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Abstract

Because the nonlinear and time-varying characteristics of continuously variable transmission (CVT) systems driven by means
of a six-phase copper rotor induction motor (CRIM) are unconscious, the control performance obtained for classical linear
controllers is disappointing, when compared to more complex, nonlinear control methods. A blend modified recurrent
Gegenbauer orthogonal polynomial neural network (OPNN) control system which has the online learning capability to come
back to a nonlinear time-varying system, was complied to overcome difficulty in the design of a linear controller for six-phase
CRIM driving CVT systems with lumped nonlinear load disturbances. The blend modified recurrent Gegenbauer OPNN control
system can carry out examiner control, modified recurrent Gegenbauer OPNN control, and reimbursed control. Additionally, the
adaptation law of the online parameters in the modified recurrent Gegenbauer OPNN is established on the Lyapunov stability
theorem. The use of an amended artificial bee colony (ABC) optimization technique brought about two optimal learning rates for
the parameters, which helped reform convergence. Finally, a comparison of the experimental results of the present study with
those of previous studies demonstrates the high control performance of the proposed control scheme.

Key words: Artificial bee colony optimization, Lyapunov stability theorem, Modified recurrent Gegenbauer orthogonal

polynomial neural network, Six-phase copper rotor induction motor

I. INTRODUCTION

Six-phase induction motors (IM) can generate a higher
torque when compared to conventional three-phase IM. This
characteristic makes them convenient in high power and high
current applications, such as ship propulsion, aerospace
applications, and electric/hybrid vehicles (EV) [1]. A
six-phase copper rotor induction motor (CRIM) [2] is chosen
as an alternating current (AC) motor driving a continuously
variable transmission (CVT) system because it provides
lower torque ripple, higher efficiency, and better reliability
for its size when compared to single-phase and three-phase
aluminum rotor IMs [3]-[8]. However, a simplified model of
a CVT system, which is driven by a six-phase CRIM, has not
been presented. This research gap, which includes the derived
procedures, simplified models and control schemes, provided
the motivation for the current study.

A CVT system [2], [9]-[16] may be manipulated at a
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specific speed while changing the pulleys’ radii for achieving
torque multiplication, acceleration, and speed. This working
profile provides the research motivation for the CVT
dynamics and nonlinear control algorithms. A standard
proportional integral derivative (PID)-based controller with
measurements of the gear ratio has been applied in
CVT-based vehicle regulation [11]. This control scheme
demonstrates  satisfactory performance by using a
gain-scheduling with a large set of points. In addition, the
design of numerous fuzzy controllers for a CVT hydraulic
module has been reported by Kim [12].

Some of the principal advantages of using artificial neural
networks (ANNSs) are their good learning ability and good
performance for the tasks of system identification and control
[17]-[20]. However, one of the major drawbacks of the ANNs
is to need for a large number of iterations and
computationally intensive time for its training. Functional
link NNs [21]-[23] have been reported to reduce
computational complexity. These functional link NNs
[21]-[23] with a reduced computational complexity and faster
convergence have been used for executing the identification
and control of the nonlinear systems. Recently, some
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Gegenbauer functional expansions [24]-[26] combined with
NNs have been proposed. They have been applied to highly
nonlinear approximations, identifications, compensations and
controls of systems. Gegenbauer polynomial approximation
in the presence of the parameter uncertainty characteristics of

a two-dimensional airfoil has been reported by Belmehdi [24].

A Gegenbauer NN by means of a weights direct
determination method in order to avoid a longer
iterative-training procedure for nonlinear system has been
proposed by Wu et al. [25]. A feedforward NN with
Gegenbauer orthogonal functions through the use of a
weights direct determination method has been proposed by
Zhang and Li [26]. Because a Gegenbauer NN is a
single-layer NN, its computational complexity is
considerably lower than that of a multilayer perceptron.
However, some Gegenbauer functional expansion
feedforward NNs [24]-[26] can be used for static function
approximations. However, they cannot effectively identify
complex dynamic systems due to the absence of an
appropriate feedback loop.

Recurrent NNs, which have been used for modeling
nonlinear systems and for the dynamic control of systems
[27]-[31] have received considerable attention because of
their structural advantages. Because of their high
computational complexity, these NNs can effectively identify
and control complex dynamic systems. Therefore, to reduce
the computational complexity and to enhance the
identification ability of high-order nonlinear systems, the
modified recurrent Gegenbauer OPNN [2] , which offers
more advantages than the Gegenbauer OPNN [24]-[26]
including better performance, higher accuracy and dynamic
robustness, was proposed for controlling a six-phase CRIM
driving CVT system with nonlinear and time-varying
characteristics in this paper.

Karaboga [32] makes use of the artificial bee colony
(ABC) optimization algorithm for solving numerical methods
in optimization problems. This algorithm was further
advanced by Karaboga and Basturk [33]-[35]. It is a popular
swarm intelligence technique based on the intelligent
foraging behavior of honey bees. It is a very simple and
robust population based stochastic optimization algorithm. In
ABC optimization algorithms, a colony of artificial bees
contains three groups of bees: worker bees, onlookers and
scouts. A bee waiting in the dance area to make a decision to
choose a food source is called an onlooker and the one going
to the food source visited by the onlooker is called a worker
bee. The other kind of bee is a scout bee that carries out
random searches for discovering new sources. In a robust
search process, exploration and exploitation processes must
be carried out together. In the ABC optimization algorithm,
while onlookers and worker bees carry out the exploitation
process in the search space, the scouts control the exploration
process. However, the ABC optimization algorithm is good at

exploration but poor at exploitation. In addition, its
convergence speed is slow in some cases [36], [37].
Therefore, to further improve the performance of ABC
optimization, some modified ABC optimizations inspired by
using the Grenade explosion method [38], [39] and the
Bisection explosion method [40], [41] were proposed.
However, since the ABC optimization method possess a slow
convergence, the amended ABC optimization [2] with an
inertia weight is proposed to search for two optimal learning
rates of the weights in the modified recurrent Gegenbauer
OPNN. This is done in order to obtain faster convergence and
a better learning rate in this study.

