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Abstract: This paper implements nonlinear robust control for the elssgnous motor with iron loss, derives and establishes the
efficiency model for asynchronous motor with controllabtever loss, and put forward to realize the accurate linetwoizaf model
with controllable power loss and high-precision trackingl aontrol of speed and flux linkage of rotor through the stagglback
precise linearization algorithm of MIMO system.The outpfiaffine nonlinear system is tracked and controlled thrailnghdesign of
nonlinear robust controller. The simulation results shioat tvith this control method energy saving control of asyanbus motor can

be realized indirectly, so that the average power loss oaflyachronous motor significantly increases from 47.63%2t89%. This
provides a reference for the design of controller of mudtiplput multiple output nonlinear mechanical and elecksyatem in the
engineering.
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1 Introduction required to further improve the efficiency of the motor.
This paper aims at the motor efficiency for the first time,
. . . and uses the feedback linearization method based on the
In_the engineering _for model selection of_the differential geometric principle for control of energy
asynchronous motor, it is required to meet the max'm“mconsumption model of motor and designing the robust

load demand, but actually most of the electric motors ar€.,hyrojer for the linearized system, in order to realize th

in the state of light load operation. In the currently widely oal of high-efficiency and energy-saving control of
used variable frequency speed regulation system, thgsynchronous Motor.

asynchronous motor generally runs within the scope o
rated flux. The rated working point and efficiency of
operation are obviously low. Therefore, for the
asynchronous motor with long-term light load operation 2 Asynchronous motor controllable power

or a wide load change scope, there is still a great enerdygss model

saving space. Motor efficiency optimization draws the

wide attention of engineers and scholars. Vector control

variable frequency speed regulation system has the The dynamic model of the asynchronous motor
advantages of fast response and precise contjoll consists of flux-linkage equation, voltage equation, terqu
recent years it has gradually become the mainstreangquation and equation of motiafi] According to the
control strategy of high-performance variable frequencyfollowing hypothesis:

speed regulation systerg, B]. However, for the currently (1)The space harmonics are ignored and three-phase
booming electric power, transportation, space electricwinding is symmetrical. The magnetomotive force
device and other application fields, high control precisionproduced is distributed along the air gap according to the
and fast dynamic response are requiréd[6]. It is also  sine rule.

* Corresponding author e-malirui01221@126.com

(@© 2015 NSP
Natural Sciences Publishing Cor.


http://dx.doi.org/10.12785/amis/090216

682 N <SS 2 J. Li, R. Li: Research on Nonlinear Robust Control based erPthwer...

(2)The magnetic circuit saturation is ignored. The
self-inductance and mutual inductance of the windings z P = Pcus+ Pcur + Pre+ Pmech + Ps 3)
are constant.

From equivalent circuit of motor, as shown in Figure
(1), asynchronous motor loss model is deduced.

In which, pcys is the stator losspcy, is the rotor copper
l0SS; pre is the iron l0SSPmech is the mechanical loss; and
ps is the stray loss.

In which, the loss controlled by adjusting the voltage

i‘“, R 9}4{% m’fi’ is copper loss and iron loss of stator and rotor (Rotor’s iron
O Ng, N loss relative to the stator is extremely low, so the iron loss
. l mainly refers to the iron loss of stator). After considering
Vs Rpe lfm Lm i . the oriented vector transformation in the rotor fiefg{=
I i Ysq = 0), the controllable loss studied in this paper is as
&
2 — follows:
Pctrl = Pcus+ Pcur + Pre (4)
(@) In Formula @): Copper loss of the rotor:
| P R
@ =R =(gRre— W) 5—F5—
E}' R ﬂ:l#i‘igls -irfr{i: Pcur = Irq (isgRre Wr)(R+RFe)2
— _ N A,
The copper loss of the statpg,s = Rs(|Sq +ig)
21,2
Vs Rre J’Iam L,,i R [ron LOSS: pre = igFeRpe = “’Fl{ir Substitute Formula
[ (2) into iron loss expression of the motor, we can get:
) igsRr + @\ 2
Pre = <7qs r) Rre
(b) R + Ree
Note: v-voltage; i-current; R-resistanag:flux linkage; Electromagnetic torque of asynchronous motor is as
subscript d, g-indicates variable of Axis d and Axisq  follows:
respectively; subscript s, r- indicates stator and rotor NpLm
variable respectivelyy ,ws- synchronous rotation Te=— [(isg —igre) Yrd — (it — idre) Prg] ~ (5)
r

electrical angular frequency and slip angle frequency.
After summarizing Formula2) and @), we can get the

