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Fuzzy Adaptive Control of a Series Connected Tow-Motor Six-
Phase Driver System with Seven-Level Single Inverter Supply

Abstract. This paper presents a method of behaviour model control (BMC) combined with fuzzy logic and a seven-level six-phase inverter to
achieve mainly a high performance and to increase the robustness of the vector control and to keep its performances despite the presence of
perturbations (parameters variations, abrupt load variations, etc.) of a series-connected two motor six phase drive system with single inverter supply.
The idea of the proposed control is to induce adding supplementary control inputs, which yield the process to follow the model. The best of feature of
this control design is that it achieves the same performances as the Field Oriented Control without the need for heavy and expensive gain tuning.
The effectiveness of the proposed behaviour model control in conjunction with the fuzzy logic is confirmed through the application of different load
torques for wide speed range operation. Comparison between fuzzy behaviour model control, fuzzy logic controller (FLC) and conventional controller
(Pl) of the proposed two-motor drive is provided. The simulation results confirm also that, the validity and effectiveness of the control strategy
proposed in both terms of performance and robustness (rotor inertia variations J1=5J1nominal) of the provision of such an adaptive control for
electrical drives with the two machines of the system.

Streszczenie. W artykule opisano wykorzstanie metody BMC (behaviour model control) wspartej logikg romytg w siedmiopoziomowym
szeSciofazowym przeksztaftniku w celu osiggniecia dobrych parametrow | zwiekszenia odpoenosci w obecno$ci zaktécen. Osiggnioeto podobne
parametry co w przypadku stosowania metody FOC (field oriented control) bez konicznosci stosowania dopasowania wzmocnienia.

Siedmiopoziomowy szesciofazowy przeksztafttnik uzyty do sterowania szeregowo potaczonych dwéch silnikéw.

Keywords: Multi-Machines System (MSCS), Vector Control, Fuzzy Adaptive Control, Behaviour Model Control (BMC).
Stowa kluczowe: system wielomaszynowy, przeksztattnik, logika rozmyta, sterowanie adapatacyjne.

Introduction

Many industrial applications, such as the textile industry,
paper mills, robots, require several electric motors. The first
generation of multi-machine systems is limited in two
configurations. The first configuration consists of a
continuous stage which supplies multiple three phase
inverters connected in parallel, where each inverter supplies
a three-phase machine [1-3]. The control of each machine
is independent via its inverter and its control algorithm while
the second one is a system with parallel-connected three-
phase motors fed from a single three-phase VSI, for this
structure, the machines must have the same rotation speed
and undergo the same load torque. These conditions make
the system usable in a limited number of applications [4-6].
Furthermore, the independent control of each machine is
impossible in this configuration. As a solution to this
problem, this paper shows the possibility of independently
controlling a multi-machine power system with the supply
coming from only one inverter. Such an independent control
is enabled by using an appropriate series connection of
stator windings of multi-phase motors and vector control
principles. The basic principles of the concept emerge from
the fact that multi-phase machines, regardless of the
number of phases, require only two currents for
independent flux and torque control. Therefore, there are
additional currents, which can be used to control other
machines in the group

An appropriate series connection of the stator windings
converts the flow/ torque production currents of a machine
into flow / torque production currents for other machines,
thus allowing independent control of each motor in the
group using vector control. An appropriate series
connection of the stator windings converts the flux/torque
producing currents of one machine into the non-flux/torque
producing currents for the other machines, allowing
independent control of each multi-phase motor using a
vector control scheme [7-12]

The concepts of the two multi-phase two-motor series-
connected drive configurations are considered in detail in
this paper. The presented drive system comprising of a
symmetrical six-phase machine, the second is three-phase
machine and a six-phase inverter (VSI). In[12], a speed

adjustment is carried out using a fuzzy controller but its
capacity of robustness remains moderately limited, because
it loses its property for the large ranges of parametric
variations (speed for example) given this disadvantage. The
main result of this work is to present a new form of adaptive
control by fuzzy logic controllers (currents and speed) to
increase its robustness (rotor inertia variations) in such a
way as to force the angular speed to track given reference
values while using the minimum possible control energy.
Moreover, an exact decoupling between the speed and the
flux is realized by this strategy in all the speed ranges and
makes it possible to obtain best performances in the
presence of disturbances.

