ L—+ M —+ M —+e
dt dt dt

Transforming equations (2), we have:

di
v,= Ri + (L-M)—"+ e,
dt
. di,
Rij+ (L-M)—+ ¢, (3)
dt
di
v.= Ri_+ (L-M)—+ e
dt

If neglecting mutual inductances then equations (3)
are rearranged as:

v,= Ri + L—+e
di,

vb:R|+L—+e (4)
dt

v, = + e
dt

The electromagnetic torque is defined as (5), (6):

e i, + e, + ei d
T,= ————— (5) T,=B.w +J —w, + T (6)
. dt
1

where T, is the load torque, J,, is rotor inertial and

B is friction constant.

B. The control structure

In this paper, the pulse width modulation
(PWM) is used for this cascade control system with
the inner current control loop and the outer speed

control loop shown in Fig. 3.

Wee 0

—H + M -
e + | wntruller Inve iy

The model of the command system contains a
BLDC motor, inverter to three phase, pulse width
modulation (PWM) and speed and current controllers.
The BLDC motor speed can be directly changed by
the duty cycle of the inverter switches in which firing
signals depend on the control error. The control
system consists of current sensors to measure three
phase currents to obtain the DC-link current.
Contemporarily, the rotor position sensors give the
desired commutation sequence.

The speed controller is Pl controller and has
equation @) as:
1= K, _(w - w o )dt(7)

a PW

a W/)+ Klwé(wd

In the speed control loop, the DC-link current is the
control current due to it is also the three-phase
currents and its sequence is chosen in table 1. When
the system receives the phase current feedback, the
phase voltage is calculated by equation (8):

V,= K, (I,- 1)+ K, §(,- 1)dt(8)

Pole position and speed signals are determined
through a set of Hall-effect sensors [2], [9]. Decoding
and choosing phases are described as Fig. 4 and table
1

High
Float
Low
High
Float
Low
High
Float
Low

Ha'éﬁg“so’}om 10111001110 010! 011/ 001] 101‘100.110‘010.011‘001.
Electrical cycle ! Electrical cycle :
\ i
| One mechanical rotation |
Fig 4: The phase control rule based on Hall-effect

sensors

Table 1. The distribution of fuel for heat areas

Voltage Phase
vector (S1,54) (S3,56) (S5,52) current
. V1 1,0 0,0 0,1 ia=ldc
Dl filr 40 09 O | W
{ V2 (1,0) (1,0) (0,1) i=-igc
e |y V3 ©.1) (1,0) (0,0) iy
RU‘O[ posiﬁon V4 0,1) (0,0 (1,0 1a=-igc
¢ V5 (0,0) (0,1) (1,0) ic=ige
W V6 (1,0) (0,1) (0,0) iy=-igc
Fig 3: The proposed block diagram for BLDC motor
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Because the armature back emfs when controlling
current are kept constant, the structure diagram of the

system is shown equivalently as Fig. 5.

HAC

Fig 5: The equivalent block diagram with the DC-link feedback current

C. Design the PI controller for the current control
loop

With the above structure, it is possible to apply
different methods of linear control algorithms applied
to DC motor. According to the PI controller of the
current control as [1], [5], [6], [8], the dynamics of the
measurement and the inverter circuit is considered
lower than that of current. Then, the simple equivalent
model of current control loop is depicted as Fig. 6.

i - 1 1

pCur i sL+R,

PID

Fig 6: The simple equivalent diagram of the current
control loop

The transfer function of the open loop from the

model (6) is determined by equation (9):

- iCur (9)
1+ T.s

1 KiCur+ KpCurS K 1+ Ks
G,(s)= ;

R, + L,s sR,

Controller parameters are selected based on the
desired switching frequency of the closed system and

. K
reduced-order model as following: w, ., = —=-
R
Kpcur — La
R

iCur a

D. Design the PI controller for the speed control
loop

For the speed control loop, it is assumed that the
current control loop is ideal, meaning that the transfer
function of the closed current control loop is equal to
1. It is practicable since the dynamics of the current
control loop is much faster than that of the speed
control loop [2].

The HAC controller consists of two inputs and one
output: the first input is the speed error - e(t), denoted
by E, the second input is the derivative of the first
input, denoted by dE and the output is represented by
u.

Firstly, the symbol S, F, L and V mean Slow, Fast,
Less and Very respectively.

Hence, we have:
G={0,S, W, F, 1}

H-={L}={h-1};q=1L H+={V}={h+l}; p=
1

fm(S) = 0 = 0.5; fm(F) = 1 - fm(S) = 0.5;
V(W) =0=0.5;

The HAC controller parameters are chosen as
following table 2.

Table 2.Selection of the E, dE and U values

nputl (E)
[nput? (dE)

H (b)
H- | Less(L) | a | 045 «

Ht | Very(V)| p | 055 p

Output (U)

u(h)
0,365

0.633

Secondly, a set of semantic value for E, dE and U is
determined including different values as very slow
(VS), slow (S), less slow (LS), less fast (LF), fast (F)
and very fast (VF) accompanied with rules in table 3.
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Table 3.The control rules

Similarly, the values of thesemantic variables E, dE
and U are determined as following tables:

E
U
VS S LS w LF F VF \S S LS “ LF F \F
VS VS VS Vs Vs LS LF VF
s Vs |[vs |s S W |LF | VF 0.151310.275]0.3988 | 0.5 [0.6012]0.725]0.8488
LS VS Vs LS LS w F VF
== W VS VS LS w LF VF VF \'S S LS \V LF F '\F
LF VS S W LF LF VF VF
T vs 1S Tw F T T TVE 0.2016 |1 0.3175] 0.4334 | 0.5] 0.5666 | 0.6825| 0.7984
VF VS LS LF VF VF VF VF
Combination of input variables (E and dE) with w;
. . . = 0.6; w, = 0.4 and the quantitative semantic curve
Semantic values of variables in Table 2 are

calculated by equation

v(S) = 0 — afm(S) = 0.5 - (0.45)(0.5) = 0.275

1

i=1

obtained from the relationship between U and (E, dE)
results in the control value us.

