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1. INTRODUCTION

The induction motor is applied widely in practical industrial [1] because of the low weight per
power- unit, high robustness, high reliability, and low cost [2]. There are many methods for controlling the
induction motor with the high performance, such as the scalar control [3], the indirect field orientation
control [4], the direct torque control [5], and the field orientation control [6, 7].

It is difficult to control the induction motor because of its nonlinearities, so some nonlinear methods
have been applied to control the induction motor. For example, the control method is based on a flatness
principle [8, 9], but the disadvantage of this method is the need of knowing exactly the parameters of the
induction motor. Another method is an accurate linearization method [10, 11], the purpose of this method is
to convert the input-output relationship of induction motor into a linear one by separating the nonlinear
components in the inner loop. The disadvantage of this method is that if the nonlinear components are
removed incorrectly, it will adversely affect the control results and reduce the sustainability of the system.
Other nonlinear control methods such as bakstepping [12-14], sliding mode control [15-16], the disadvantage
of these methods is that there are harmonic oscillations.

A method promises high-quality control and efficiency that is the control method based on Linear
Quadratic Regular (LQR) algorithm. The LQR method is used to control a lot of objects in practice as wind
power generator [17], converter [18], quad-rotor [19], two-wheels self-balancing mobile robot [20]. The LQR
method is built by using a mathematical algorithm to minimize the cost function with weighting factors
defined by the designer. The cost-function is often defined as a sum of the deviations of response output and
their desired values [21].

To apply the LQR method for the induction motor, the controller is designed for the induction motor
at the different working-points. At each different working point, the state feedback matrix of the controller is
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different, so each component in the state feedback matrix is a function. To establish the output-input
relationship of these functions, an artificial neural network is used. The result is an optimal control system for
the nonlinear induction motor with the high-quality.

2. THE LINEAR QUADRATIC REGULAR ALGORITHM
Considering the state equation of the object:

X(t) = Ax(t) + B.u(t) (1)

where:
X(t) =[x, (t), X, (t),..., X, (t)] is the state signal vector,
u(t) =[u, (t),u,(t),...,u, (t)] is the control signal vector.

The requirement of the control system is finding the control signal U(t) in order for the control-
object is operated from the initial-state X(t,) = X(0) go to the end-state X(t;)=0 and satisfy the
following condition (cost function):

J= Ly (t;)-Mx(t,)+ l.rf [x" (1).Q.x(t) +u" (t).R.u(t)]dt — min
2 2% @)

where Q and M are the symmetric, positive semi-definite weight matrix. R is the symmetric, positive definite
weight matrix. To solve the problem, we establish the Hamilton function:

H =21 (O Qx(®) +u" @RU®]+ 2 TAX(0) + Bu)]

®)
The optimal control-signal must satisfy the following equations:
- The state equation:
X(t) = AX(t) + Bu(t) @
- The equilibrium equation:
i) =- — _oxt - AL (@)
OX ®)
- The optimal condition:
A RuM)+B" A (1) =0
ou (6)
From equation (6), we have:
u(t) =—R LB (1) @
Replace U(t) into (4), we have:
X(t) = Ax(t)—B.R.B".A (1) ®)
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Combining (8) and (5) we have:

{X(t)} :{ A —BR.BT }{ X(t) }
At |-Q -A  A®) o)

Solving the above equations, we have the optimal control signal:

where

u”(t) = —K(t)-x(t) (10)

K(t)=R™.B".P(t)

P(t) is the positive semi-definite solution of the Riccati equation:

5 T -1 pT
_P=PA+A".P+Q-PBRIB".P (11)

In the case of the infinite time t; = oo, the cost function is as follows:

1 =1 Q@ +uT ©-Ru(]dt - min

2 (12)

The optimal control signal:

U*(t) =—K.x(t) (13)

where K =RBT.P

3.

P is the positive semi-definite solution of the Riccati equation:

- 1RT p_
PA+A"P+Q-PBR"B .P=0 (14)

THE SYSTEM MODEL OF THE INDUCTION MOTOR DRIVE
The induction motor drive is controlled based on the axis oriented along the stator-flux dqg.

The control diagram is shown in Figure 1.

Set-Value
(Speed, Stator-Flux...)