This paper consists of six sections. The first section will
be devoted to modeling of the two-machines drive.
Application of the indirect control by orientation of the rotor
flux in order to realize the decoupling between the torque
and the flux of the two machines, by using regulators and
FLC is represented in section 3.The proposed approach is
detailed and developed in section 4. The effectiveness of
the approach is examined in section 5 using computer
simulation experiments. Some concluding remarks are
given in section 6.

Modeling of Multi-machine System

The drive system is composed by two induction
machines. The first one is a symmetrical six-phase
induction motor |.M1 which its windings are series
connected with that of a second three-phase induction
motor 1.M(2). The two motors are supplied by a single
power converter which is a six-phase Voltage Source
Inverter (VSI).

Fig. 1 presents the connecting and suppling schematic
of the two motors and the converter [7], [9]. The six-phase
machine has the spacial displacement between any two
consecutive stator phases equal to 60° (i.e. a=211/6).

Only phases 1, 3 and 5 are used by the second machine
I.M2, this phases are electrically displaced to each other by
and angle of 21/3.

We note that a simple series connection of stator
windings fails to ensure the desired performances. A
solution is adopted to overcome this constraint consists of

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 95 NR 7/2019 51



using an adequate stator windings transposition [10], [11].
This transposition resides of connecting in one point each
two (electrically displaced to each other by x) of six-phase
windings and connect them in series with the windings of
the I.M1 [12], [14].

7-level six-phase

inverter Six- phc?se machine (I M1)

Three-| phase machine (1.M2)
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Fig. 1. Connection dlagram for series connection of a six- phase
and a three-phase machine

In this way, currents pass through the six-phase
windings going to neutralize at the connecting point. And in
the same context, the current passing through the one
winding of 1.M2 will be the half when passing through the
windings of I.M1. This will generate in air-gap of the LM1 a
two (equal in magnitude and opposed in phase) Magneto-
Motive Force (MMF). Therefore, a natural decoupling of the
two motors will be possible by adopting the connection
diagram shown in Fig. 1.

According to Fig. 1, the stator and rotor voltages of the
two machines can be written as foIIows [1] [4]:

VA Vas1 VasZ
Vg Vbs1 + Vbs2
VC Vesl T Ves2

(1) bel=] “|=

VD Vds1 T Vas2
VE Vesl + Vps2
VF _Vﬁl tVes2 |

The relationship between the current source and the
stator currents of each machine are given as follows:

lil=l14 15 1c 1p 1p Ip]

(2) :[lasl Ips1 lesl ldsl lesl lfsl]

iasZ IA + ID
®3) lisa]=insa | =| 15 +1

ics2 IC + IF
The electrical equations:
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01= (R B J+< o]

e (o) e Y b 7 Tt
Osic 1= [ Lssic Histe 1+ 1M gt Hivk

© {[gork]:[erkl[i,kh[M,rk}[isk]

Knowing that k=1 for the I.M1 and k=2 for the |.M2
With:

el 5] 2]

[R2] [Ry2]

(L] (L2
- Leale | 1) 1
L] (L]
Modeling of Multimachines
subspaces(a,p), (x,y), (0+,0-):
The original six dimensional systems of the MSCS can

be decomposed into three orthogonal subspaces, (o, B),
(x, y) and (o+, o-) [1], using the following transformation

System into three

XOLBO =[T6((X)]—1-Xubc and quoz[Tﬁ(a)]_1X(xﬁ0

Where: X represents stator currents, stator flux, stator
voltages in MSCS.