Figure 1 Steady-state equivalent circult for asynchronousexpression of loss, including electromagnetic torque:

motor
. . _ RR LT,
In rotating d-q coordinate system, the loss of the Parl = (RS+Rr+§§e) (np[m‘fpr) ©)
motor is as shown in Figure (1) (a). When the + Rs P2
asynchronous motor is in the state of steady operation, the R'+RF8 '

current in the direction of d-q axis is equivalent to that of Formula 6) shows that assuming that the motor
stator and rotor of the direct current mot@8}.[Therefore, parameters are unchanged, when the rotor angular
the induced voltage on both ends of the mutualfrequency is a fixed value, the controllable loss of
inductance is zero. In order to simplify the analysis, theasynchronous motor is associated with the flux linkage of
influence of the leakage inductance of the stator and rotothe rotor. It means under the condition of the stable motor
can be ignored. In the rotary motor model usually iron output power, optimization of power consumption
loss resistance is in parallel beside the excitation bl’ancf@fﬁciency of the motor can be achieved by Contro”ing the
[9]. The leakage inductance of the rotating motor is veryflux linkage of the rotor. The mechanical loss and stray
small, so the simplified analysis will not cause large errorjoss are ignored there. Then we can get the energy
to the model or ignore the leakage inductance of the statogonsumption efficiency expression of asynchronous
and rotor. The iron loss of the stator is represented by thenotor:

loss of Rre, equivalent resistance. The magnetic chain

equation is as follows:

n= Pout __ PJorut — _FO(J:—e
. p Pout +P W Tetp
{ !quRFe _ Q)lq—’ds _ Q)lq—’r (1) _ in out T Petrl "é)rT e Petrl
iqr Ree = —astliar = — st (Re e ) (keer) +(7+%%)wz+mTe
Because the synchronous spe@d= ws+ w andirq = @)
igre — isg, the slip angle frequency can be represented as: ~ When the motor has load, the motion equation is as
follows:
R Rre (isq o ) J dw
R +Rre \Wr Rre @ np dt ¢
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Obviously, the efficiency of the asynchronous motor is a  Output function of the selection system:
function of speed and flux linkage of rotor.

\oltage equation of asynchronous motor is as follows: y=[hX X" =g wa] =[x x]
dd# = —Risg + W1 Psq + Usg Then we get the affine model of AC asynchronous
dysg —Reisq — 1 g -+ Uy motor with loss as follows:
da —
dig ; .
d%trd —_Rr|rd+(wl—wr)‘aUrq x= f(x)+g(X)u (12)
a = —Riirg— (01— )Y y="h(x)
Based on Figurelj Equivalent Circuit of Motor, loop In which,
current relationship is deducted and obtained.
A(Xoxs — Bxg) —C
idre = isg +1 -D
{idFe:isd+ird (9) F(x) = mez+Dx3
aFe = Isq T Irq Exo — Gxz+ wix4
Considering the magnetic chain relationship in the —Fxix3 — Gxq — wix3
Formula () under steady state operation, we can get 00
|dFe:_a)rWSd/RFe- 00
In conclusion, we deduce and get the complete state g(x) = H 0
equation of asynchronous motor with loss factor: 0 H
day _ Mg g b,
st gl lare)ha = (1o~ lare)ho] ~ 7T 3 MIMO system state feedback exact
= e Y+ (0 - )RR et Al oo
o R R Re+Ree e linearization
@ :;Wﬁ@[‘é’;q—(“’l—“’r)agﬁpewrd+Rr+|'5§e'sq . . _
— OTelm(R, +Reg) Wrd ULS(RFjRFe)mqu First, calculate the sub relation degree corresponding
(R RRe o+ Coieg + L to each output function in the systeti].
] ols 7GRL,SF(eRr+RFE) qu oLs Definition 1: For the single input and single output
d_?q - GLsLm(Rfj’RFe) qu - O'LS(R;Fj*RFe) wrQUrd System
Rs RrRre i i u
*(m*wﬁw I — @t + x= () +g(x)u
_— o (10) y=h(x)
In which, J is the rotational inertia of the mogor; the . o .
magnetic flux leakage coefficient of motar= 1 — % ! tge yalge of k-order Felddenvfat;]ve to vectfor f|e!d f and
e deialie 1 vecor Je0 g o e outpt ncton .
X = [x1 % Xa X4]T — [ Yrd isa isq]T derivative to f and Lie derivative to g of h is not zero in the
field of x=xC. Then the relation degree of affine nonlinear
, input variable U = [ugug]’, and output Systemin thefield ofCis .