In this study, because CVT systems [2], [9]-[16], [42]-[45]
possess nonlinear dynamics and uncertainties, the blend
modified recurrent Gegenbauer OPNN control system using
an amended ABC optimization [2] is proposed for controlling
a six-phase CRIM driving CVT system. The blend modified
recurrent Gegenbauer OPNN control system using an
amended ABC optimization [2] has a good generalization
ability and a fast learning capability. The proposed control
scheme can adapt to any change in the system. The blend
modified recurrent Gegenbauer OPNN control system using
an amended ABC optimization [2], which is composed of the
examiner control, the modified recurrent Gegenbauer OPNN
control with an adaptation law, and the reimbursed control
with an estimation law, is applied in the six-phase CRIM
driving CVT system. According to the Lyapunov stability
and gradient descent method, the adaptation law of the
modified recurrent Gegenbauer OPNN is derived for online
training of the parameters. Therefore, the modified recurrent
Gegenbauer OPNN can react to the system’s nonlinear and
time-varying behaviors by the online learning procedure
under lumped nonlinear external disturbances and parameter
variations. Furthermore, two optimal learning rates for the
modified recurrent Gegenbauer OPNN using an amended
ABC optimization method [2] are proposed to achieve a
better convergence. The experimental results shown obtained
using the proposed blend modified recurrent Gegenbauer
OPNN control scheme and the amended ABC optimization [2]
are shown to achieve better control performances.

This paper is organized as follows. The system structure of
the six-phase CRIM driving CVT system is reviewed in
Section II. The design methods of a blend modified recurrent
Gegenbauer OPNN control system and an amended ABC
optimization [2] are presented in Section III. Experimental
results are illustrated in Section IV. Some conclusions are
given in Section V.

II. CONFIGURATION OF SIX-PHASE CRIM DRIVING
CVT SYSTEM

In order to reduce the complexity of the system, the
rotation dynamic equations in the primary drive shaft and the
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Fig. 1. Schematic of the CVT system driven by six-phase CRIM.
(a) Geometrical description of the CVT system. (b) Geometrical
description of the six-phase CRIM-wheel connection via the
CVT system.

secondary drive shaft of the CVT, shown in Fig. 1, can be
simplified as [2], [9]-[16], [42]-[45]:

Ts =Jsts +Bsas +T (T4, AT, F,0,.75,05) (1)
Jpor +Bpor +Tp =T, )

in which TIS(TaaATpsFIaUa,Ta,Wg) [9]-[16] is the lumped
nonlinear disturbance in the secondary pulley side with the
wheel; Ty =ososTs /o is the output torque in the
primary pulley shaft; Ty is the output torque in the
secondary pulley shaft; T, is the drive torque in the
secondary pulley shaft; oy is the conversion ratio; AT, is
the parameter variation; v, is the rolling resistance; ,_is
the wind resistance; F is a braking force; B 0 and B

represent the equivalent viscous frictional coefficients of the
primary pulley shaft and the secondary pulley shaft,
respectively; J 0 and j  are the equivalent inertia of the

primary pulley shaft and the secondary pulley shaft including
a wheel, respectively; and @y and @4 are the speeds of the
primary pulley shaft and the secondary pulley shaft,

respectively.
Using the speed conversion ratio and the sliding

conversion ratio [9]-[16], the resultant dynamic equation of a
CVT system driven by a six-phase CRIM from (1) and (2)
can be simplified as [9]-[16]:

Jeop +Br oy +T(Tar . AT pr, Fp,0ar 7ar.07) =Ty 3)
where T, =g, T, is the air-gap torque of a CVT system via

the conversion ratio; o, is the conversion ratio;

Tl(raraATpraFlr»Uar:Tarawrz):Tl(rar+ATpr+Tun) [9]-[16] is the
resultant lumped nonlinear external disturbance with

parameter variations; T, is the resultant fixed load torque;

ATpr =AJpcoy +0Byoy 18 the resultant parameter variation; ,,
is the resultant rolling resistance; 7, is the resultant wind

resistance; R, is the resultant braking  force;

Tun = Fir +0ar + 7ar a)r2 is the resultant unknown nonlinear
load torque; B = Bp+|39 is the resultant viscous frictional
coefficient; Jr:Jp+Je is the resultant moment of inertia;

and J, and g, represent the moment of inertia and the

viscous frictional coefficients of the six-phase CRIM,
respectively.

The d-g axes voltage equations of a six-phase CRIM in the
synchronously reference frame can be described as follows

[2]-[8]:
V) = Tid) + 0p (Lesidy + L ige) + d (Lgsily + L)/t
Va1 = fsig1 — @e(Lssig + Lmigr) + d(Lssigy + Lmigr)/dt ()
Vga = Tsiga + d (Lgigo)/dt (6)
Vg, = Tsig, + d(Lgif,)/dt (M
0="r'rigy + (e — o) (Lssigr + Lign) + d (Lyrigy + Ligy)/dt(®)

e e e e e
0="r"rigr — (e —ax)(Lergr + Lyig) +d(Lsglgr + Luigp)/dt )
where L =L +3Lms > Ly =Ly +3Lgs and
Ly =3Lnyse
The air-gap torque T; of a CVT system driven by a
six-phase CRIM can be represented as:

T :3P1|—M[ﬂ?jrigl_larigl]/(‘ler) (10)
in which V§1’ Vgl and ng, VSZ are the d-axis and g-axis
voltages; igl, i31 and iSZ’ i§2 are the d-axis and Q-axis
currents; Le, Ly, and Ly, are the self-inductance of the
stator, the self-inductance of the rotor, and the mutual
inductance between the stator and the rotor, respectively; Iy

and ', are the stator resistance and the rotor resistance;

ﬂ?jr and ﬂgr are the d-axis and g-axis flux linkages; and
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Six-Phase CRIM Driving System
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Fig. 2 Block diagram of a six-phase CRIM driving CVT system.

P is the number of poles.

A block diagram of the six-phase CRIM driving CVT
system is shown in Fig. 2. The whole system of the six-phase
CRIM driving CVT system can be indicated as follows: an
indirect-field-oriented control with a current
proportional-integral (PI) control, a sinusoidal pulse width
modulation (PWM) control modulator, an interlock circuit, an
isolated circuit, a voltage source inverter with six sets of
insulated-gate bipolar transistor (IGBT) power modules and a
speed control. The PI current loop controller is the current
loop tracking controller. In order to attain a good dynamic
response, all of the gains for a well-known PI current
listed as follows: |<pC =14.5 and

knowledge

controller are

k. = kpc /T, =52 through some heuristic

[46-48]. The indirect field-oriented control consists of a
coordinate transformation, asin &, /cos ¢, generation with

lookup table generation and a PI current control. A
TMS320F28335 digital-signal-processor (DSP) control
system with a mix signal field-programmable-gate-array
(FPGA) system manufactured by the Microcontroller
Corporation of Taiwan was used to implement the indirect
field-oriented control and the speed control. The six-phase

CRIM driving CVT system was operated under lumped
external disturbances and with nonlinear uncertainties.