The matrix [Te()] is given by:

1 cos(a) cos(a) cos(3a) cos(4a) cos(Sa) i

0 sin(a) sin(2a) sin(3a) sin(4a) sin(Sa)
[ ] 1 cosa) cos(4a) cos(6a) cos@Ba) cos(10a)
) T :T 0 sin2a) sin(da) sin(6a) sin(da) sin(10a)

YRR
W

2
2

12
-2

/A2
/2

G
4z |

cos2a cosda

(7) [T3] \/7 sm 2 sinda
1
JE ﬁ V2
Application of the transformations matrix (6) and (7) in
conjunction with the first row of (4) lead to the decoupled
model of the six-phase two-motor drive system. Source

voltage equations that include equations of the two stator
windings connected in series can be given as:

di
14 =R i + L L“l
sa sltsal s1 dt
d . . .
+ Ml ;(COS( 91 )lral - Sln( 91 )lrﬂl )
. dl.s/?l
Vg = Ratlspr + Loy —

d (. . .
E(sm( 01)iyq1 +c0s(6)i,p )

Ve = Req sl U +2L)—— SX1

+ \/E{MZ ;i(cos(ﬁz )irqo —sin(6)i.po )}

syl
Vsy = Req syl + (g +2Lg5) d

2[5 500 Vg1 + c05(602)iv )]
Vior = Req so+1 + (L1 +2L; )%

. digy
Vso— eqlso-1 + Zsl ZZ‘
(8)

Rotor voltage equations of six-phase machine and three-
phase machine are:

=R

. digg) iy A
0=Rirg1 + Ly ol + @ Lyig g1 + Lyyiypr)
) dt dr
d‘vﬁl dinp1 4 .
0= Rytiypr + Ly, . Ln . 1 Lntisan + Lytira1)
t

i a2,
0=R oo+ 2Lmz ity =2 002, sl +1y2i0)
(10) dt
di di
1
0= Ryl + Vot =41, Lﬂ
dt dt

- rz(\&mz’m‘f Lygiyn)
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with:
3
LSI = lSl + ELMSI L.S‘2 :ls2 +%me2
(11) 3 ; 3
My =—=Lg My=—2M,,
\E 3" 2 \/5 sr2
3
La=lq+ ELmrl L=l JrELmr2

Application of (6) in conjunction with (1) yields:
Vsal T Vsa2 Vsa 1

Torque equations of the two machines are:
{Teml =PM (i, Iisql - l.sdirqj)

(14) . ..
TemZ = PZMZ (lrlesyl - lsxquZ)
As can be seen to equations (10)-(14) and (18), that
flux/torque producing stator currents of the six-phase
machine are the source (a, B) current components, while
the flux/torque producing stator currents of the three-phase
machine are the source (x, y) current components. This
indicates the possibility of independent vector control of two

Vsa machines. It therefore follows that independent vector
Vep Vep + Vb Vsp control of the two machines can be realized with a single
six-phase inverter.
(12) Vex | _ [T ] Vsel T Vsc2 | Vex1 +\/5Vsa2
Vsy 6 Vedl T Va2 Vepl + \/Evsﬂz Vector Control of the two-Motor Drive
Ve 4y With the transformation (8), the components of the plane
Vso+ sel T Vsb2 Vso+ (a, B) to equations (10)-(14) can be expressed in the (d, ¢)
| Vso— | Vo1 T Vsc2 Voo J plane. The two series-connected machines can be
And - - controlled independently using rotor-flux oriented control
. principles (Fig. 2).
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Fig. 2. Indirect rotor flux oriented controller for the two-motor drive.
Model Simplifies of the Multimachines System X =i
If the plane (d, q) is perfectly directed, we suppose that 16 .Sal
the component ¢, = 0. This simplifies the model of the (16.2) Y=igp
MSCS as follows: A=
Ao o i M, 1 Three -phase machine (k=2) :
—=4—X ——@Orak .
dt Ty k Tk e X =iy
15 do.pr M 16.b Y=i
( ) d;ﬂ = _kY - (ws,k - Pka,k )¢ra,k ( ) lsy
r T A=2
d‘Qm,k pkMk , 1 . : - - .
a A TiLos Praktsak _ZTl,k By introducing the angular speeds of sliding, the following
v,

