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Abstract

In this paper, the Linear Exponential Quadratic Gaussian
with Loop Transfer Recovery (LEQG/LTR) methodology
is employed for the design of high performance induction
motor servo systems. In addition, we design a speed sen-
sorless induction motor vector controlled driver with both
the extended Kalman filter and the LEQG/LTR algorithm.
The experimental realization of an induction servo system
is given. Compared with the traditional Pl and LQG/LTR
methods, it can be seen that the system output sensitivity
for parameter variations and the rising time for larger com-
mand input of the proposed method can be significantly
reduced.

1 Introduction

Because of the intensive advances of microelectronics and
power electronics, the vector controlled induction motor
servo drives have become dominant in many applications
where fast and precision operationsare required[1, 2]. Due
to the rapid devel opment in automation technology, the de-
mand for high performance electrical servos hasincreased.
Thus, it is necessary to develop a controller that overcomes
the effects of parameter variations, plant uncertainties, and
load disturbances.

The Linear Quadratic Gaussian (LQG) method with
state feedback technique can provide some guaranteed ro-
bustness propertieq3]. Also, the adoption of Loop Trans-
fer Recovery (LTR) process can enhance the robustness of
system with state observer[4, 5]. Thus, it was extensively
applied in the design of motor drive systemg6, 7, 8, 9].
On the other hand, some paperg 10, 11, 12, 13] concluded
that the optimal control systems obtained by the Linear
Exponential Quadratic Gaussian and Loop Transfer Re-

covery (LEQG/LTR) methods were insensitive to the load
disturbances and sensor noises. This is due to that the
LEQG/LTR method can take the covariances of both sys-
tem and measurement noisesinto consideration. So far, the
LEQG/LTR technique has not been applied to the design of
induction motorsyet, this paper isthe first one.

We can see that applying the proposed method to
the design of an induction motor servos with speed sen-
sor, the loop transfer functions can be shaped, so that
the closed-loop systems will yield better performances
than those obtained by the Pl and LQG/LTR methodg[9]
in command following, output disturbance rejection, and
robustness to noises and unmodeled system dynamics.
Aside, a speed sensorless vector controlled induction mo-
tor drive[14, 15] by using the extended Kalman filter[16]
and the LEQG/LTR algorithm is derived. The experimen-
tal results illustrate that the system output sensitivity for
load and command amplitude, and therising timefor larger
command can be reduced while comparing to the Pl and
LQG/LTR contrallers.

The rests of this paper are organized as follow. In Sec-
tion 2, the proposed method is formulated and applied for
an induction motor servo drive system design. In Section 3,
the experiment results are given to demonstrate the effec-
tiveness of the proposed method. Finally, brief conclusions
are drawnin Section 4.

2 Problem and M ethodology Formulation

2.1 Induction Motor Formulation

Consider an induction motor servo, the state equation in the
rotating reference frame g8, 9]
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where = = — & — Rf(l’o) , (iys/i5s) are the stator currents,

(o @5 ) aretherotor fI UXGS, (Ws,Vss) arethe stator voltages
respectively in the y- and &-axis, w is the operating angular
frequency of AC w(e is the electrical angular velocity of
rotor,c =1— ,_ is total leakage factor, and Rs, Ry, Ls,
Ly, and M are the stator rotor resistances, stator, rotor, and
mutual inductances.

If onelet MR
A _ 15s
0 (A)re—(k)se——l_r% , 2

where W is the dip rate, and let @5 = 0, then we have,
from the last row of Eq.(1),

M
Te = P @rlss; )
r
. MR; .

where p is the number of poles.
By Egs.(3) and (4), Eq.(1) can be rewritten as
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where
. M
Vos = \/63 + w(O-LSI ds + L_I‘ (Wl’ )7 (7)

and Vis, Vs mean the current controller outputs of iys and
i5s, respectively.

if onelet @y =0, then iz, = iss and the torque can be con-
trolled by the &-axis stator current i3, then we have, by Eq.