) T ) . Definition 2: The relation degree of multiple input
variabléy = [yy w | This paper mainly studies the multiple output affine nonlinear system is a set. It means
steady state of mot'or a}nq th_e rotor of cage asynchronoug,ch output functidmis has a sub relation degree The
motor has short circuit inside, stg = Urq = 0. The gt of system relation degree with m output functions is
torque equation of the system is as shown in Formb)a ( §gonated byr = {112, .fm},i = 1,2,---,m. The sub
Formula 0..0) is converted into a four-order nonlinear g|ation degree; must meet the following conditions;
system L0J: corresponds to Lie derivative set of p inputs of the
system: In

X1 = A(XoXq — Bx2) — C _ _ _
v (Lol 00 Ly, L§ 0.+ Ly LY i} ot

Xo = [—EXz-l- Dx3

X3 = EXp — GXg + 1 Xq + g;ls_ds (11)  all the factors are zero. For the set of positive integer
X4 = —FXiX3 — GX4 — X3+ 51t k< rj,in {LglLﬁhi (%), Lg, LKhi (%), -+, Lg LKy (x)} all the
In Formula(11) factors are zero.
' According to Definition 1, Lie derivative of the system
, is calculated, in order to get each sub relation degree of
NpLm. . Mot . System b):
A= il-rr:’Bzﬁlc:R?pTLy . y 6)
D Ré+£§ ’EF:RULSLm(R,iRFe)l F = SR ire) {LglL?hl(x) -0
G=3L+ ohm Ry 1 = ol LgoLFha(x) =0
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1 _
{Lgll'fhl(x) = DH vector field set is involutory. Spacgpan{g; g, --- G }

1 _
Loaltha(x) =0 is known as involutory distribution.
Whenr; — 1= 1, hy(x) is not all O relative to the Lie After the calculationD - -- D4 are involutory.
derivative input, s@, = 2. Theorem 2:m For MIMO affine nonlinear
systenx’'= f(x) + i(X)u; , choose the index number
{LglL?hz(x):O y () + 3 GOu
0 _ N
LgoLtha(x) =0 m=ny >n > ---nn, z ni = n. n is the system
Lgltha(x) =0 dimension. If the foIIowmg two points are meet, the
ngL}hz(x) = AHx, system can be transformed into fully controllable

. . Brunovsky standard on an open sekef x0 through state
Wheny # 0 andr, — 1 =1, is notall O relative to the  feedback:

Lie derivative input, s@, = 2.

From Definition 2, we can get the relation degree set
of the systemr = {rq,r2} = {2,2}.

Theorem 1: Assume that matiggx°) has rank m, then
the state space exact linearization problem has a solution.
When and only when field U of and m real functions 'S Non-singularin the domain of definition;

Dnh= [gl - gn17adfgl' .. adfgnz’ ad'f\lflgl - ad;\lflgnN]

of hy(X), - ,hm(x) defined on U exist, the n-order affine [N the vector field set:
nonlinear system D1={01} --Dn, ={01--Gn,}
x=f(x)+g(xu :
{ y="h(x) Dny+1 = {Dn;;adsg1} - Dnysn,
has relation degree= {ry,ro,--- ,fm},i=1,2,---,m = {Dn,;adsgs - --adsgn, }
atx? and 2 r=n. :
Accordlng to Theorem 153+, = 4 = n,;so the Dn= {D”_“N;ad’f\l_lgr”adlfu_lg“'“}

original system (0000) can be accurately lineariz@H[
In conclusion, wheiiy # 0and.2, # LsL,, B(x)=

nglerl_lhl(X) LgoL? the(x)