Where:
Six-phase machine (k=1):
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Where : 6y =61 + Oni

With: s _ isp for k=1
2.0, for k=2
With this condition, the fluxes and torques for MSCS are:
M,
=—i
(18) DPral 1+TrlS sal
nM .
Tom :27]1¢rallsﬂl
r
M, .
Dra2 = ‘/5 2 Lox
(1 9) 1+ Trzs
poM; ;
Tomn = \/EL—(praZIsy
r2

Where: S is the time derivative operator.

According to 18, six-phase machine’s (1.M1) flux/torque are
controllable by inverter (i, , i,5) axis current components,
while flux and torque of the three-phase machine (1.M2) can

be controlled using inverter (i, i, ) current components.

Behavior Model Control Principals

In this paper, k is the machine number (k=1: first
machine, k=2: second machine) and the “mod” subscript is
used to define model values (e.g. Y.« , the model output).
Pi(S) and M(S) are transfer functions. The Behavior Model
Control [17, 22] aims to define a complementary control
function (value) to that defined by the main controller in
order to enhance the control algorithm performance. It
requires at least two controllers, a model and the process to
be controlled (Fig. 3).

Vretk FLC Ureg

(+

Process i

x Cex ()

Corrector
Cck (S)

Adaptation mechanism

Ymodk

> Model
Mi (S)

Fig. 3. Behavior Model Control ( Functional Block)

According to the set-point (reference) Y, , the main
controller C,(S) delivers an output value u,.,; . The issued
control value u,.; from the main controller is applied to a
predefined model M,(S) called the Behavior Model(BM). The
BM define a model output value 7,,.. . The second
controller called “The Behavior Controller or the Adaptation
Corrector” uses the gap between the process output value
Y, and the model output value Y,,; , to define the
complementary control function (value) Au,g .

By cancelling the error (Y; - Y..ax), the process
behaviour becomes similar to that of the predefined model,
hence the term Behavior Model Control.

The complementary control function (value) Au,.. is
added to the output value uwgx and then applied to the
process Pi(S) as an input value.

As a result, this auxiliary control algorithm increases the

P (S) o

robustness of the global control algorithm [17,18], it
indirectly rejects various disturbances [19] , facilitates the
synthesis of classical control [23] and allows the
linearization of a non-linear processes through a linear
model [24].

It should be noted that the main controller serves to
eliminate the error between the set-point (reference) Y.
and output value. this later, can be the output of the model
Yumoar OF that of the process 7Y,. Therefore, one can define
two structure of BMC: BMC based on the predefined model
output, and BMC based on the process output.

Behaviour loop analysis
According to the scheme of Fig. 3, the following
expressions, [24 ,26] are deduced:

00y [ =P () + Vg (5= |
AU g 1(8) = Ce g (S)M (5) Uy 4 (5) - ¥ (S)]

Following the calculation, one arrive at the system that
expresses the process output Y, as well as that of the model
Ymod,k-

BO+M(9) Ce(S)
1+5.(5)- Ce(S)
Ymo((S)=M(S)~U,.(,g(S)
Where dy : represents the disturbance.