The 4, (" Convert
The state Controller | 2, (dq to abc))

variables

PWM
Inverter

Calculation
of state variables

Uagb,c %
Convert Measure |«
(abc to dcl) . Jz A\ Al
Encoder] .h

labc (4

Figure 1. The control diagram of the induction motor drive
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Considering the equations of cage induction motor on the dg-axis oriented along the stator-flux that
rotes with the speed @, , the voltage vector of the stator and rotor are presented [1]:

u, =R..i, +M+ jo, v
dt —* (15)
o d(y,) .
gr = Rr'!r +—="+ J(CO - pa’)W
dt v —r (16)

i, are the vectors of stator and rotor

where U, U, are the vectors of stator and rotor voltage on dq axis; 1,1,

current on dq axis; /_,y/ are the vectors of stator and rotor flux on dq axis; R, is the stator resistance,

Rr is the rotor resistance; @, is the angular speed of stator-flux.
The flux vector of stator and rotor:

=il +1,.
y =L+ L an
v, =1L+, (18)

where L is the stator inductances, L, is the rotor inductances, L, is the mutual inductance
The motion equation:
dow
J=——=T.-T,
3 ,
TE = E p(‘/_/s!s)
(20)

where @ is the angular speed of the rotor, TE the electromagnetic torque, T L is the load torque, p is the
number of pole pairs. Because we're considering on the axis oriented along the stator-flux that rotes with the
speed of @, , s0 Yy =Y Wy =0. Rewriting the equations (15-20) according to d-axis and g-axis
components, we have:

Ugg = Ry.dgg +% o
Ug, = Ry, + @, W

(22)

Ug =Ry +%—(a)ﬂy - po)y,=0 -

= R +% +(w, - po)y,, =0 -

Wy =gk +ig.Lyy (25)
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Weq = |sq.LS +|rq.Lm (26)
Wi = Ird'Lr +|sd'|—m (27)
Weq = gLy Tlgq- L (28)
dw 3 .
I =2 =S p(wyi,)-T
dt 2 p (l//sd sq) L (29)

where Ug,,Ug, are the stator voltage component of d-axis and g-axis; U,4,U,, are the rotor voltage
component of d-axis and g-axis; I, isq are the stator current component of d-axis and g-axis; 1,4, irq are the
rotor current component of d-axis and g-axis; ¥y, ¥, are the stator-flux component of d-axis and g-axis;
Wya»Wrq are the rotor-flux component of d-axis and g-axis.

Eliminating the variables 1,4, irq W W q IN equations (21-29), we obtain the following equations:

iy _ LRALR G0 i R oL
dt | Ll 2 e TR e Ve Ty e
di . LR . (o, -po)L

A= (0, - pw)iy ——" i +-—F L

dt ( v p )sd LS-Lr_Lfn sq LS-Lr_Lfn l//sd

d :

% =—R, iy +Ugy

dﬁ:_w _3-p-‘//sd Sd+3-p-‘//sd “
dt Y 2R, 2.J.R,

(30)

Equation (30) is the state equation. Where X =[X;,X,,X3,X,]" =[isy,isq,Weq, @] is the state signal

vector. U =[u,,u,]" =[u, ,usq]T is the control signal vector.

4. DESIGNING THE NEURON NETWORK COMBINED-OPTIMAL CONTROLLER
Designing the controller for cage induction motor with the parameters shown in Table 1.

Table 1. The parameters of induction motor
Rs(Q) Ls(H) Rr(Q) Lr(H) Lm(H) J(kg.m"2) p
1.55 0.098 1.31 0.097 0.0917 0.14 3

We design the control signal U(t) =—K.X(t) inorder for im (X cponse— Xset) = 0.

Named X, is the error between )_(response

Xe = (Axl = Xl_response_ Xl_set ' AXZ = Xz_response_ Xz_set’ AX3 = XS_response_ X3_set' AX4 = X4_responseX - X4_set)
The state equation (30) is rewritten as follows:

and X set”

X, = AX, +BuU, (31)

where U, =U—Ug .

Uand U, are control signals in order for the status signals reach the X ,onse aNd X, Values respectively.

set

The neural network-combined optimal control system of induction motor (Trong Thang Nguyen)
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The matrices of state equations are as follows:

[ L.R +L,.R,
—ﬁ COW — p(() C()l// — pa)
L.R, (o, -po)l,
a=| T@mPO) —TE e
~R, 0 0
0 O ) 3'p'l//sd
L, 2 0
L.L —L2
B 0 0
0
3. P
I 2J.R, |

V2R,

0
0 (32)
0
0
(33)

Suppose we always control the system to satisfy the conditiony/; =/, = CONSt, so the matrix

B =const. The matrix A is changed because of the change of two components (a)v, — p.®) and @, .

Therefore, in the case of each pair of values (a)v, — p.w) and @, , we will find the optimal control signals

respectively.