(5)
% = Mig, (8
(OLs+ Ro)izs = Vse 9

where iz isthe command input of torque current.
By Egs.(2) and (5), we have

o = [ (10
_ R
\/55 = Vés_(*)re/“ys_l__r/\'ess, (11)
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Fig. 1 Block diagram of a decoupling current-
controlled induction servo drive system

where A = (oLs+ '\ﬁ'—rz), we hence have

RL %%, (12)

\/53 = Vgs — PWrmLslys —
where wyn is the mechanical angular velocity of rotor. If
the effects of windage viscousity and bearing friction are
negligible, the block diagram of the decoupling current-
controlled servo drive is shown in Figure 1, where K| is
the equivalent current loop gain.

Define
LsRr _ MZ2.
=2 = Ke, Pleiys =K, pL—uysz Kr.  (13)
r r

Then the equivalent model of the vector controlled induc-
tion motor drive can be approximated ag[ 9]

(Ki — Ke)Kr
(GLst)SZ + (Rs+ Ki )Jms+ KeKr
K/
- (Ste+1)(Stm+1)’ (14)

Gp(s) =

where K| is the equivalent dc gain, and Te, Ty, are the
equivalent electrical and mechanical time constants, re-
spectively.

2.2 Standard LEQG/LTR Design

Consider a Linear Time-Invariant (LTI), controllable and
observable stochastic system

X(t) = Ax(t)+Bu(t) +Iw(t),
yt) = Cx(t)+vit), (15)
where x(t), u(t), and y(t) are the state, control, and mea-

surement vectors, and w(t) and v(t) are the uncorrelated
Gaussian white noises with zero-mean and covariances

E{wit)w' (1)} = W3({t—-1),W>0 (16)
E{vtVT (1)} = V3§(t—1),V>0 (17)
E{viw' (1)} = 0, (18)

respectively, where E{e} is an expectation function opera-
tor. The problem is then to derive a feedback-control law
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which minimizes the following quadratic cost function:

J= GE{ elafd (Z7 maz( >+uT<t)Ru<t)dt>]}, (19)

where €*! is an exponential function operator, Z = Nx isa
linear combination of the states, Q is a semi-positive def-
inite weighting matrix, R is a positive definite weighting
matrix, and a is a dimensionless weighting factor.

The solution to the LEQG problem is described by the
separation principle, which states that the optimal result is
achieved by two stepg[4, 5]. Firgt, obtain an optimal esti-
mate X of the state x, and then use this estimated state as
if it were an exact measurement of the state, to solve the
Linear Exponential Quadratic Regulator (LEQR) problem.
Namely, the solution to the first step is given by Kalman-
filter theory. The second step is to find the optimal control
input of a LEQR problem to minimize the performance
cost. The block diagram of the system with the LEQG-
based controller is referred to Figure 2.  The robustness

Fig. 2 The block diagram of the system with the
L EQG-based compensator

and performance properties at the input of the plant are de-
termined by the return ratio at the point marked 1 in Figure
2, whereas the return ratio (—K¢(sl — A)~!B), whichisthe
one we would like to have, is the return ratio at the point
marked 2. It is often desired to design the returnratio at the
output of the plant rather than the input. In this case we can
follow the procedures,

S1: Design a Kaman filter by manipulating the covari-
ance matricesW and V until areturn ratio —C(sl —
A)~1Ks is obtained which would be satisfactory at
the plant output.

S2: Synthesize an optimal state-feedback regulator by set-
tingM =C,Q=Qo+gl ardR=1 (or Q=1 and
R = pl), and increase q (or reduce p) until the re-
turn ratio at the output of the compensated plant has
converged sufficiently closely to —C(jwl —A) 1K
over a sufficiently large range of frequencies.

The standard form of the LEQG-based controller is given

by

() = ARX(t) +Kse(t), (20)
ult) = —KX(t), (21)

INDUCTION MOTOR SERVO DRIVE

where
A. = A—BK.—K;C, (22)
K¢ = PiCVl (23)
K = RIB'R, (24)

by P; and P; satisfied with the algebraic Riccati equations,

0 = PfAT +AP;+IWIT

—PiCTVICPy, (25)
0 = PA+ATR.4+Q

—P;(BR 1B" — aK{VK])P.. (26)

2.3 Speed Estimation M ethod

L et the discrete induction motor system be

X(k+1) = Ag(k)X(Kk)+Bg(k)U (k)

+w(k) (27)
Z(k) = HKXK) +v(K), (28)
where

XK = [iys(K) iss(k) @ () @5 (K], (29)