In order to simplify this system, the correction controller
Cc k(S) must satisfy the following assumptions:

£(S)

W= 1+ B(8)-Cex(S)

: Un’gk - -dy

(21)

(22) (M (8)-Ce o (8) >>1
|P(8)-Ce i ($)>>1
After simplification, the following is obtained:

(23) Yk(S):Mk(S)'Ureg,k(S)*mdk
Ymod,k(S) =My (S) 'Ureg,k(S)
Which gives the following result:

1

(24) Y (S)=Y, S)-——d
K(S) = Yinod,x (S) Cer(S) k
The process output (Y;) is the same as that of the model
(Ymoax) @t small disturbance. If this disturbance di is
Ce k()

negligible compared to the process output Y;, it follows
perfectly the model output. This condition is written:

(25) << M (S) Uog 4 ()

_ %k
Ccr(S)

Considering the return coming from the model output Y,,.a,
the system (21) becomes:

PS4+ M (S)-Ce (5)
= R modk S
Mi(9)-[1+P(8)-Cex (5)
MyS)-Cpi(S)
1+ M (S)-Cpy (S)

B©S)
1+ R(S)-Cex(8)

(26) Yk(S

Yinodk (9) = Yer i (S)

To simplify the transfer function Yi
Ymod,k

, let us suppose the

following hypothesis:

(27) [M.(S)-Ce g (8)]>>1
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This hypothesis could be the result of the process
evolution, so that the second condition of the hypothesis

(22) would not be verified. We obtain:

F(S)-Cex(S) B(S)
(28) Y.(5)= 2 Yo -d;
O iR ) ™ TR
The transfer function Ymodk needs no simplifying
Yref,k

assumption. It is the expression of a closed loop of the
model M,(S) and the corrector C,(S). The synthesis of the
corrector Cy(S) is done according to the model M;(S). This
closed loop not being affected by any external or internal
disturbance obviously appears very robust.

These transfer functions (i Ymﬂ) put highlight
Ymod,k Yref,k

control loop illustrated by the functional block diagram of

Fig. 4:

yref,k
—>j>—> Couls) || mi(s)

Figuré 4. Functional block diagram of the BMC based on the model
output.

dk
mo Yk
4 %ﬁ}—»cam Pe(5) s

On this equivalent diagram, it is clear that the Ccy(S)
corrector does not only intervene on the perturbation, but
also on the continuation of the reference (Input Y., .)-

As the two loops are in series, the slowest will impose the
overall dynamics of the setting. In this case, we choose the
first loop (M - C,, ) slower than the second (P - Cc).

Y

Ymod,k
using the following expression:

The transfer function can be further simplified by

(29) [Pe(8)-Cep(S)>>1
we then obtain
d
30 Y, (S)=Y, §)——h
(30) k( ) mod,k( ) CC,k(S)

Equation 30 result is in agreement with that of equation
24. The choice of the model, for the speed loop, focused on
the transfer function of two motors which links the
mechanical speed to the electromagnetic torque (equation
31). For the current loop, the model is equivalent to the
transfer function (32) in order define the parameters of the
current controllers (equation 32)[27].

1
31 M S=——"-—
( ) _Q,k( ) Jk'S+Fk

F: viscous friction coefficient

G7) B VAP R S—
’ O-k'LS,k'S+Kt’k
. M} . M}
Where: Gk:l_ik ; Kz:Rs,k+7k
Ls,k : Lr,k Lr,k 'Tr,k

Correction controller (used in the speed loop)

The correction controller used in the speed loop allows
to cancel the error between the output speed of the
machine Q,and that of the model Q,,,,. So it is very
convenient to use this error as well as its derivative as
inputs to this corrector. By integrating the output of the
latter, we obtain the correction signal AT,,, which allows
the two machines to have a similar behavior to that of the
model.

The internal structure of the "Correction Controller"
block FLCR is identical to that of an FLC (Main Controller),
i.e it consists of three blocks: Fuzzification (F), Knowledge
Base and the Inference (l) and defuzzification (D) (Fig. 5).
where : u represents the stator currents (i, and i) and
speed Q, for the two machines.

Process
J

Rule-based
and

Inference

%
Calculation| | 1
@ of AE

uoleIIZNHIP

engine

Figure 5. Structure of fuzzy correction controller FLCR.