III. BLEND MODIFIED RECURRENT GEGENBAUER
OPNN CONTROL SYSTEM
The dynamic equation of a CVT system driven by the
six-phase CRIM from (3) can be rewritten as:
Gr = Aop + C\T)(Tar + ATpp +Tyn) + By, (11

Then, the tracking error e of the speed can be represented

as:

e=aw, - (12)
in which u; =T, is the control torque of the CVT system
driven by a six-phase CRIM. A =-B,/J,, B; =1/J,and
C, =-1/J, are three known constants. ¢, represents the

desired command rotor speed. All of the parameters are
assumed to be bounded and well known under the occurrence
of uncertainties. Then, the ideal control law can be designed
as:

up = [og + ke — Aoy —CiT)(Tar + AT +Tyn)1/ By (13)

Substituting (13) with Ul* = u; into (11) and using (12), the
dynamic equation of the error can be obtained as:
é+kie=0 (14)
in which k; 1is a positive constant. The system state can
track a desired trajectory when g(t) -0 as t—oo in(14).
Because unknown uncertainties are difficult to measure, the
control law Uy of the blend modified recurrent Gegenbauer
OPNN control system shown in Fig. 3 can be designed as:
Uy =Ugg +Urm + Uy (15)
where u., is the examiner control system; u,, is the
modified recurrent Gegenbauer OPNN controller; and y,

is the reimbursed controller. The examiner control system
Ugo 1s designed so that the state of the controlled system is

stabilized around a predetermined bound region. Due to the
excessive and chattering control effort induced by the
examiner controller u,, the modified recurrent Gegenbauer

OPNN controller Urm and the reimbursed controller Uy

are introduced to reduce and smooth the control effort when
the system state is inside a predefined bound region. The
modified recurrent Gegenbauer OPNN controller u,, is the
main tracking controller, which used to mimic an ideal
control law uf. The reimbursed controller u,y is designed
to compensate the difference between the ideal control law
u; and the modified recurrent Gegenbauer OPNN controller
Urm - Since the examiner control system Uco caused the
excessive and chattering effort, the modified recurrent



1442 Journal of Power Electronics, Vol. 16, No. 4, July 2016

Gegenbauer OPNN controller and the reimbursed

Urm
controller uy; are proposed to reduce and smooth the control

effort when the system states are inside a predetermined
bound area. When the modified recurrent Gegenbauer OPNN
approximation properties cannot be ensured, the examiner
control system U, is able to take action. The design of the

blend modified recurrent Gegenbauer OPNN control system
is necessary for the divergence of the states to pull the states
back to a predetermined bound region and guarantee the

stability of the system. The control law Uj of the blend

modified recurrent Gegenbauer OPNN control system

*
uniformly approximates the ideal control law U; inside the

bound region.

A. Design of the Examiner Control System
First, the error equation from (11) to (15) can be obtained as:
é=—kje+[Uf —Ug —Upm —Ur 1B (16)

Then the Lyapunov function candidate is defined as:

17
S, =e?/2 a7

Differentiating (17) with respect to time and using (16)

results in:

. _ .
Sy =eé=e[-kje+By(U] —Ug — Uy — U]

2 *
< —k,e +|eBl|-(‘u1‘+|urm +ur1|j—eBluco (18)

To satisfy S, <0, the examiner control system Ucg is
designed as:

Ugo = lco sgn(eBy)-

[Upm + Upi|+ Dy(@p) + Dy + o]+ |kel/ By

(19)

where function. In  addition,

sgn(-) is a sign
Ay < Di(@y), and C\T|(Ty +ATp +Typ) < D, . Then
the operator index can be denoted as:

|w:¥“:L# azﬁ (20)
leo=0 if S;<H

in which H is the boundary constant specified by the
designer. The parameter value of H in this study is unity
according to the system character. Substituting (19) into (18)

and using (20) with lcq =1 results in:
S, < —ke? +|eBl|~qu‘+|urm + u”D—eBluco

< —kje? +|eB[{[ Aj@, + C Ty (Tar + AT pr +Ty)1/ By
—[Dy(@r)+ D;y]/By}
(21)

<-ke?<o
Using the examiner control system Uy, as shown in (19),
the inequality S; <0 can be obtained for a nonzero value of

the tracking error vector @ when S; > H . With the results

Blend Modified Recurrent Gegenbauer OPNN Control System
Using Amended ABC Optimization [2]

________________________________________ -

: Adaptation E
: éa‘z and e Two Varied
* | radient : '
' 4—1 Learning Rates 1
G i o(x}) Descent =T i, Airiniateteteiel . E
! : Usl Method | 71 i[ Amended ABC | |
Reference : (Equations | "), Optimization b
Model ' (2?),(34%(35)) N (Equations [
____________ : LA VO (36),(38),(39),(40),
@e| v Ae ¥ (41),(42))
o 17 Modified Recurrent | «-=m——=m———=--—-=
T e € Gegenbauer OPNN pioiuieleiuieieieieioloisisiyieied
_uj : Controller (Equations |} | Six-Phase CRIM !
® : (22), (23), (24),(25)) E E Driving System and
o B 5 ! | CVTSystem :
' 1 I S |
| 1] sfmeed IR,
; 1 : r
; Reimbursed ! i Indirect Field
i $—» Controller : 1 Oriented Control !
i (Equation (30)) Ugo E
i Examiner :
15| Control .
1 System E
E (Equation (19)) !
e fleo 5
: _e> Operator : .
H > Index : ShP_
; s, »| (Equation (19)) ! Estimator|

Fig. 3. Block diagram of the blend modified recurrent
Gegenbauer Gegenbauer OPNN control system and amended
ABC optimization [2].

from (21), the examiner control system Ugg is able to drive
the tracking error to zero without using the modified
recurrent Gegenbauer OPNN controller Uy, or the
reimbursed controller Uy;. However, owing to the selection

of the bounds D;(®,) D, and the sign function, the
examiner control system Ugy can result in excessive and
chattering control effort. Therefore, the modified recurrent
Gegenbauer OPNN controller Uy, and the reimbursed
controller Uy are designed to overcome this drawback. The

modified recurrent Gegenbauer OPNN controller Uy, is
used to imitate the ideal control law ul* . Then the
reimbursed controller Uy is posed to compensate the
difference between the ideal control law uik and the

modified recurrent Gegenbauer OPNN controller Uy, .