The control value u is found by solving us control
problem. Quantifying real values and solving

u(VS):u(S)+sign(VS){Zfm(VS)—0.5[1+sign(VS)sign(VVS)(B—&]).]lﬁiiﬂti@ ive problems are taken as [4], [5] in limited

1

=v(S)+sign (VS){(Z Bfm(S) - 0.5[1 + sign(V S)sign(V,V)sign(VS)(

i=1

=0.275+(-1){(0.55)(0.5)-0.5[1+(-1)1(-1)(0.55-0.45)]

(0.55)(0.5)} = 0.1513

W
=1

SpeedRef

Constant1

SpeedControl

Scoped

range of’Es, dEs and Us variables.

|
o) SIMULATION AND EXPERIMENTAL

RESULTS

Simulating the cascade control method for the
BLDC motor with the hybrid Pl — hedge algebraic
controller is shown as Fig. 7 and Fig. 8.
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Fig 7: The simulating model of the system in MATLAB/Simulink
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Fig 8: The current control loop using the PI controller
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BLDC output

Time (s)
Fig 9:The speed response with the unit step function
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Fig 10: The speed response with the pulse signal

The simulation results show that the proposed
controller proved the effective performance of the
proposed controller in tracking required speed
references, preserving the stability of the system under
the conditions of the load disturbance and meeting
quality requirements.

V. CONCLUSIONS

By using the hybrid Pl — hedge algebraic controller
with the appropriate structure and parameters, the
motor speed is remained stable and tracks the desired
speed.

Simulation results represent that the algorithm and
the way to construct the hybrid Pl — hedge algebraic
controller for the drive system is correct. As a result,
this controller can meet the control requirements
applied for the BLDC motor.

REFERENCES

[1] Jun-Kyu Park and Jin Hur,Detection of Inter-Turn and
Dynamic Eccentricity Faults Using Stator Current Frequency
Pattern in IPM-Type BLDC Motors,IEEE Trans. Ind.
Electron, 63(3), March 2016.

[2] Pooya Alaeinovin and Juri Jatskevich, Filtering of Hall-Sensor
Signals for Improved Operation of Brushless DC Motors,
IEEE Trans. Energy Convers, 27(2), Jun 2012.

[3] Jun-Kyu Park, Thusitha Randima Wellawatta, Zia Ullah, and
Jin Hur, New Equivalent Circuit of the IPM-Type BLDC
Motor for Calculation of Shaft Voltage by Considering

[4]

[5]

[6]

(71

(8]

[]

[10]

[11]

[12]

[13]

[14]

Electric and Magnetic Fields, IEEE Trans. Ind. App., 52(5),
Sep/Oct 2016.

Yong Liu, Student Member, IEEE, Z. Q. Zhu, Senior Member,
IEEE, and David Howe, Direct Torque Control of Brushless
DC Drives With Reduced Torque Ripple, IEEE Transactions
on Industry Applications, 41(2), March/April 2005.

Yong Liu, Student Member, IEEE, Z. Q. Zhu, Senior Member,
IEEE, and David Howe, Direct Torque Control of Brushless
DC Drives With Reduced Torque Ripple, IEEE Transactions
on Industry Applications, 41(2), March/April 2005.

Hans Butler, Ger Honderd, and Job van Amerongen, Model
Reference Adaptive Control of a Direct-Drive DC Motor,
IEEE Control Systems Magazine, 0°272-170818910100-0080,
1989.

Ho N. C., Lan V. N,, Viet L. X., Optimal hedge-algebras-
based controller: design and application, Fuzzy Sets and
Systems, 159 (8), pp. 968 — 989, 2008.

Ho N.C., Wechler W, An algebraic approach to structure of
sets linguistic truth values, Fuzzy sets and systems,35, pp. 218
—293, 1990.

Ho N.C, Nam H.V, Khang T.D, Chau N.H, Hedge algebra,
linguistic - value logic and their application to fuzzy logic
reasoning, International Journal of Uncertainty, fuzziness and
knowledge-based systems, 7(4), pp. 347 — 361, 1999.

Ho Nguyen Cat, Khang Dinh Tran, Viet Le Xuan, Fuzziness
measure, quantified semantic mapping and interpolative
method of approximate reasoning in medical expert systems,
Journal of computer science and cybernetics, 18 (3), pp. 237 —
252, 2002.

Yager R. R, Aggregation operators and fuzzy systems
modelling, Fuzzy Sets and Systems, 67, pp. 129 — 145, 1994..
Nguyen Thi Thanh Nga, Nguyen Thi Phuong Chi, Nguyen
Hong Quang, Study on controlling brushless DC motor in
current control loop using DC — link current, American
Journal of Engineering Research (AJER), Volume 7 — issue 5,
pp. 522-528, 2018.

Taha Nurettin Gucin, Muhammet Biberoglu , Bekir Fincan,
Mehmet Onur Gulbahc, Tuning Cascade PI(D) Controllers in
PMDC Motor Drives: A Performance Comparison for
Different Types of Tuning Methods.

José Carlos Gamazo-Real, Ernesto Véazquez-Sanchez and
Jaime Gomez-Gi, Position and Speed Control of Brushless DC
Motors Using Sensorless Techniques and Application Trends,
2010.

ISSN: 2348 — 8379

http://www.internationaljournalssrg.org

Page 33