As with the design process of the main controller FLC,
each input is represented by seven fuzzy sets. This leads to
a rule base of forty-nine (49) rules. The inference method
used is that of Mamdani (Max-Min). While defuzzification is
achieved by the Center of Area (COA) method is employed
[22] ,[28 ,32].

The membership functions of input variables £ and AE
rspectively and output variable, which are with conventional
triangular shapes. Each membership is divided into seven
and three fuzzy sets for speed and stator currents
respectively (Fig.6)

The following table 1 shows the rules used for the
design of the correction controller (behavior) (used in the
speed loop of two machines).

Table 1. Shows the rule base for controlling the speed

EQ
AEQ NH NM NS ZE PS PM PH

NH NH [NH |NH |NH |NM | NS |ZzE
NM NH [NH |NH |NM | NS |zE |PS
NS NH [NH |NM | NS |ZE |PS |PM
ZE NH |[NM | NS |ZE |PS |PM | PH
PS NM |NS |ZE |PS |PM |PH | PH
PM NS [zE |PS |PM |PH |PH |PH
PH ZE PS |PM |PH |PH |PH | PH

The different sets are noted as follows:

NH: Negative High; PS: Positive low; ZE: near Zero;
NM: Negative Medium; PM: Positive Average;

NS: Negative low; PH: Positive High.

According to Fig. 2, we have two behavioural controllers
for the two current loops for each machine in the system.
The first for the current loop i, the second for the current
loop i, Each of these controllers makes it possible to
cancel the difference between the process output two
machines and that of the model M;(S) ; in order to impose
on each machine a similar behaviour to that of the model
Mii(S).

As for the speed loop correction controller, the input of
the FLCR is the error Ec,, as well as its derivative. This

erroris equal to E. ; =iy j —is mod x fOr the FLCR of the
current iy and E.; =ig r —igymodx  for the FLCR

controller of the current iy ;.
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Figure. 6. Membership functions of input/output variables: a) spee

We will use three (03) sets for each controller input. This
leads to nine (09) rules for each current (i,;x and i),
controller , shown in Table 2. The inference is carried out by
the Max-Min method, and the defuzzification by that of the
gravity center.

Table2. Shows the rule base for controlling the currents

Ei
AE, N ZE
N N N ZE
ZE N ZE P
P ZE P P

Speed and currents controllers tuning

The main controller has to impose the dynamics of the
main loop (Fig. 4). So, it imposes the closed-loop response
time, fmy The secondary controller has to impose the
dynamics of the secondary loop, in order to obtain (24). So,
it yields the secondary closed-loop response time #zp;. In
order to have good performances and an easier tuning, we
made the assumption of decoupling modes. That means
there is a separation in dynamics between current and
speed:

t t
(34) Cra) 1x{Cra) 2.
Erp) i {RP) 0k
But there is another condition on the secondary

controller tuning, the inequality (22). It means that the
response time (tzp, ) Of the secondary closed loop must be
smaller than the response time (¢z ) of the main closed-
loop. This condition must be checked in the case of two
overlap loops, one will thus write:

(33) (tre) 1 kR 1 (R 0 1k C(Rat ) 0.k

Simulation Results

The simulation results are intended to simulate the
application of fuzzy controllers on the speed control as well
as the decoupled control of the two machines of the MSCS.