B. Design of the Modified Recurrent Gegenbauer OPNN
Controller

Second, the modified recurrent Gegenbauer OPNN

controller is equal to YI%(N) as the output value of

Urm
the modified recurrent Gegenbauer OPNN. In this case, the
input values and the output values of the modified recurrent
Gegenbauer OPNN with a three-layer structure (an input
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Output
Layer

Hidden,
Layer

Input .
Layer

Fig. 4. Structure of the three-layer modified recurrent
Gegenbauer OPNN.

layer, a hidden layer and an output layer), as shown in Fig. 4,
can be expressed as:

yl = fil(l;[ XNV YR(N =1)), i=1,2 @2)

2
v} =6f Sy pyiN D) j= 01 mo1 )
i=

24

m-1
Yi = RCT VigyT(N)). k=1
j=0

where xl1 =w,—w, =e and xi —e(l-z""y=Ae are the
speed error and the speed error change, respectively. Vilk

and VI%j are the recurrent weight and the connective weight.

N denotes the number of iterations. The Gegenbauer
orthogonal polynomial [24-26] G (x) is the argument of
the polynomials with—1 < X <1; where 0 and n are the
number of the order and the order of the expansion,
respectively. m is the number of nodes. B is the
self-connecting feedback gain of the hidden layer between 0
and 1. The zero, first and second order Gegenbauer

orthogonal ~polynomials are given by GJ(x)=1

GP(x)=20x and GY(x)=2x*(c+1)o—o . respectively.
The higher order Gegenbauer orthogonal polynomials may be

generated by the recursive formula given by

Gy (X)=[2(n+0 -DXGT_;(X) = (n+20 +2)G_»(X)]/n
fil, fk3 is the activation function which is selected as a

linear function. The output u,, =yi(N) of the modified

recurrent Gegenbauer OPNN controller can be denoted as:

um ==y ea]id - L] =ATo @)

where A:[\/2 . V12m—1]T are the adjustable weight

10
parameter vectors of the modified recurrent Gegenbauer

OPNN, and oz[xg e 3

mel]T are the input parameter

vectors in the output layer, in which X? is determined by the

selected Gegenbauer orthogonal polynomials and 0< X? <I.

C. Design of the Reimbursed Controller and the
Adaptation Law

Third, to develop the reimbursed controller U, , the
approximation error p can be defined as:

p=Ui —Umm =u; —(A)T 0 (26)
in which A" is the ideal weight vector to reach the

minimum approximation error. It is assumed that the absolute
value of p is less than a small positive number ¢, ie.,

| p| < O . By substituting (25) and (26) into (16), the error
dynamic equation from (16) can be rewritten as:

. *

€=—kie+[uy —Ug —Upy —Ur 1By

* * %
= —kje +[(U] —Upy + Uy —Upyp ) —Ugo — Up1]By

=—ke+[p+(A"=A) Oy —Ug 1By 27)
Then, the Lyapunov function is selected as:
S,(t)=e2/2+(A" =A) (A" =A)/2ny) (28)

Taking derivative of (28) and using (27), then (28) can be

rewritten as:
S2(t) = {-kie” +[p U ~Ugo IBye 29)
+(A"=A)TOBe—(A"=A)TA/n,

Then the adaptation law A and the reimbursed controller
u,, can be designed as follows:

A=7,0Be (30)

ury = &sgn( Bye) 31

in which 77 and 6 are the learning rate and the gain,

respectively. Substituting (19) with lo5=0, (30) and (31) into
(29), then (29) can be represented as:

S <—ke* +{|p|- 5Bl < ke <0 (32)

From (32), Sz(t) is a negative semi-definite, i.e.

S,(1)<S,(0) . This implies that € and (A"-A) are

bounded. In addition, the function g(t) is defined as

e(t)=-S,(t)=k,e? , and it is a uniformly continuous

function. It is denoted that |jm ¢(t) = 0 by using Barbalat’s
t—o

lemma [49], [50]. Then et) >0 as t—o0.

D. Online Parameter Training Methodology
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Finally, the online parameter training methodology of the
modified recurrent Gegenbauer OPNN can be derived and
trained effectively according to the Lyapunov stability
theorem. The parameter of the adaptation law A4 shown in

(30) can be rewritten as:
.2 2
ij =1 ijle (33)
Then the cost function is defined as:
R =e%/2 (34)

The adaptation law of the weight using the gradient descent
method can be represented as:

2 oR oR; oy R,
OV OYk OV Yk (35)

Comparing (33) with (35), yields OR; /8y|§ =—eB;. The

adaptation law of the recurrent weight vilk using the
gradient descent method can be updated as:
5] IR ) 13
Vik =1 ——- =1 By e VG (% (N)yg(N =1)  (36)
ﬁVik
where 7, is the learning rate. In order to obtain a better

convergence, the amended ABC optimization is proposed to

adjust two better learning rates 7 and 7, of the weights in

the modified recurrent Gegenbauer OPNN.
E. Amended ABC Optimization

The general algorithmic structure of ABC optimization
[32-35] consists of an initialization phase, a worker bee phase,
an onlooker bee phase and a scout bee phase. Firstly, two
food sources (solutions), i.e. two learning rates, in the
initialization phase are randomly initialized as follows:

Xm,i = ﬂ“i,min + @i (ﬂi,max _ﬂi,min),m =12, i=12,,D G37)
where y . is the value of the i dimension of the m solution.