UK = Wk vas®)]', (30)

Agk) = W)L AKT, (31)
Ba(k) = OTSeNkﬁB(k)drgB(k)Ts, (32)

H = [3288] (33)

where Ts is the sampling period.
The nonlinear motor drive can be modified ag[15]

X(k+1) = f(X(K),U(K))+wk) (34)
Z(K) = h(X(K)+Vv(K), (35)
where
X(k) = [wre(k) Re(K) iys(k)
izs(K) @ (K) @ (K)] (36)
UK = [k vass(k)] ', (37)
x1(k+1) = xa(k) +wa(k), (38)
Xo(k+1) = Xo(K) +wa(K), (39)
xak+1) = xxa(k)+ Tsoxa(k)
+0x%2(K)xs(K) + nxa.(K)%s (K)
+0l,jsvl<k>+W3(k>, (40)
xa(k+1) = —Tsuxa(k)+Xxxa(k)
—nxa(K)xs(K) + {x2(K)xs (K)
+0l,jst<k>+w4(k>, (41)
xs(k+1) = kKxa(k)+vxs(k)
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+€X6(K) +ws(K), (42)
xs(k+1) = kxa(k) — Tsexs(K)

+Vxs(K) + We(K), (43)
(k) = is(k) +vi(k), (44)
(k) = lss(k)+Vva(k), (45)

w(k) = [wi(k) wa(k) ws(k)
Wz (K) ws (k) we(K)], (46)
vk = k) vak)]", (47)

K
where ¥ = 1_T5[0RLSS+(1 gsz()], n = 01I-_SS'\IA_?’ { =

TM = Bl o= To(w—xq(K)), andv = [1 ~Beld)

[
Thelinearized system of Eqs.(34) and (35) can bewrit-
tenas

X(k+1) = FKX(K) +w(K) (48)
Z(ky = AK)X(Kk)+v(k), (49)
where
of (X(k),U (k
F(k) = %R( k=X (kK) (50)
1 0 0
0 1 0
. (xs(k) T X
B 06K T —Tsw
-Txe(k) & K
Toxs(k) G 0
0 0 0
0 0 0
Tsw  nxa(k)  {xa(K)
X —Cak) nxek |’ D
0 \Y €
K —£ v
X(k
Ak) = ﬁ |x (=% (KIK)
0 01 00O
- { 000100 (52)
where 9 = pxg( +nxs(k), 1 = pxa(k) + nxs(k), & =
TS[MXL;r(k) ]'p_(oLr and ¢ = T[ el %rk)]

Next, We use the fllowing Kalman fllter to estimate
Speed,

X(k|k=1) = f(X(k—1]k—1),U(k—1)) (53)
Pk|lk—=1) = F(kP(k—1|k—1)FT(k
+Q(k_1)7 (54)
K(k) = Pk|k—1AT[AKPK]|k-1)
AT(K) +R(K)] (55)
X(klk) = X(k|k- 1)+K( K)[Z(k)
~H(KX(k| k=1)], (56)
Pklk) = [I-KKHK]PK| k=1), (57

where K isthe Kaman-filter gain, X is the estimated state,
and Q isa6 x 6 constant matrix.
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3 Experimental Results

Thismodel is taken from the catalog of TECO 3-phasein-
duction motor ( TYPE : AEEF ) with four poles, the pa-
rameters are shown in Table 1. The load applies OGURA
PB-1.2 brake, and the tachometer series number is MI-
CROTECH MES-30-1000-E-K5.

Table 1; Parameterslist

Stator resistance Rs = 3.2931Q
Rotor resistance R =2Q
Stator inductance | Ls= 0.1462H

Rotor inductance L, = 0.1439H
Mutual inductance | M = 0.1391H
Lumped inertia J = 0.009NMS?
Number of poles p=4

From Egs.(13), we can find
Kr = 2.03,Kg = 0.29i5, KT = 0.27iys, (58)