Case 1: Two motors turned in the same direction

Fig. 7 shows the operation of the two-machine drive system
for many different speeds references with no load at starting
up phase. At steady state condition, the two machines are
loaded simultaneously or not by their nominal loads. At the
beginning, the first machine is running at 20 rad/s; at r=0.5
s, it is accelerated to 50 rad/s, after that, its direction of
rotation is reversed to -50 rad/s at r=2s and then stopped at
t=3.5s. For the second machine the speed reference is set
at 40 rad/s, 100 rad/s,-60 rad/s , and -40 rad/s at=0s, 1
s, 2.5 s, 3.5 s, respectively.lt is clear too that the start of
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MAS-HP (1.M1) did not have an impact on the speed or on
the electromagnetic torque of the MAS-TP (1.M2).
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Figure 7. Performance of the indirect vector control of the MSCS

using fuzzy adaptive regulators: operating at different reference

speeds values.
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Case 2: Two machines turned in opposite directions
The effect of the speed rotation reversion of one
machine on the other machine performance is investigated
in Fig. 8. In the stating phase, the first machine is rotating at
+50 rad/s; the other is running at the opposite speed -
100rad/s. After that Q; is kept at standstill between 1.5 and
3 s, while Q, is reversed from -100 to +100 rad/s at =2 s,
and it is returned to zero at t=3.5 s. At the subsequent test,
the speed Q, is held at zero, while Q; is set at -50 rad/s at
3s. The results illustrated in Figs. 7,8 show once more that
the control of the two machines is completely decoupled.
Indeed, the speed of one machine and its electromagnetic
torque remain completely undisturbed during the reversion
of the other machine, indicating a complete decoupling of
the control. So, there is hardly any evidence of torque
disturbance of one machine during the reversal of the other
one. As shown from Figs. 8, the starting and reversing
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transients of one machine do not have any tangible
consequence on the operation of the second machine. The
decoupled control is preserved and the characteristics of
both machines are unaffected.
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Figure 8. Dynamic responses of the MSCS using fuzzy adaptive

100 rad/s. A set of load torques from 39 Nm to 30 Nm and
from 4 Nm to 2 Nm are applied on the two machines shafts
in different times respectively.

It is clear from Fig. 9 that when one machine is either
loaded or unloaded, the second machine performance is
unaffected; which proves once again that both motors
connected in series are totally decoupled. In case of BCM
control, no variation whatsoever can be observed in the
speeds responses of the both machines during these
transients. It is worth noticing that there is no impact on the
speed and electromagnetic torque of one machine when the
speed or the load of the other machine in series -connected
system changes. Thus, through proper phase
transformation rules, the decoupled control of two machines
connected in series can be achieved with a single supply
from a seven-level six-phase voltage source inverter. In
addition, measured and estimated speeds are in excellent
agreement, with BCM as FLC and PI.

Robustness test

Figs. 10 represent the speed responses of |.M(1)
machine driver controlled by BCM, FLC and conventional PI
of the system under moment of inertia variations condition
J1=J]nominah .]1=3.]1" and J1=5J1n of the MAS-HP. The
reference of the first speed is set at 50 rad/s to -50, while
the speed reference of the second machine is set at 100
rad/s.

According to Fig. 10.c, with FLC and PI control, the
speed path has changed and does not have the same
response time for J;,=5J;,. On the other hand, the BMC
retains its trajectory better (Fig10.b,c). At the bottom of the
Fig.10, it shows that with BMC, the process is less
disturbed by an external disturbance than by compared to
the conventional control (Pl) and the FLC control. In

regulators: when the two motors are operating in the opposite - el !
directions. addition, it is noted that the BMC provides means to better
control the transient error due to external disturbance.

1%0 25 Y The second test consists of the robustness test of the
g 100 5 2 —en system. An example of the robustness of the BMC
£ 25 compared with FLC and conventional PI controllers. We
3 S0l ;g‘ ] change the motor parameters (R,R, and L,) and without
S o 5 realizing anyadjustment in the controllers the speed
[ — Qi —Q, B 0.5 . . . .