A

the parameter y ..

and A

. . represent the lower and upper bounds of
,min

i, max

@, is a random number within the

range [0,1]. Then, the obtained solutions are evaluated and
the objective function values of the clustering problem are

n, .
calculated as fj(Zm,i):jz_llej/nl , where n; is the

maximum cycle number (MCN). f(Xmi) is the objective

function value. €j is the tracking error between the desired

rotor speed @, and the actual rotor speed @, at j

dimension of the m solution.
Secondly, the worker bee behavior in the worker bee phase
is to find a better solution within the neighborhood of the

solution ( y, ;). In the ABC optimization algorithm, this

neighbor solution is determined as follows:

Mm,i = Zm,i + Pmilm,i — 2kl (38)
m=12, i=12-D, k=12,M

where y, . is a solution selected randomly. i is a randomly

chosen dimension, and ¢m,i is a random number within the

range [-1, 1]. After producing the new candidate solution

Nm.i» its profitability is calculated. Then, a greed based
selection is applied between Mm.i and y .. The fitness
fit(y,,;) of a solution can be calculated from its objective
function value fj( Xmi) 38 follows:

1
fit(rp ) =11+ f(xns)’
L+ [f (a0 F(xn) <0
Thirdly, an onlooker in the onlooker bee phase chooses a

food source to exploit depending on this information. In the
ABC optimization algorithm, by using the fitness fit(y, )

it i (xni) 20 (39)

of the solutions, the probability value Z = can be calculated

as follows:

_ leit(zm,i) (40)
3 fit(z,,)

After a solution is selected, as in the worker bee phase, a

neighbor solution is determined by using (38), and its fitness
value is computed. Then, a greed based selection is applied

m

between 7,,; and y .. Therefore, by attracting more

onlookers to richer sources, positive feedback behavior
appears. Finally, at the end of every cycle, trial counters of all
of the solutions are controlled. If an abandonment is detected,
the related worker bee is converted to a scout and takes a new
randomly produced solution using (37). To balance the
positive feedback in the scout bee phase, a negative feedback
behavior arises. However, in the standard ABC optimization
algorithm, this difference is not considered and artificial
worker bees and onlookers determine a new candidate
solution by using the same formula as (38). Meanwhile, the
ABC optimization method possesses a slower convergence.
Therefore, the amended ABC optimization algorithm [2]
from (38) with an inertia weight is introduced for the
behavior of onlookers. The amended ABC optimization
algorithm [2] is given as follows:

i = M- Xmi  Pmilzm,i = Zkils @1
m=L2, i=12,---,D, k=12,---,M
M = Hiig + @i (L= 0 51) (42)
In this formula, ﬂ%ji represents the best solution among
the neighbors of » & ; and itself with respect to two

learning rates 77, M=1,2. A similarity measure in terms of
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the structure of the solutions can be used to determine a
neighborhood for & . . At this point, in order to define an

appropriate neighborhood, different approaches can be used.
In addition, for different representations of the solutions,
different similarity measures can be defined. Hence, using the
amended formula equations (41) and (42), a combinatorial
problem can also be optimized using the amended ABC
optimization algorithm [2]. For example, the neighborhood of

a solution »2 ., can be defined considering the mean

Euclidean distance E between 2, and the rest of the

m,i
solutions for the numerical optimization problems. The

Euclidean distance E_; between y 2 ; and y, ; can be

m,i

calculated as:
i=D _
Emi=[Z (zmi-zci)?17%i=12,+,D  (43)

i=1
If there is a solution where the Euclidean distance from
z & i s less than the mean Euclidean distance Ennio it

can be accepted as a neighbor of » 2 ;. Based on the

probability selection mechanism, if solutions are feasible,
they are selected proportionally to their fitness values.
Meanwhile, if solutions are infeasible, they are selected based
on their constraint violation values. Onlooker bees produce
modifications of the position of the selected solution using
equations (41) and (42). The first and second terms in these
equations are for improved exploration, and third term directs
the search toward the best solution, which enhances the
exploitation ability. Then the best solution, which is
memorized, can be achieved.

IV. EXPERIMENTAL RESULTS

The whole structure of the six-phase CRIM driving CVT
system by means of a TMS320F28335 DSP control system
and a mixed signal FPGA system is shown in Fig. 2. A photo
of the experimental setup is shown in Fig. 5. The proposed
control algorithm was executed using the TMS320F28335
DSP control system including 16 channel 12-bit
analog-to-digital (A/D) converters, 18 programmable PWM
ports, 6 channel high-resolution PWM ports and 2 quadrature
encoder interfaces.

A flowchart of the executed control methodologies with
real-time implementation by means of a DSP control system
and a mixed signal FPGA system is comprised of the main
program and the interrupt service routine (ISR) as shown in
Fig. 6. In the main program, the parameters and input/output
(I/O) initialization are processed first. Then, the interrupt
interval for the ISR is set. After enabling the interrupt, the
main program is used to monitor the control data. An ISR
with a 2 ms sampling interval is used for reading the rotor
position of the six-phase CRIM driving CVT system from

Fig. 5. A photo of the experimental setup.

the encoder and for reading the six-phase current from the
A/D converters. It is also used for calculating the rotor
position and speed, executing the lookup table and coordinate
translation, executing the PI current control, executing the
proposed control system, and outputting the six-phase
sinusoidal PWM signal to switch the six sets of IGBT power
modules voltage source inverter with a switching frequency
of 15 kHz via the interlock and isolated circuits.

The two identifiers si_d and si_dmax, shown in Fig. 6, are
provided to execute the indirect field-oriented control by the
mixed signal FPGA system. The identifier si_a is provided to
execute the proposed control scheme by the TMS320F28335
DSP control system. The two initial values si_d and si_a are
set to zero. The initial value si_dmax is set to five. When the
indirect field-oriented control executed by the mixed signal
FPGA system is implemented less than five times, i.e.,
si_d<si_dmax, the indirect field-oriented control must be
continuously executed by the mixed signal FPGA system.
When the proposed control scheme executed by the
TMS320F28335 DSP control system is implemented one
time, the identifier si_a is set to 1, i.e., si_a=1. Then the
procedure returns to the original starting point. Therefore, the
indirect field-oriented control executed by the mixed signal
FPGA system is implements five times, then the proposed
control scheme executed by the TMS320F28335 DSP control
system is implemented one time. This procedure is
implemented online by the TMS320F28335 DSP control
system and the mixed signal FPGA system.

The specification of the six-phase CRIM are: six-phase 48 V,
1.5 kW, and 3458 rpm. The parameters of the six-phase
CRIM are given as follows: kg =0.86 Nm /A |

Jia =45.15x10 3 Nms
L = 4.52mH
rg =2.20

Bia =2.12x10 3 Nms /rad
Ly =4.32mH , Ly = 2.64 mH ,
,and r'y =1.8Q . Owing to the inherent
uncertainty in the CVT system (e.g. the lumped nonlinear
external disturbances and parameter variations) and the
output current limitation of the battery capacity, the six-phase
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Fig. 6. Flowchart of the executing program by using DSP control
system and mixed signal FPGA system.

CRIM can only operate at 314 rad/s (3000 rpm) to avoid
burning the IGBT module of the CVT system at high speed
perturbations.