Every vector field is involutory.
On the basis of Theorem 2, examine Matrix D:

Lol Tha(x)  LgaL? thy(x nxn = [01,02,ad1g1,ad1 gz
hi’ el Ll el 7670 6 — AHXo
is singular matrix. 0 0 —DH 0
System order number n=4. The input number of ~|HO GH —Hwy
controlled variables m=2. According to the index number 0 HH(w+Fx1) GH

election criteriam > ng > np--- > N, zln' = n, select After elementary transformatioDixn — la, i.6 Dnxn

appropriate index numben; = m= 2 andn, = 2, i.e.  hasfull rank.

N=2. So we can determine for the original affine nonlinear
Stepl: Form n vector field sets: system exact linearization can be achieved via state
feedback.
Step2: Select n linear independent vector fields
gli {Dgl}_ D; € Di(x) and i=1...n .D; shall be as simple as
2=Dm= 101,92} possible, so we choose unit matrix:
D3 = Dm:1 = {01, 02,ad101 } According to the formula:

D4 = Dmin, = {91.02,ad701,ads gz }

Definition 3: If for k n-dimensional vector fields - Mo
011 921 - Okt Dn+ Z k ( + z km—H adfg]

012922 -+ Ok2 (13)
. . : tet 2 km+ NN— 1+] adN 1gJ( ) 0
O1n 92n - Okn
2 _ . 1 _ 1 _ ..
rank at Point = xVis k, for each pair of integer | and Make ki = xi; ki© = X,k = X and
i1 <i j < k, and rank of the augmented matrix k” = xl,k(24> = xz,kg‘) = X3, solve the function by

[gl g - Ok [gl,gJHat Poink = xX%is still k, then the récurrence:
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K2
Ky
K2
ks
K3

—D1/01

—(D2+ka1)/g

—(Da+k Vg1 + K g0) /adrgs
—(Da+ky"adgr + kg1 + K5 g) /adrge

)
)
)
)

3
(
4

Step3: Deduce the mapping relationship between

different coordinate systems.

From the integral curve obtained of vector field

Rjj=1,...,N-1. The relational expressionRf; , j = 1,...
N-1.
i f<_j*-1)w i=1,---,n—n;

In Formula ¢.0) 1) (w) = Jg, (w) fU=1 (w)
From Formulaf (%) (w), we can get:

D;--- Dy, deduce the mapping relationship between state

space R indicated with the new coordinate w and the

state space originally with x as the coordinate:

F(Wi, Wn) = @D o0 @EN(x) (14)
Beginning fromDy, by the recursive relation:
D g, x0T =D 1, x(0) = @2 (15)
de 1 1 - =Dp-_1, X = Fun

W — Gwz+ E(wp + 1)
—Gwys — (w3 — Fwiws
W3
Wy

R]_: (18)

Because the system studied in this paper has N=2,
transforming of Ry is to ultimately get the coordinate
transformation from Space w to Space z. From Definition

4, compound transformation i = 4 Ry_1F 1
Under the effect of the compound

w=F~1(x) -
coordinate

Solve the differential equations one by one to get theyransformation, the vector field of the original system is

desired mapping = F(w):

X1 =Wp
Xo=Wp+1
X3 = W3
X4 = Wy
Accordingly, the inverse mapping oflf= F ~(x) is
W1 = X1
Wy =Xp—1
W3 = X3
Wy = X4

Step4: Obtain the induced mapping.

Definition 4: For a differential homeomorphism

coordinate mappin@ : z= ®(x) and a vector field (x)
in space,Jp indicates Jacobian matrix ofo(x). The
induced mapping off (x) under space mappin@(x) is
®.(f) = Jo () f (X) [x=0-1(2)-
According to Definition 4,
w=F~
get induced mapping, 1(x) = J=-1f(x) of the original
system function f(x). Substitutex = F(w) into the

induced mapping to get the new mapping. It is denoted by

£ (w). In which, J-_1 is the Jacobian matrix d¢F ~1(x).