3 g & regulation is tested in a motor control. The new six-pahse

50 i > 3 a4 ° 9 i 3 3 + motor parameters are: R, = 6Q, R, = 4.6Q, L,, = 0.2H, L, =

"time(s)”’ "time(s)” 0.06H, L, = 0.184H, J; = 0.12Kg.m2. Fig. 11 shows the

- " speed of the six-phase machine controlled with PI, fuzzy
. o logic controllers and BMC, a load torque of 39N.m is
E 60 T 30 applied at t = 1s to the new machine, without readjusting the
%40 § 20 controllers. The Fig. 11 (a) shows the response of the six-
2 5 ¢ 40 phase machine controlled with Pl controllers. The
5 g M__r-‘___._\__ rf f the system b hen the load
5, 5 performance of the system becomes wrong when the loa
: 3 changes at t = 1s, the system becomes instable. But, with

20 1 2 3 4 1% 1 3 2 the BM, FLC the speed regulation is correct as shown in

“time(s)”’ “time(s)” Fig. 11 (b) and (c).

2 10 20 Table 3. The values parameters for the Six-phase induction motor.
2 . % Rated power: P, = 5.5kw

2 s 1 W e 10 Nominal currant: I, = 6A

< PN e S o Stator resistance: R=23Q

§ — i ol r § Rotor resistance: R =3Q

2 ™™ £ -0 Stator inductance: Ls = 0.203H
a & Rotor inductance: L,= 0.203H
T 1 2 3 4 ~o 1 2 3 4 Mutual inductance: L, =0.2H

) “time(s)” “time(s)” Rated phase stator voltage: V, = 220v
Flgure; 9. Dynamic responses pontrollgd of the MSCS using fuzzy Pole pair number: P=1
adaptive regulators and operating at different loading conditions. Rotor speed: N = 1000 t/min

Friction coefficient: Kf = 0.006 Nms/rad

Case 3: Operation at different loading conditions Moment of inertia: J; = 0.06Kg.m?

Fig. 9 shows the performance of the two-machine drive
controlled by BCM controllers under load torques variations
condition. The reference of the first speed is set at 50 rad/s,
while the speed reference of the second machine is set at
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Figure 10. Speed response of I.M1 - rotor inertia variation and application of a load torque (39 N.m) att = 1s:

a) J1=J1n; b)J1=3J1n; c) J1=5J1n

b)

50 ;

“’Speed1 (ra/s)”
‘’Speed1 (ra/s)”
N
o

“Speed1 (ra/s)”

“time (s)”

“time (s)”

“time (s)”

Figure 11.Test of robustness of the BMC ,fuzzy controller and Pl with applied load torque 39Nm at { = 1s.

a) Pl controllers, b) FLC , c) BMC.

Table 4.The values parameters for the Three-phase induction
motor.

Puissance nominal: Pn2 =1 kw
Stator resistance: Rs; =4.67 Q
Rotor resistance: R.,=8Q
Stator inductance: Ls, = 0.374H
Rotor inductance: Lo =0.374H

Mutual inductance: Lm2 =0.2433H

Rated phase stator voltage: Vo = 220v
Pole pair number: P,=3
Rotor speed: N, = 2830 tr/min

Friction coefficient: Kf , =0.001 N.m.s/rd

Moment of inertia: Jo = 0.023Kg.m?

Conclusion

This paper reported a new form of adaptive control
based on fuzzy logic, named as the fuzzy behavior model
control. The advantages of this control method lie in the fact
that it exploits the difference between the response of the
system and that of an imposed model in order to force the
system to follow a defined behavior, by generating a control
signal perfectly adapted to the functioning of the machine.

The results obtained, show that the superiority of the
BMC controller for a variation of 400% of rotor variation
inertia (J; = 5J;,), which is really impressive. Despite this
wide range of variation, excellent system performance is
still achieved. Hence, the BMC controller is more robust and
outperforms as the fuzzy controller (FLC) on the considered
aspects and as powerful as a conventional controls (PI)
because he has the capacity to keep these trajectories in
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spite of the external perturbations and the parameters
variations. Therefore, the BMC is the most efficient.For a
further work in this subject, we propose: faults diagnostic of
the system.
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