Let iys = 3.5A, then Kg =1.02, and Ky = 0.94. If we
choose K; = 100, then the transfer function of Eq.(14) be-

comes
922095

&% + 92965+ 9632

S1: Kalman-filter Gain Design
For the target feedback loop design, we need to set
the matrices ', W and V in advance, then solve
Eq.(25) to find Ps, and finally obtain the Kalman-
filter gain K¢ from Eq.(23). This procedureis simi-
lar to solvethe Equation of aLinear Quadratic prob-
lem, thus in the following, we shall abbreviate the
formulation of this step as

Gp(s) = (59)

Ki = LQE(A,I,C,W,V). (60)

Generally, it is advisable to start with simple
choices of I', W, and V, then inspect the result-
ing Kalman-filter return ratio. One set of possible
choiceisI =B [3],W =1,V = . Thus, we have

Kt = LQE (Aa B,Ca 17 p‘) (61)

After some trial-and-error, we choose p = 1, then
0.0055
K= { 0.0001 ] (62)

For the sake to make the steady-state error be zero,
the first thing is to insert integral action to each in-
put. As it was mentioned [?], placing poles of the
augmented model at the origin would lead to prob-
lems in the recovery step later, so in this case we
place them at -0.0001. Then the system model of
thisintegrator can be expressed as

Ay=-10"% By=1, Cy=1, Dy=0. (63
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The augmented system model ig12]

[A TCy [B
Aa—|:0 AW:|,Ba_|:O:|,

Dy _
raz[ aN] L Ca=[CO.  (84)

Now we have the new Kalman gain matrix as

10~4
K?l = LQE (Aa, raa(jﬁa 1’ 1) = 0 - (65)
1

Define the sensitivity function
S(9) = [1 +Ca(sl —Ad) K],  (66)
and the closed-loop transfer functionis
Te(s) =1-S(9). (67)

The principal gain of the return ratio —C(sl —
A)~1K{, is shown in Figure 3, Figure 4 shows the
principal gains of the sensitivity function S (s) and
the closed-loop transfer function Tg (s). From T (s)
it can be seen that the steady-state error of the sys-
temisreduced to zero by inserting integral actionto
each input.

: LEQG/LTR Compensator Gain Design
Lt N=Cy, Q=1, R=pl and W =1, then we
have the Hamiltonian matrix of the LEQG problem
defined as

X1 _ [ A
P| ~— | —2clCa
—1Bap 1BI + raawry
—Ag
[ X
3k (©®)

where X is the state vector, and P is the Lagrange
multiplier. Thusby Egs.(64), (24) and (26), one can
obtain the optimal control gain K¢. Choosea = 100
and p = 1, then by Eq. (24) we have

Ka=[7 70345 —1]. (69)

Once the control gain K¢ has been found, a state-
space redlization of the compensator K(s) is given
by (Ax1,Bk1,Ck1,Dk1), where

AKl = Aa - BaKcl - K%lca, (70)

Bki = Kiy, (72)

Ck1 = —Ku, (72)

Dki = 0. (73)

Thusthe sensitivity and co-sensitivity functionsare
Ss) = [| +Cka(sl —AKl)ilBKl] (74)

T = 1-9). (75)

INDUCTION MOTOR SERVO DRIVE

Figure 5 showsthe principal gain of K(s)Gp(s), the
principal gains of the sensitivity function S(s) and
the closed-loop transfer function T(s) are shown
in Figure 6. The closed-loop step and impulse re-
sponses are shown in Figures 7 and 8, respectively.

. Digitize LEQG/LTR Controller

L et the sampling period be 100 psec, then we have
the system matrices of digital controller

Apk1 = 104 0.99 0

0388 -552 10~
(76)
| —0003 —872 1

[ 104 ]
Boki = o |, (77)
| 0.999
Coki = [ —8-107% —7.029107% ], (78)
Dpk1 = -3-107° (79)

SA4: Experimental Realization

0
el UO
ADDA =
[ 1 . [T HDO

Fig. 9 System configuration of the experiment

(@) With speed sensor
The system configuration of the experiment
isshownin Figure9.

i. Pl-based design®.
The results of no load for the square-
wave rotation speed input wy,,, with am-
plitudes 600 and 1800 rad/s are shown
in Figure 10. The responses with 1 N
load are shown in Figure 11. It can be
seen that there is chattering effect for
the case of wy,, = 600 rad/s, and the
rising time of the responseislarger with
Wy, =1800rad/s.

ii. LQG/LTR-based design
The responses by using LQG/LTR
method with the same design parame-
tersare shown in Figures 12 and 13. It
can be seen that there is overshoot for
the no load case withwy,, = 600 rad/s.