Awg(Wo + 1) — AB(wp 4 1)2 —C
Dwz —D(Wz+1)/Lm

Wy — Gwg + E(wp + 1)
—Gwg — w3 — Fwyiws

£ (w)= (16)

To obtain coordinate transformation and state
transformation

feedback, define the intermediate

the inverse mapping
L(x) obtained is considered as a space mapping to

transformed intof (x) andg(x), i.e. f(x) =
G(x) = JIr (x)g(x).

Step5: Induce Brunovsky standard and calculate
the control law[13].

According to the above, obtain the coordinate
transformation and make= f(x):

Jr(x)f(x) and

(x
(x
X

(
3(X

3

NOZNa

ral
Yar}
z (19)
2y

||
oMM

NOZNA2

The original radiation nonlinear system can be
transformed into Brunovsky standard:

7 =13
=12
; 20
=i (20)
24 = V2

By inverse mapping = f1(z), we can get the state
feedback control law of the original nonlinear systelf|{

u=—b(xax) +b (xVv (21)
In which,v = [v1,V2,- - ,Vim]T
a(x) = [f1,--, fm]T
E(DXS — DXQ)/Lm*
G(Exp — Gxz + wyXq) — w1 (Gxq + w1xz + Fx1xz)
G(Gx4 + wixz + Fxyxz)—
(w1 +Fxp)(Exz — Gxa + 0mgixs) + Fx3(ABx2? — Axaxz +C)
(22)
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original affine nonlinear system, and get the nonlinear

11 G21 -+ Gmu control strategyu* [16]. According to the linear robust
012 922 - Om2 control theory, the robust control problem of Syste2f)(
=1 : can be equivalent to the mathematical problem of solving
= (23)  Raccati matrix inequation. It means the sufficient
_GHglm Yam H%Em condition of robust control problem with solution is when

and only when Raccati inequation has nonnegative

—H(w +Fx) —GH solutionP*:

4 Design of nonlinear robust controller L
T T T T
As described earlier, through the state nonlinear AZP+PAZ+P(?BHBH_BZZBZZ> P+C G <0 (26)
robust control method we have got the linearization
system of the nonlinear system in the new coordinaten which, y > 0 is theL,gain of given interference for the
space z 15). Define disturbance vector s for the linear output. In general, the smalley is, the stronger
system. It means the Brunovsky standard withanti-interference ability the robust controller has. lIts

interference factors is as follows: optimal value can be obtained with the variational
. method. If nonnegative solution is obtained, it shows that
{ z=Az+BiS+Byv (24) for the linear system the most serious possible
z=Cz interference’ = —%BIZP*Z has optimal control law:
001 10
0001 01 — _RTp*7— _k*
A, = 0000 By = 00 v* B,Pz K*z (27)
0000 00 )
00 From the mapping relation af= f(x), we can get the
optimal control rules in Space x.
B,— 00 C,— [1000]
10 0100
01 u* = —b1(x)a(x) + b~ 1(x)v* 28
— —bI(x)a(x) - K'zb 1 (28)

The linear system after decoupling is as shown in the
figure below:

From the perspective of differential game theory, we
can prove that Formul&8@) is also the robust control law
of the original affine nonlinear systerhd).

Figure 2 Decoupled linear system of the Brunovsky
standard form 5 Simulation test

After system linearization, the nonlinear factors have

been mapped to the input signal u. If we investigate the (1)According to the design principle of feedback

dynamic performance of system input and output from . .

the outside of system, we need to complete the design Oliracklng controlier, and the no_n_llnear robus; control law
tracking and control. Whether the output signal of the ppt_alned above, set the specn‘led output signal and the
system is able to more quickly meet the set referencénz't'aI _vazlae. Yle]f.OOj[t sm(lo(gn) _+ 05,1y1((_)|_) t: t?]’
trajectory is an important index to control the system. ForY<ref = + sin( )+y2(0) = 0.1. Tes €

example, to track the reference trajectoyy of a second feedba}ck co.ntrol r_nodel Pf AC asynchronous motor. Set
}he simulation time t=1s, and simulate gradually

order independent part in the system, the stable pole o . . !
linear system is required to meet the Hurwitz criterion. increased Ioaq in this period and the Change of _the
Input the calculation formula v: electromagnetic torque of motor output. The simulation
parameters are as follows: rated power of 2.2(kVA), rated
(25) frequency of fn=50(Hz),Rre=0.162; Lm=0.258(H);
Lr=0.27(H); Ls=0.27(H); Rs=0.83; Rr=0.81Q;
In which the coefficient k meets Hurwitz’ polynomigl+  J=0.31(kg.m); and pole pairs ofi, = 2.
kis+ ko, =0. Prior to adding the robust controller, only by output
Below according to theH,, method, calculate the feedback control, the system frequency tracking is normal,
robust pre-feedbacl" of linear system, map* to the  but gain output is diverging, as shown in the figure below:

