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Abstract

A Discrete Sliding mode Model Following Control or DSMFC strategy for an induction
motor drivers is presented. The DSMFC algorithm uses the combination of model following
control and sliding mode control to improve the dynamics response for command tracking. A
procedure is proposed for choosing the control function so that it guarantee the existence of a
sliding mode. The DSMFC approach has been implemented on a microcontroller and applied to a
position control of an induction motor. Experimental results illustrate that DSMFC gives a
significant improvement on the tracking performances and robust to plant parameter variations
and disturbances.
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Introduction

Recently, industry application of the high performance vector-controlled induction motor
drivers have greatly increased, including machine tools, robotics and paper machines [P.C.Krause
et al. 1995]. The ultimate object of vector control is to enable decoupling control of torque and
flux similar to the control of a separately excited DC motor. However, the dynamic position vector
control is sensitive to machine parameter variations. Moreover, the machine parameters and load
characteristics are not exactly known, which way very during motor operation. Thus the dynamic
of such system are complex and nonlinear, where the linear controller design may not assure
satisfactory performances.

To satisfy these requirement, a variable structure control (VSC) or Sliding Mode Control
(SMC) is invariant to system parameter variations and disturbances when the sliding mode occurs
[U.Itkis, 1976 and V.I.Utkin ¢t /. 1999], but it may result in a steady state error when there is load
disturbance in it. In order to improve the problem, the Integral Variable Structure Model
Following Control (IVSMFC) has been proposed [T.L.Chern ¢t at. 1997 and T.L.Chern et al.
1998] for achieving a zero steady state error for step command input. The IVSMFC approach
combines an integral controller with VSC and applied to the design of a Model Following Control
(MFC). However, when command input is changing,e.g., ramp command input, the IVSMFC
gives a steady state error. The Modified Integral Variable Structure Control or MIVSC approach,
proposed in [S.Nungam and P.Daungkua. 1998], uses a double integral action to solve this
problem. Although, the MIVSC method can give a better tracking performance than the IVSMFC
method does at steady state, its performance during transient period needs to be improved.

In this paper, the Discrete Sliding mode Model Following Control or DSMFC approach i1s
presented. This approach, which is the extension of FIVSC approach [P.Phakamach and
S.Nungam. 1999], incorporates a feedforward path to improve the dynamics response for
command tracking. The advantage of the DSMFC approach is that the error trajectory in the
shiding motion can be prescribed by the design. Also, it can achieve a rather accurate servo
tracking and is fairly robust to plant parameter variations and external load disturbances. An
experimental prototype system consisting of a MCS-196MC microcontroller is constructed. As a
results, the tracking performance can be remarkably improved. The DSMFC method is applied to
an induction motor for a position control system.

Design of DSMFC System

The structure of DSMFC system is shown in Figure 1. It combines the conventional VSC
with a double-integral compensator, a feedforward path from the input command, a reference
model and a comparator.
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Figure 1 The structure of DSMFC svstem
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Let the plant be described by the following equation :

n
x,,, :xp(H—l) d=100n-1, xpn:_lgaplxpi+prp _jf(t) (1)

where u, and b, are the plant parameters; f{¢) are disturbances and U, is the control input of the
plant.
The reference model is represented by

miTrmi

. y g
Xmi = xm(i+|) i=looan-l X, ==20,,X +b’"U’" 2)
=1

where U, is the input command of the system.
Defining g =X, %, ;(i=1,...,n) and subtracting (2) from (1), the error differential equation

i . n n
€ =€ =l n-1, €, :_zaple/ _Z(am: _apl)xm1 +bml/m —prp _f(l)' 3)
=l 1=l

Using the SMFC approach [P.Phakamach and S.Nungam, 2000., P.Phakamach and
S.Nungam, 2001] to the error dynamics in order to synthesise the controi signal, U, and assuming
the asymptotic divergence of the error to zero, the DSMFC system in Fig. 1 can be described as

"Z. = _el > él = ei+1 ’lzl’ o ’n-l and én =_§aplel - g(aml —a/n)xrm +mem —prp _f(t) (4)

where U, is the control function.