Two experimentation tests are provided to compare the
control performances of the PI controller, the three-layer
feedforward NN control system and the blend modified
recurrent Gegenbauer OPNN control system using an
amended ABC optimization [2]. One is the 157 rad/s (1500
rpm) case under lumped nonlinear external disturbances with

and the other is the

parameter variations Tll = AT + Ty >

314 rad/s (3000 rpm) case under lumped nonlinear external
disturbances with two times the parameter variations
T = 2AT; + Ty -

Firstly, all of the gains of the well-known PI controller
through some heuristic knowledge [46-48] on the tuning of PI
controllers are ps =15.1 and Kis =K ps /Tig =3.2 in the
157 rad/s (1500 rpm) case under lumped nonlinear external
disturbances with parameter variations T]I =AT + Ty for

the speed tracking to achieve good transient and steady-state
control performance. Secondly, the three-layer feedforward

NN control system has two, three, and one neurons in the
input, the hidden, and the output layers, respectively. It
adopts the sigmoid activation function in the input layer and
the hidden layer. Moreover, the connective weight between
the input layer and the hidden layer, and the connective
weight between the hidden layer and the output layer in the
three-layer feedforward NN are initialized with random
numbers. All of the learning rates of the two kinds of
connective weights are chosen as fixed constants. The
parameter adjustment process remains continually active for
the duration of the experimentation. The gains of the
three-layer feedforward NN control system are chosen to
achieve the best transient control performance while
considering the requirement of stability. Thirdly, the control
gains of the blend modified recurrent Gegenbauer OPNN
control system using an amended ABC optimization [2] are
5=05, =0.1. All of the control gains of the blend

modified recurrent Gegenbauer OPNN control system using
an amended ABC optimization [2] are chosen to achieve the
best transient control performance while considering the
requirement of stability. The parameter adjustment process
remains continually active for the duration of the experiment.
The structure of the modified recurrent Gegenbauer OPNN
controller has two nodes, three nodes, and one node in the
input layer, the hidden layer, and the output Ilayer,
respectively.

The tracking responses of the command rotor speed a):,
the desired command rotor speed O and the measured rotor

speed ®; using the well-known PI controller, the
three-layer feedforward NN control system and the blend
modified recurrent Gegenbauer OPNN control system with
an amended ABC optimization [2] for the six-phase CRIM
driving CVT system at 157 rad/s (1500 rpm) under lumped
nonlinear external disturbances and with parameter variations
TlI = AT, +T,, are shown in Figs. 7(a), 7(b) and 7(c),
respectively. The tracking responses of the speed error e
while using the well-known PI controller, the three-layer
feedforward NN control system and the blend modified
recurrent Gegenbauer OPNN control system with an
amended ABC optimization [2] for the six-phase CRIM
driving CVT system at 157 rad/s (1500 rpm) under lumped
nonlinear external disturbances and with parameter variations
T]' = AT +T,, are shown in Figs. 8(a), 8(b) and B3(c),
respectively.

The maximum errors of e while using the well-known PI
controller, the three-layer feedforward NN control system and
the blend modified recurrent Gegenbauer OPNN control
system with an amended ABC optimization [2] at 157 rad/s
(1500 rpm) under lumped nonlinear external disturbances and

with parameter variations Tll = AT +T,, are 9.5 rad/s (91

rpm), 7.5 rad/s (72 rpm) and 4.5 rad/s (43 rpm), respectively;
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Fig. 7. Experimental results of tracking response of the command
rotor speed a): , desired command rotor speed e > and
measured rotor speed ¢, for the six-phase CRIM driving CVT

system at 157 rad/s (1500 rpm) case under lumped nonlinear
external  disturbances and with parameter variations

T1| =AT; +Ty; - (a) Using the well-known PI controller. (b)

Using the three-layer feedforward NN control system. (c) Using
the blend modified recurrent Gegenbauer OPNN control system
with an amended ABC optimization [2].

and RMS errors of e are 5.0 rad/s (48 rpm), 3.5 rad/s (33
rpm) and 2.0 rad/s (19 rpm), respectively.

The responses of the command electromagnetic torque T;
while using the well-known PI controller, the three-layer
feedforward NN control system and the blend modified
recurrent Gegenbauer OPNN control system using an
amended ABC optimization [2] for the six-phase CRIM
driving CVT system at 157 rad/s (1500 rpm) under lumped
nonlinear external disturbances and with parameter variations
TlI = AT +T,; are shown in Figures 9(a), 9(b) and 9(c),

respectively. Because low speed operation is the same as the

nominal case which is T; ;Tll operation because of

smaller disturbances, the tracking responses of the speed and
current while using the well-known PI controller, the
three-layer feedforward NN control system and the blend
modified recurrent Gegenbauer OPNN control system with
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Fig. 8. Experimental results of tracking responses of the speed
error e for the six-phase CRIM driving CVT system at 157
rad/s (1500 rpm) case under lumped nonlinear external
disturbances and with parameter variations TlI =AT; +Ty; - (a)
Using the well-known PI controller. (b) Using the three-layer
feedforward NN control system. (c¢) Using the blend modified
recurrent Gegenbauer OPNN control system with an amended
ABC optimization [2].

an amended ABC optimization [2] for the six-phase CRIM
driving CVT system has better tracking performance.

In addition, the tracking responses of the command rotor
speed (., the desired command rotor speed @, and the

measured rotor speed p, while using the well-known PI

controller, the three-layer feedforward NN control system and
the blend modified recurrent Gegenbauer OPNN control
system with an amended ABC optimization [2] for the
six-phase copper rotor IM servo-drive CVT system at 314
rad/s (3000 rpm) under lumped nonlinear external
disturbances and with two times the parameter variations

T} =2AT, +T,; are shown in Figs. 10(a), 10(b) and 10(c),

respectively.

The tracking responses of the speed error e while using
the well-known PI controller, the three-layer feedforward NN
control system and the blend modified recurrent Gegenbauer
OPNN control system with an amended ABC optimization [2]
for the six-phase copper rotor IM driving CVT system at
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Fig. 9. Experimental results of responses of the command
electromagnetic torque T, for the six-phase CRIM driving

CVT system at 157 rad/s (1500 rpm) case under lumped
nonlinear external disturbances and with parameter variations

T1| =AT; +Ty; - (a) Using the well-known PI controller. (b)
Using the three-layer feedforward NN control system. (c) Using

the blend modified recurrent Gegenbauer OPNN control system
with an amended ABC optimization [2].