1The PI coefficients, Kp = 6 and K; = 2400, are de-
signed for the same bandwidth as LEQG/LTR method.
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iii. LEQG/LTR-based design
The responses by using LEQG/LTR
method are shown in Figures 14 and
15. It can be seen that the results ob-
tained by the proposed method are bet-
ter for comparing with the other meth-
ods aforementioned.

(b) Sensorless
The speed sensor is replaced by the extended
Kaman-filter.

i. Pl-based design
The results are shown in Figures 16
and 17. From the responses, we can
find that there are vibratory effects in
low speed, and the rise times are larger
for the high speed command responses
with and without | oad.

ii. LQG/LTR-based design
The responses by using LQG/LTR
method are shown in Figures 18 and
19. It can be seen that for the case with
W}y, = 600 rad/s there is vibratory in
low speed. Also, the rising times with
Wy, = 1800rad/sareaso large for the
response with and without load.

iii. LEQG/LTR-based design
The results for LEQG/LTR-based con-
troller are shown in Figures 20 and 21.
The results are still better despite of
some small or shake effects.

4 Conclusions

In this paper, the LEQG/LTR method is applied for the
servo controller design. A systematic design procedure
is proposed. In addition, we design a speed sensorless
induction motor vector controlled driver with both the
extended Kalman-filter and the LEQG/LTR agorithm.
Performance comparisons with load disturbance and
parameter variations by experimental realization are also
carried out. It can be seen that by using the proposed
method to the design of induction motor servo drive
system, the loop transfer functions can be shaped so that
the closed-loop systems will yield (1) good command
following, and (2) good output disturbance rejection,
which are better than those obtained by the well-known Pl
and LQG/LTR methods.
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Fig. 3 Priciple gain of —C(sl —A)1K{,.
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Fig. 4 Priciplegain of S=(s) and Te(S).
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Fig. 5 Principle gain of K(s)Gp(s).
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Fig. 6 Principle gain of §(s) and T(s).
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Fig. 7 Closed-loop unit step input response.
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Fig. 8 Closed-loop impulse response.
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Fig. 10 The speed response w/o load and w/ y,,, =
600 and 1800 rad/s (dashed line).

Fig. 11 The speed responsew/ 1 N load and w/ wy,,, =
600 and 1800 rad/s (dashed line).
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LQGILTR Controller
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Fig. 12 The speed response w/o load and w/ o}, =
600 and 1800 rad/s (dashed line).
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Fig. 13 The speed response w/ 1 N load and w/ wy,,, =
600 and 1800 rad/s (dashed line).

LEQGILTR Controller
e .
,' '
1500 {
00 i
I
i
500
2 o |
-500 ;
1000 |
DDDDD i
o o5 1 15 2 25 3 35 4 a5 5
sec

Fig. 14 The speed response w/o load and w/ o}, =
600 and 1800 rad/s (dashed line).
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Fig. 15 The speed response w/o load and w/ o}, =
600 and 1800 rad/s (dashed line).

MOTOR SERVO DRIVE

PI Controller with extended Kalman-fiter
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Fig. 16 The speed response w/o load and w/ wy,,, =
600 and 1800 rad/s (dashed line).

PI Controller with extended Kalman-fiter
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Fig. 17 The speed responsew/ 1 N load and w/ wy,,, =
600 and 1800 rad/s (dashed line).

LQGILTR Controller with extended Kalman-fiter
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Fig. 18 The speed response w/o load and w/ wy,,, =
600 and 1800 rad/s (dashed line).

LQGILTR Controller with extended Kalman-fiter
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Fig. 19 The speed responsew/ 1 N load and w/ wy,,, =
600 and 1800 rad/s (dashed line).
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LEQGILTR Controller with extended Kalman-filter
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Fig. 20 The speed response w/o load and w/ o}, =
600 and 1800 rad/s (dashed line).

LEQGILTR Controller with extended Kalman-filter

1500|

-

nnnnn

Fig. 21 The speed responsew/ 1 N load and w/ wy,,, =
600 and 1800 rad/s (dashed line).
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