Consider the discretisation of the system given in (4). If the derivative is approximated by
the forward difference as [C.I.Philips and H.T.Nagle, 2000]

é’(l):e,(twLT;)"—e, )

where T is the sampling interval, then the discretised version of the system (4) can be represented
as

Hk+1)=2(k)~Te(k). e (k+1)=e (k)+Te, (k) ;i=1.. n-l (Sa)
e (k+)=e,(0)=-TY a,e-TY (a,—a,)x, (k) +Th,U,(k)~TbU,(k)~Tf(k) (5b)
=1 1=

The switching function, & is given by
olky=c e, (k)—Kli(k)—KZZ(k)—r(k)]wLZC,ei (k) ;C»0=constant,C,=1. (6)
1=2

In the discrete variable structure control system, the control input is computed at discrete
instants and applied to the system during the sampling interval so that an ideal sliding motion
cannot be obtained. The conditions ensuring the existence and reachability of a non-ideal sliding
motion are :

o(k)Aco(k+1){0 and ‘Ao'(k + 1){(% (N
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where Ao(k+1)=c(k+1); o(k) and ¢ is a small positive number. The control function can be

chosen to guarantee that the inequalities (7) are satisfied, so a sliding mode motion control within
the range of ¢ will appear or o (k){(& .

Design of such a system involves the choice of the control function U,(4) to guarantee the
existence of a sliding mode control, the determination of the switching functiono (k) and the

integral control gain K, such that the system has the desired properties and the elimination of
chattering phenomena of the control input by using the smoothing function.

Choice of control function

The control signal can be determined as follows. From (5) and (6), we have

Ac(k+1)=-Tc (K, Z2(k)+ K, z(k))+ Tiq,le, 7 ia,,,e( (k)+ i(am. —a,)x, (k)y=Tb, U, (k) +Tb,U (k)-Tf(k)
il B

i=2

(8)
Let a,=a,’+ da, ;i=1,...,n and b, =b,"+ Ab, ;b,°> 0, Ab,> - b,
where a,,,O and b,,o are nominal values; Aa,; and Ab, are the associated variations.
Let the control function U,(k) be decomposed into
Up k) =Ueq(k) +U. (k) 9)

where the so called equivalent control U,,(k) is defined as the solution of (9) under the condition
where there is no disturbances and no parameter variations, that isAg(k +1) =0, fk) =0, a, =

a,’, b, = b, and U,(k)= U,,(k). This condition results in
U0 ={—q(1§é (k) +Ky2k))— icz‘lé(k) +ia,3ﬁ, (k)- i(am, ~a, )%, (k) +mem(k)}/ by - (10)
= = =
In the sliding motion, (k) = 0, one can obtain
(0 {»c, (0~ K 200K 20 -rh) - e, (k)}. (1)

1=2

Substitution of (11) into (10) yields

ni—l

U, /(/() = {—cl (KzZ(k)+K,2k))- TicH e (k)+T Zaﬁle, (h-T i(am, -a, ¥, (k)+b,U (k)
-2 IE| 1= (l 2)

+(C,,| _a;n*:l ((3] (k)_ KI Z(k)+ K’zz(k)_(/m (k)}fi", e, (k)]}/ b;); .

The function U(4), is employed to eliminate the influence due to Aa,,, Ab, and f4) so as
to guarantee the existence of a sliding mode control, this function is constructed as
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U, (k) = (e, (k) — K 2k) = K200 U, (k) + TS g, () + 5, (13)

Where -
a, if (e, (k) - K k) - K,=(k)~U, () k)) 0 g ifeak) 0 _
Q"_{A i e, (k) — K 200 - K, =)~ U, (K)lo(kX 0 (R:{/j ifeak)(0
[ i atk)0
BT i oty

2,....n and

Substitute (7) and (9) into (6), to obtain

Aotk +Dath) =T{ [-Aa,, +a,Mb, 1B +6(c, , —db, YU +0b, | B) + 5,0 (e (k) - K (k) - Kz(k) - U, (k) ok)

-l pn

n-l

3 [0, + ) b, B = b, 1) +6(c, a0, )1+ 28, B)+b, ¥ Je (R)o(h)}
=2

iz ?