Vv :2ref + kj_(Zref - Z) + kz(zref - Z)

(@© 2015 NSP
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output trajectary curves

phifi)

2] 0.1 02z 03 04 CI,S/ 06 07 0.8 0.9 1
(a)Speed output of the motor
200 output trajectory curves

amgr(rad/ s)

<J
=
=

<

<]

0 0.1 0.2 03 04 0.5 06 07 0.8 09 1
time/s

(b)Flux linkage output of motor rotor

Figure 3 Feedback tracking simulation of output signal

After adding the nonlinear robust controller, the output
signal can fast converge simulation results, as shown in

Figure 3.

output trajectory curves
T T T

— yt-acf
oyl

phi(Wb)

i
0 01 02 03 04 05 06 07 08 09 1
time/s

(a)Speed output of nonlinear robust control motor

output trajectary curves

w2-act
/-\ ————— 2-ret
,,,,,,,,,,,,, e i sl
g
04 05 06 07 08 09 1
time/s

(b)Flux linkage output of rotor of nonlinear robust control

motor

Figure 4 Tracking simulation of nonlinear robust control

output signal

Experimental results show that under the action of the
nonlinear control law u, the output signalagt of the
system can track the reference signaiey after a brief
adjustment process. And through the nonlinear robust
control method, the two output variables are completely
decoupled.

(2)The control results of electromagnetic torque and
motor efficiency are tested. The motor parameters are
unchanged.

Electromagnetic Torque
T T T

Te(N*m)

o o1 02 03 04 05 05 07 08 03 1
time/s
Electromagnetic Torque
T T T
o 1
m*ﬂhﬁ—r
T -aof R H
i
]
2 -eo0-
om0}
-a0000}-
i i i i i i i i i
0 01 02 03 04 05 06 07 08 09 1
time/s

(a)Electromagnetic torque of the motor

P oss of Motor
1 !
T T T
12r —
10H —
g ]
g 1
4 1
) 1
1 1 Vi S | 1 1 1 1
o o1 02 03 04 05 05 07 08 03 1
time/s
. P 0ss of Motor
10 !
T T T
12
10
g
< o
ps
hs
L i . . . . ) .‘

0 01 02 03 04 06 07 08 09 1

05
time/s

(b)Controllable power loss
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Efficiency of Motor

Fo
Fu

i i
04 05 06
time/s

for

Efficiency of Motor

(1]

04 06

time/s
(c)Real-time efficiency of the motor 2
Figure 5 Comparison of motor output and efficiency 3]
before and after adding the nonlinear robust controller

Experimental results show that after the adjustment of
nonlinear robust controller, the output torque of
asynchronous motor can be stably converged. The energy
efficiency of the motor is obviously improved. The
statistics show that the average loss increases from
47.63% to 72.89%, and the adjustment of output
electromagnetic torque and controllable power loss[5]
rapidly becomes stable.

6 Conclusion [6]

In this paper, nonlinear robust control is implemented
for the asynchronous motor with the iron loss. Results[7]
show that through state feedback exact linearization
algorithm of MIMO system, the accurate linearization of
affine nonlinear motor model and the dynamic decoupling
of output variable can be realized, so as to realize the high
accuracy tracking and control of speed and flux linkage of(8]
rotor. This paper gives the detailed deduced loss motor
model, and gives the exact linearization theoretical
derivation process of multiple input multiple output [©]
nonlinear system, and designs the nonlinear robust
feedback controller. Test results show that the nonlinear
robust controller has good control effect of
electromagnetic torque. The average power loss of
asynchronous motor significantly increases from 47.63%[10
to 72.89%. By the design method in this paper, we can
make the whole system run stably. Although the control
law has the complex nonlinear feature, for the similar
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