The main missions of the control system are that /', — >/,

is as follows:
y=r= CXger
c=[0o11

Considering the state equation (31), at the equilibrium, we have:

-1
X = A7 .Blg
Combining equation (34) and equation (36), we have:

Ut = _[C'Ail'B]il[
The optimal control signal for the system (31) is as follows:
Ue = _K'l(e

where:

K=R*B'.P

P is the positive semi-definite solution of the Riccati equation:

o—> o,

ot » SO the output of system

(34)

(35)

(36)

@37)

(38)

(39)

Int J Elec & Comp Eng, Vol. 9, No. 4, August 2019 : 2513 - 2522



Int J Elec & Comp Eng ISSN: 2088-8708 O 2519

P.A+AT.P+Q—PBR’1.BT.P:0 (40)
According to equation (38), we have:

U=Ug — K'()_(response_ )_(set)

= _K')_(response+ gset - K')_(set

-1 py-1 -1 -1 p11 (41)

= K Xesponse—[C-AB]'r + K.A™B.[C.ALB]'r

= _K')_(response_ Kr[
where:

K, =[K r-A".B-IL[C.A"B]" (42)

Therefore, the control diagram is shown as Figure 2.

—»J%
+
u

Induction )
X | C Y
Motor . —
(X =Ax+Bu)

G
—
-

-+

Figure 2. The control diagram

In the above control diagram, the matrices (A, B, C) are known, we must find the matrix K
according to the formula (39), then find the matrix Kr according to the formula (42). Because of the control

purposes are that ¥/, —> W, 00— > @

.t » We install the Q, R matrices that meet the requirements are

as follows:
Q =diag (10’3, 1073,2.1072, 10’2) (43)
R =diag(2.107,2.107) (44)

The matrix A is changed due to the variation of two components (a)w — p.®) and @,, . Therefore,
in the case of each pair (@, — p.w)and @, , we will find each feedback matrix K with the size is 2x4. We

set up an off-line trained neuron network to describe the relationship between the matrix K and
[(a)w - p.m), a)y,] . A neural network includes many simple components, these components are the single-
input neuron or the multiple-input neuron, are shown as the Figure 3 [22].

Inputs  General Neuron Inputs Multiple-Input Neuron

» wn a
‘b

L N S
a=f(wp+b)

a) b)

Figure 3. The component of neural network: a) the case of single-input, b) the case of multiple-input
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Usually, a neural network has several layers. For example, Figure 4 shows the neural network with
three layers, the outputs of the first layer is the input of the second layer, the outputs of second layer is the
input of the third layer. The output layer is at once with whose output is the network output, the other layers
are named hidden layer.

Firt layer Second layer Third layer
Input (Hidden layer) (Hidden layer) (Output layer)

§x1

al=11(Wip+b1) a2 =12(Waal+b2) 23 =13(Wia2+Db3)

Figure 4. The neural network with three layers

To meet the requirements of the control system, we set up the neuron network as follows: The feed-
forward neural network includes three layers: the first layer is the input which includes two signals

(a)w — p.w) and @, ; The second layer is hidden; the last layer is the output, it includes 8 signals which are
the components of the matrix K(2x4). The transfer-function of the first layer and second layer are tansig. The

transfer-function of the last layer is pureli.
The diagram of neural network training is shown in Figure 5. The training results are characteristics

of the relationship between the matrix K and [(@, — p.®), @, ], which are shown in Figure 6.

The feed-forward
neural network

w,(rad’s)
—
Matrix K
wy-p.oo(rad’s) (2x4)
—>

Figure 5. The diagram of neural network training
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Figure 6. The characteristics of the relationship between the matrix K and [(@, — p.), @, ]
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5. RESULTS AND ANALYSIS

Running the system with the parameters of the induction motor listed in Table 1 and the controller
parameters are set up in section 4. The simulation results are shown in Figure 7(a), it includes the following
characteristic: the desired speed, the response speed and the load torque. The results show that the response
speed always follows the set speed with very short transition time, there is not overshot. Furthermore, when
changing the disturbance (load torque TL), the response speed is almost unaffected by the change of the load
torque. To more clearly, the zoom-in simulation results are shown in Figure 7(b).

The results of controlling the stator-flux are shown in Figure 8. The results show that the response
flux always follows the set flux with the static error of zero. To investigate the sustainability of the proposed
control method, the author runs the control system in the case of the difference between the actual parameter
and the parameter used for the controller. The details are as follows: Rr.70%; Lr.130%; Rs.130%; J.130%.
The results are shown in Figure 9. The results show that the quality of the system is almost unaffected when
there are inaccuracies of induction motor parameters. Therefore, we can conclude that the proposed control
system has a high quality and high sustainability.
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Figure 7. The simulation results in the case of the accurate parameters:
a) the normal view, b) the zoom-in view
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Figure 8. The results of controlling the stator-flux: a) the normal view, b) the zoom-in view
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6. CONCLUSION

In this study, the author has succeeded in building the optimal controller combined with the neuron
network for the induction motor. The results show that the control quality of the system is very high:
The response speed always follows the desired speed with the short transition time and the small overshoot.
Moreover, the control system is very stable in the case of changing the load torque, and in the case of
inaccuracies of induction motor parameters. The success of the proposed method is base for applying the
control algorithm to electric motion using the induction motor in the industries.
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