poon

+[-0a, +(c,,~a,)+b¥ Jeotk) +INK)+b,¥,,Jotk)
(14)

where

N=—K2(k)+ K,=(k))Aa,, —a;lAbp /b2)+Abp /b;’[cl(Kl':'(k) + K z(k) [—i(am, —af,,)xm,(/()+mem]Abp /l;v;l — f(k).

i=l

In order for (7) to be satisfied, the following conditions must be met,

a (@, =InflAq, —aj’”Abp/bl‘f +c 0b, /b —c(c,, —a))(1+Ab,/B]/b

? where i=1,.. ,n-1,c, =0,

1) A =Suaa, —d8b, 8 ¢ Ab, 1B —c (e, ~d ) +Ab, IB/E,
Jan < (rd"x = Inf[Aa/m +a;)m _Cn—l]/bp and anH < (d“(nﬂ) = Inf[_N(k)]/bp
@, =y Gt = ’
1/[371 > ¢U. = SudAaim + uf)m —Cn»l]/b/! l ’B’“‘] > w("”) = SUFi_/v(k)]/bl’

For satisfying (7), if the sampling interval 7'is enough small, one can be obtain :

Ll<‘01<M1 ’ L:<([)1 <Mr :'i=2"""l-l’ Ln<¢n<Mn and Ln+]<¢n+)<Mn+l (16)
where:

M, =inf[Aa,, - a),Ab, /6] +c, Ab, /b —c(c, , —a) )1+ Ab, /b)) +, (Tle, (k) = K 2(k) = K,2(k) = U, (k) b, |

LAbL 1B —c(e, —d) )1+ 8b, /b)) =y, (Tle (k) = K 2(k) = K,z(k) = U, (k){)]/bpt

n-1 w

0
,
L = sup[Aa,, —d)Ab, 1B+

pl :

M = mr‘][Aa,,, —ayAb, /b ¢, Ab, /B —c(c,  —a, I +Ab, /b)) +, /(Tlx,(k)[)]/b/)‘

n-l pr )

L = SUPI[AH,N —a,Ab, /b +¢ Ab,Ib) ~c (¢, —a,1+Ab, /b))y, (T, (k)Y bp.

Iz n-l o

Alu = inf’[Aa ‘a;))u ’Cu—l +}/n /(Tlen(k)‘)]/b/) ’ Ln = SUP][A(III” - a;:n “Cnly T /(TJen (k)’)]/b[

o

M, =inflN(K) +,., /T b, L,y =sSUgN(K) =7, TV,

v

in which y, :i=1,....n+1, are positive constants and y, +---+y,  <E/2.
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From (15) and (16), if the T is enough small, one can obtain the bound of  and g as:
L <a <ol oU <f <M, =1..»+l 17)

Ifg,;i=l,...,nt1, are chosen as @ <a, < —ﬂ, , finally, the control can be represented as
n-l -1 n
U, = {—q (KD +KHR)=Y ¢ e+ D det)=D(a,—d K +b,U,(0)+c,, ~d.) gl - Kk - Kk -U, k)
-2 1] -
-l n
+Zc;e,<k>]}/b‘;+(¢ziq(k>—&z<kmz(k)—um<k1+Z¢eie,<ki +,.)5ighotk)
12 =2

(18)
From (17), the upper and low bounds of the ¢, can be obtain

L, <¢ <M :i=l..n+1, where ,1}1, = —max(gL,

oU, ) and [ =—max(L,|M |) 19)

)

Determination of switching plane and integral control gain

In the above subsection it has been proved that if the solution of the ideal sliding motion
is asymptotically stable, it will close to the solution of the non-ideal sliding within the range of ¢&.
Thus one can choose the switching plane and integral control gain of the basis of the ideal sliding
motion. While in the ideal sliding motion, the system can described by (4) can be reduced to :

2k+1)=2(k)=Te, (k) e, (k+1) = e (k) + Te, (k) i=1,...n-2 (20a)

i+1

e (k) (20b)

piti

e (k+)=e, (kK)-T[CKz(k)-C,K,z(k)]- i a

The characteristic equation when the system is on the sliding surface can be shown as

G2 C
_E() [ T j l @

_U =z - _ n _ n-1 _ )
-® () v e[k,
T T T

The characteristic equation of the system (21) is

n n-\
(ZT_lj +c,,_,(ZT_lj +...+clK1(zT_lj+c,K2:O- (22)

Since this characteristic equation is independent of the plant parameter, the DSMFC
approach is robust to plant parameter variations. Further, one can choose the coefficients of the
switching function and the integral control gain by the pole assignment technique such that this
sliding motion has desirable properties.