314 rad/s (3000 rpm) under lumped nonlinear external
disturbances and with two times the parameter variations

TlI =2AT; +T,, are shown in Figs. 11(a), 11(b) and 11(c),

respectively. The tracking response of the speed shown in
Figs. 10(a) leads to degenerate tracking in the presence of
larger nonlinear disturbances (e.g. rolling resistance, wind
resistance, and parameter variation) under high speed
operation. A sluggish tracking response of the speed is
obtained for the six-phase CRIM driving CVT system using
the well-known PI controller. The linear controller has weak
robustness under larger nonlinear disturbances due to the lack
of appropriately gains tuning or the lack of a degenerate
nonlinear effect.

The maximum errors of e while using the well-known PI
controller, the three-layer feedforward NN control system and
the blend modified recurrent Gegenbauer OPNN control
system with an amended ABC optimization [2] at 314 rad/s
(3000 rpm) under lumped nonlinear external disturbances and
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Fig. 10. Experimental results of tracking response of the
command rotor speed a):, desired command rotor speed ¢,
and measured rotor speed @, for the six-phase CRIM driving

CVT system at 314 rad/s (3000 rpm) case under lumped
nonlinear external disturbances and with two times the

parameter variations T1| =2AT + Ty - (a) Using the well-known

PI controller. (b) Using the three-layer feedforward NN control
system. (c¢) Using the blend modified recurrent Gegenbauer
OPNN control system with an amended ABC optimization [2].

with two times the parameter variations TlI =2AT| + T, are

22.8 rad/s (218 rpm), 9.5 rad/s (91 rpm) and 5.2 rad/s (50
rpm), respectively; and RMS errors of e are 6.5 rad/s (62
rpm), 3.5 rad/s (33 rpm) and 2.5 rad/s (24 rpm), respectively.

The responses of the command electromagnetic torque T,

while using the well-known PI controller, the three-layer
feedforward NN control system and the blend modified
recurrent Gegenbauer OPNN control system with an
amended ABC optimization [2] for the six-phase CRIM
driving CVT system at 314 rad/s (3000 rpm) under lumped
nonlinear external disturbances and with two times the

parameter variations TlI =2AT; +T,; are shown in Figs.
12(a), 12(b) and 12(c), respectively. Additionally, the
dynamic response of the command electromagnetic torque

shown in Fig. 12(b) while using three-layer feedforward NN
control system generates a high torque ripple in the CVT
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Fig. 11. Experimental results of tracking responses of the speed
error e for the six-phase CRIM driving CVT system at 314
rad/s (3000 rpm) case under lumped nonlinear external
disturbances and with two times the parameter variations

T1| =2AT, +Ty; - (a) Using the well-known PI controller. (b)
Using the three-layer feedforward NN control system. (c) Using

the blend modified recurrent Gegenbauer OPNN control system
with an amended ABC optimization [2].

system under nonlinear disturbances such as V-belt shaking
friction and action friction between the primary pulley and
the secondary pulley. Meanwhile, the electromagnetic torque
T, while using the blend modified recurrent Gegenbauer

OPNN control system with an amended ABC optimization [2]
generates a lower torque ripple, as shown in Fig. 12(c).

The tracking response of the speed while using the blend
modified recurrent Gegenbauer OPNN control system and an
amended ABC optimization [2] are shown in Figs. 7(c) and
10(c) under larger lumped nonlinear external disturbances
and parameter variations. Accurate tracking performance was
achieved for the six-phase CRIM driving CVT system when
the blend modified recurrent Gegenbauer OPNN control
system with an amended ABC optimization [2] was used,
because of the online adaptive mechanism of the modified
recurrent Gegenbauer OPNN and the operation of the
recompensed controller. The dynamic response of the
command electromagnetic torque T; shown in Fig. 12(c)

brings about a lower torque ripple due to the online
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Fig. 12. Experimental results of responses of the command
electromagnetic torque T; for the six-phase CRIM driving

CVT system at 314 rad/s (3000 rpm) case under lumped
nonlinear external disturbances and with two times the parameter

variations T1I =2AT + Ty - (a) Using the well-known PI
controller. (b) Using the three-layer feedforward NN control

system. (c¢) Using the blend modified recurrent Gegenbauer
OPNN control system with an amended ABC optimization [2].

adjustment of the modified recurrent Gegenbauer OPNN to
cope with the high-frequency unmodelled dynamic of the
CVT system’s nonlinear disturbances, such as V-belt shaking
friction and action friction between the primary pulley and
the secondary pulley. Therefore, these experimental results
show that the blend modified recurrent Gegenbauer OPNN
control system with an amended ABC optimization [2] has
better control performance than the well-known PI controller
and the three-layer feedforward NN control system at high
speed perturbations and lumped nonlinear external
disturbances for the six-phase CRIM driving CVT system.

In addition, the convergence responses of the two varied
learning rates 7, and 7, of the modified recurrent

Gegenbauer orthogonal polynomial NN using an amended
ABC optimization [2] at 157 rad/s (1500 rpm) under lumped
nonlinear external disturbances and with parameter variations

T, = AT, +T,;; and at 314 rad/s (3000 rpm) under lumped

nonlinear external disturbances and with two times the
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Fig. 13. Experimental results of convergence responses for the
modified recurrent Gegenbauer OPNN control system using an
amended ABC optimization [2]: (a) learning rates 5 at 157
rad/s (1500 rpm) under lumped nonlinear external disturbances

and with parameter variations T1I =AT; + Ty - (b) Learning

rates 77, at 157 rad/s (1500 rpm) under lumped nonlinear

external  disturbances variations

T = AT, + Ty - (¢) Learning rates 7, at 314 rad/s (3000 rpm)

and with parameter

under lumped nonlinear external disturbances and with two times

the parameter variations TlI =2AT, +Ty; - (d) Learning rates

77, at 314 rad/s (3000 rpm) under lumped nonlinear external
disturbances and with two times the parameter variations

Tll = ZATI +TU1 .

parameter variations Tll =2AT, +T,, are shown in Figs.

13(a), 13(b) and Figs. 13(c), 13(d), respectively. The
convergence responses of the two varied learning rates 7
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Fig. 14. Experimental results of speed-adjusted response of the

*
command rotor speed @, and the measured rotor speed @,

under T1' =2Nm (T + Ty load disturbances with adding load

at 314 rad/s (3000 rpm). (a) Using the well-known PI controller.
(b) Using the three-layer feedforward NN control system. (c)
Using the blend modified recurrent Gegenbauer OPNN control
system with an amended ABC optimization [2].

and 7, of the modified recurrent Gegenbauer OPNN using

an amended ABC optimization [2] have faster convergence
speed than the two fixed learning rates of the modified
recurrent Gegenbauer OPNN. From the above results, it can
be easily observed that the proposed amended ABC
optimization can provide a more accurate optimal solution
and converges to the criteria with a higher probability than
the conventional ABC optimization.