Let z-1/T = n. Then (22) can be rewritten as

H(s)
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7"+ C,,_,)z"" oL Kt GK =o. 23)

Using the final value theorem, it can be shown from (21), that the steady-state tracking
error due to a ramp command input is zero. The transient response of the system can be
determined by suitably selecting the poles of the transfer function (21).

1

Let '+ an™ + L+ aunt @, =0 (24)

be the desired characteristic equation(closed-loop poles), the coefficient C},C; and K, K; can be
obtained by

Cpri=ay, Cy = ey, Ky = @,./Crand K, = ,/C.
Chattering Considerations
Normally, the sign function sign (o) given by (18), will give rise to chattering in the
control signal. To reduce the chattering, the sign function can be replaced by the continuous

function, given by

o(k)
lo (k)| + 8, +8,|2(k),

M, (o) = where § =4, +§I|5;'(k)i :Opand Oy are positive constants. (25)

Dynamic Modeling of an Induction Motor

The mathematical modeling of a 3-phase, Y-connected squirrel-cage induction motor in the d—
q synchronous rotating reference frame can be described by the following state equation :

vie| | ntpke el pM oM |7
Vil | —@l, r+pL -oM pM I (26a)
0 pM  (@-o)M  r+pl, (@-w)L, |,
0] |(@-w) pM  —(o-o)L, +pl, |i,
3 Yy Lo
T’L’ = ZpM(lq.\lzlr _ld.s'lqr) (26h)

where

¥.,F| is the stator resistance and rotor resistance per phase referred to stator; L., L is the stator
inductance and rotor inductance per phase referred to stator; P is the number of poles; M is the
mutual magnetizing induction; P is the differential operator; v;‘\_ ,(vy,) is the g-axis (d-axis)
stator voltage; i, ,(f;,) is the g-axis (d-axis) stator current; 7, ,(Z;,)is the referred g-axis (d-axis)

stator current; ¢, is the rotor electrical angular velocity and w, is the synchronous angular velocity.
The generated torque, rotor mechanical angular velocity w, and oad can be express as

Tu = Jmpa)rm+8m WOry ™+ T[, 127)
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where J,, is the inertia of the rotor, B, is viscous damping coefficient and 7, is the load disturbance
torque.
The g-axis stator voltage equation of motor can be represented as

.

di;,
V;\_ = Rai;\' + Lc . + KF (Urm {28;
‘ ' dt ‘

Where R(‘r = r.\' + L.\'.\ /L:rrrl’ L(‘r = L;\t\' (1 - A/IZ /L.\'.\' Ll"r) and Kl‘,' = (P/z)L\\ILLI:

The mode of the PWM VSI circuit can be simplified as a constant gain K=V, /(2E,), where
Vi is the DC supply voltage and £, is the triangular peak value. The current loop compensator
gain is g; and the current feedback gain is K. Thus, the dynamic model of the vector-controlled

induction motor drive with current control PWM-VSI inverter can be shown in Figure 2.

e I
['x N .,é! i P X T pn ], 2P gm
T R La’*“a ! A -L1’+B- ?
IE—L
juci

Figure 2 Dynamic mode! of vector-controlled induction mator drive with current control loop

The DSMFC for Vector-Controlled Induction Motor Drives

The objective of the control is to keep the mechanical angular position of the rotor to
follow the desired trajectory as closely as possible. The block diagram of DSMFC system is shown
in Figure 3 and its implementation is shown in Figure 4. The system contains the induction motor,
a power circuit driver and the DSMFC system. The nominal values of the machine parameters and
the DSMFC controller are listed in Table |1 and Table 2, respectively.