Finally, the conditions under load torque disturbances and
parameter variations T = 2Nm (T,;) + T,, While adding a

load at measured rotor speed responses are tested. The
measured rotor speed response of the load regulation when
the well-known PI controller, the three-layer feedforward NN
control system, and the blend modified recurrent Gegenbauer
OPNN control system with an amended ABC optimization [2]
were used under load torque disturbances and parameter

variations Tll =2Nm(Tg)) + Ty while adding a load at 314
rad/s (3000 rpm) are shown in Figs. 14(a), 14(b) and 14(c),
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Fig. 15. Experimental results of response of the measured current

ial in phase al under Tll =2Nm(Ty)) + Ty load disturbances
with adding load at 314 rad/s (3000 rpm). (a) Using the
well-known PI controller. (b) Using the three-layer feedforward
NN control system. (c) Using the blend modified recurrent
Gegenbauer OPNN control system with an amended ABC

optimization [2].

respectively.

Experimental results of the measured current in phase al
when the well-known PI controller, the three-layer
feedforward NN control system, and the blend modified
recurrent Gegenbauer OPNN control system with an
amended ABC optimization [2] were used under load torque

disturbances and parameter variations T]' =2Nm(Ty) + Ty

when adding a load at 314 rad/s (3000 rpm) are shown in
Figs. 15(a), 15(b) and 15(c), respectively. These experimental
results show that the degenerated responses under load torque

disturbances and parameter variations Tll =2NmM(Ty) + Ty

while adding a load are considerably improved when the
blend modified recurrent Gegenbauer OPNN control system
with an amended ABC optimization [2] is used. Moreover,
the transient response of the blend modified recurrent
Gegenbauer OPNN control system with an amended ABC
optimization [2] shows a faster convergence and a more
favorable load regulation than that of the well-known PI
controller and the three-layer feedforward NN control system.

TABLEI
PERFORMANCE COMPARISONS OF CONTROL SYSTEMS

Control |Well-Known |Three-layer |Blend Modified
System |PI Feedforward |Recurrent
Controller (NN  Control|Gegenbauer
System OPNN  Control
System with an
Characteristi Amended ABC
Performance Optimization [2]
Dynamic Slow Fast Faster
Response
Load Regulation|Poor Good Best
Capability
Convergence Low Middle High
Speed
Torque Ripple |High Middle Low
(V-belt Shaking|(5% of((2.5% of|(1% of
Friction, Action{(maximum |(maximum (maximum
Friction between|torque-mini |torque-minimu|torque-minimum
the Primary|mum m torque)/average
Pulley and thejtorque)/aver |torque)/averag |torque)
Secondary age torque) |e torque)
Pulley)

In addition, a characteristic performance comparison
between the well-known PI controller, the three-layer
feedforward NN control system and the blend modified
recurrent Gegenbauer OPNN control system with an
amended ABC optimization [2] is presented in Table 1 on the
basis of experimental results. The values of the dynamic
response while using the well-known PI controller, the
three-layer feedforward NN control system and the blend
modified recurrent Gegenbauer OPNN control system with
an amended ABC optimization [2] at 314 rad/s (3000 rpm)
under lumped nonlinear external disturbances and with two

times the parameter variations Tll =2AT, +T,, are 0.5 s,

0.25 s and 0.1 s, respectively. The values of the torque ripple
while using the well-known PI controller, the three-layer
feedforward NN control system and the proposed blend
modified recurrent Gegenbauer OPNN control system with
an amended ABC optimization [2] at 314 rad/s (3000 rpm)
under lumped nonlinear external disturbances and with two

times the parameter variations T1| =2AT, +T,, are 5%, 2.5%

and 1% of the (maximum torque-minimum torque)/average
torque, respectively. In Table I, the various performances of
the blend modified recurrent Gegenbauer OPNN control
system with an amended ABC optimization [2] is superior to
those of the well-known PI controller and the three-layer
feedforward NN control system.

V. CONCLUSIONS

A blend modified recurrent Gegenbauer OPNN control
system using an amended ABC optimization [2] with robust
control characteristics has been successfully developed for
the purpose of controling six-phase CRIM driving CVT
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systems. The blend modified recurrent Gegenbauer OPNN
control system with an amended ABC optimization [2] can
perform overseer control based on the uncertainty bounds of
the controlled system on the basis of the uncertainty bounds
of the controlled system. In addition, it was designed to
stabilize the system states within a predetermined bound area.
The blend modified recurrent Gegenbauer OPNN control
system with an amended ABC optimization [2], which can
perform overseer control, modified recurrent Laguerre OPNN
control and recompensed control, was proposed to reduce and
smooth the control effort when the system states are within a
predetermined bound area.

The main contributions of this study are as follows: 1.
simplified dynamic models of a CVT system driven by a
six-phase CRIM with unknown nonlinear and time-varying
characteristics were successfully derived, 2. the blend
modified recurrent Gegenbauer OPNN control system with
an amended ABC optimization [2] for a six-phase CRIM
driving CVT system under the occurrence of lumped
nonlinear load disturbances was successfully applied to
enhance robustness, 3. the adaptation law of online
parameters tuning in the modified recurrent Gegenbauer
OPNN and the estimation law of the reimbursed controller
were successfully derived using the Lyapunov stability
theorem, 4. an amended ABC optimization was used to
successfully apply two varied learning rates for the
connective weights and recurrent weights in the modified
Gegenbauer OPNN  for faster
convergence, 5. the blend modified recurrent Gegenbauer
OPNN control system with an amended ABC optimization
[2], has an improved online learning capability for quickly
capturing the nonlinear and time-varying behavior of a

recurrent achieving

system, and 6. the blend modified recurrent Gegenbauer
OPNN control system with an amended ABC optimization [2]
has a lower torque ripple than the well-known PI controller
and the three-layer feedforward NN control.

Finally, the control performance of the blend modified
recurrent Gegenbauer OPNN control system using an
amended ABC optimization [2] is better suited to six-phase
CRIM driving CVT systems when compared with the
well-known PI controller and the three-layer feedforward
NN control.
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