9 + U, |cwrent .
c P | control _”PWM’_' Inductdon
loop P Y81 Motor

42
current faedback

position fesdback

Figure 3 Block diagram of the DSMFC for vector-controlled of an induction motor control system

The simplified dynamic model of the vector-controlled induction motor position control
can be described as

)-cpl =Xp0, Xy =Xy, Xy T~ Xy ~d%, DU~ 1) (29)
where @, =0, , i :(gIKA1<(.' +R)B, + KK, Ca,= (g KL +R) +ﬂ’
! Jn"LO /] LU Jm
K,K. (G KKARY.. 1.
b, =B wnd f=BARCRT
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and wherexm =6, _is mechanical angular angle of the rotor; x,, is mechanical angular velocity of

the rotor; x,; is mechanical angular acceleration of the rotor; U, is control input and ¢/ =g s

desired position.
The reference model is chosen as
xml :xml’ xrrtZ :me and xm} = —amlxml - ammeZ - am}xm} + mem '

Defining ¢, =X, Xy (= 1,2,3), the DSMFC system can be represented as
2k +1) =2(k)-Te k), ey(k+1) =e,(k)+Te (k) »=1,....n-1

e,(k+1):e](k)—Tiap,e, (k)—Ti(am,~a Y (K)+Th U (k)-Tb U (k)~Tf(k)

pi mm Pop

Following the design procedure we have the control law to implement as

U= {Cl (KZtk)y+ KQZ(k))+a21€|(k) +a22€’z(k) @, —a,('))] () +a, "aﬁz)xmz(k) +a, -ale x50 +6,U)]

+(e, ~d e (e (k) ~ K 2Kk) ~ K,z(k) -k +c,e, (O B +{Fe (k) — K 200 ~ Ky2(k) (k) |+ (k)
+ e (k) +¥,)M,(0)

The switching function, o(k) from (6), is given by

otk) =G (el (k) —1(12(/() - Kzz(k) —r(k))+C26‘2 () + & (k).

(30)

(313)

(31b)

(32)

(33)
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Parameter Value Dimension
P 2 poles
I 1.5 0
v 1.8 0
L 0.175 H
L 0.175 H
M 0.186 H
B, 0.000127 N-m/s
I 0.00034 Kg-m’
K 0.5 Volt/Amp
Ey 0.5 Volt
Vi 156 Volt

Table 1 Parameters of an induction motor

Parameter Value
A -7.495+32.672;
s -7.495-32.672i
As -23.946
As -5.628
C, 500.5
C, 10.65
K, 7.26
K, 25.32
Ul 0.5
» -0.0001

» -0.005
2 -0.001
Jo 2 15,000
Amz ],320
Jr 75
b 35,000

ap 29,764
ap 13.626
b, 3,662,836
& 5
S 50

Figure 4 The DSMFEC for an induction motor

The experimental results of the dynamic response are shown in Figure 5, where a ramp
command is introduced and the motor is applied with a variable load torque and parameters
variation. The results are compared with obtained from the MIVSC and IVSMFC approaches,
Figure 6, compares the position tracking errors. It is clear from the curves that DSMFC can track
the command input extremely well during steady state as well as transient periods. Among others,

Experimental Results and Discussions

Table 2 Parameters of DSMFC controller

the DSMFC approach gives the minimum tracking error and fast accurate tracking.
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DSMFC with variable load torque
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Figure 5 Comparison of ramp position
tracking

Figure 6 Comparison of position tracking
errors
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Conclusions

An induction motor position control driver using DSMFC approach is presented. It has
been developed a procedure for determining the control function and switching plane by using
mode! following control. Also, by using a continuous function, the chattering can be effectively
suppressed. The application of SMFC to the induction motor position control system has
illustrated that the DSMFC approach can improve the tracking performance by 70% and 80%
when compared to the MIVSC and IVSMFC approaches, respectively. Experimental results
demonstrate that the proposed approach can achieve accurate position tracking in face of wide
plant parameter variations and external load disturbance. Furthermore, The DSMFC approach is
robust and applicable to electrical machine control systems. It is therefore expected that the
proposed control scheme can be applied to the high performance applications of induction motor
such as the high precision control of machine tools and industrials.
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