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Abstract. In latest motor control area, traditional voltage model is affected by variation of stator
resistance and pure integration element of back electromotive force under the circumstance of
low speed, whose effects would easily cause observation errors and lower motor speed control
precision. Adaptive internal model control (AIMC for short) structure can adapt to stator
resistance parameters variation and improve control precision. Cascaded Low pass filter (LPF
for short) with compensation structure was proposed to revise amplitude and phase of observed
flux linkage. The paper proposed the theory of AIMC and LPC, the structure would improve the
accuracy of flux observer. At the same time, disturbance eliminating with compensation
structure was put forward to improve the system anti-interference ability. Finally, PSIM 9.0.was
used to build and simulate AC-DC-AC synchronous machine vector control system. Experiment
results showed that the improved voltage model can effectively restrain the effects of stator
resistance parameters variation. At the same time, precision of flux observer was effectively
improved. Anti-interference ability of system was enhanced with nice tracking performance and
robustness.

Keywords: adaptive internal model control, cascaded LPF with compensation structure,
disturbance eliminating, flux observer, voltage model

1 Introduction

Because traditional high-power AC synchronous motor system has good control performance and high
precision, it was widely used in hot continuous rolling [1].Voltage model act as an important approach in
flux observation, it’s the key factor to realize vector control. Unfortunately, voltage model not only
affected by variation of stator resistance, but also pure integration element of back electromotive force,
this would lead depend too much on motor parameters and low flux observation accuracy. To reduce the
dependency of controlled object, this paper combined internal model control with model reference
adaptive to design voltage model adaptive internal model control (AIMC) [2] system. Pure integration
element of back electromotive force is easy to result in DC bias and integral saturation. Flux observer’s
results, including amplitude and phase, will deviate gravely from the true value. By calculation, the flux
observer error compensation can be realized by cascade low-pass filters in accordance with certain
conditions. In order to improve the system anti-interference ability, this paper designed disturbance
eliminating with compensation structure to eliminate inner disturbance with known model and external
disturbance to make sure system work stable and reliable. At last, we built and simulated AC-DC-AC
synchronous motor vector control system in PSIM 9.0 to verify the performance of proposed system.
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2 Design of System

2.1 Voltage Model Direct Adaptive Parameter Estimation

Design of internal model control (IMC) usually parallel object model and controlled object and let
controller approximate to object model’s dynamic inverse [3]. The closer object model and controlled
object, the more accurate IMC is, the more can it reflect controlled object. Traditional voltage model (is
shown in Fig. 1.) is designed in this way. Compared with parameter integrated decision of traditional PID
control, IMC has advantages such as fewer parameter, simple structure and convenient to adjust online
[4]. So, IMC is widely used in control system. Zitek, P proposed a kind of stable fault detection system
by combing IMC with artificial neural network (ANNs). This system can predict and realizea very small
error in a short time [5]. Shihabudheen, K.V. proposed a kind of extreme learning adaptive fuzzy neural
prediction algorithm which optimized generalization ability and trajectory tracking performance [6].
Tomas and Pajchrowski put forward a method that use improved elastic feedback to train neural model’s
inverse online to realize control when motor parameters change [7]. This paper designed adaptive
parameter estimation structure firstly.
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Fig. 1. Traditional voltage model

In the air gap flux oriented vector control theory, AC synchronous motor voltage model equation is,
’//511 = _[Ea dt - J.(u.\'a - inxrx )dt - Ll"lixa
Yo = I E B dt = .[ (uxﬂ - R, s Jat - L, Ly

In the formula, u

sa’ s

u,, stands for aff axis component of stator voltage respectively, i, , i,, stands
for aff axis component of stator current respectively, R stands for statorresistance, L, stands for stator
winding leakage inductances, v, , ¥, stands for a8 axis component of flux.
E(,l (S) = u&'(l (S) - (RV + SLY )iﬁ'(){ (S)
After Laplace transform, ‘ ‘ o @
Ey(s)=uy(s)- (R, +sL; )iy(s)
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Assuming that E(s)=[E )-10.(5)
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so (1) was converted to Y(s)= G(s)E(s) ?2)
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Fig. 2. Voltage model with adaptive parameter estimator

Indirect adaptive parameter estimator usually use least square to adjust system parameters online to
increase the control accuracy of model [8]. But its dynamic performance is not as well as direct adaptive
parameter estimator. To guarantee dynamic performance, we adopt the latter. We added filter

1 . . . .
Q(s)=———1 (a is the only parameter need to adjust) to make sure physically realizable and

(I+as)

robustness. As the controlled object is stable, we can assumption feed-forward low-pass filter O(s) as a

first order system, means Q(s) = 2 (« is adjustable).
s+a

Go(5)=G"(5)0(s) Go(s)= G (5)Q(6) 3)

-R_-sL, 0
0 -R_-sL,
Firstly, we need to choose smaller « to guarantee better dynamic performance. Increase o adaptively

while model error seriously affected stability of system. Through experiments, we obtained good
performance when choose adaptive law as ¢, = ¢, (1+1.45).

Obtained, G,.(s) { }Q(S)

1.2 Voltage Model Adaptive Internal Controller

Different from robust control, the basis of adaptive internal model control is model and parameter
estimation. AIMC doesn't need to know information such as disturbance boundary and time-varying
parameters in advance, but adapt to system parameter changes in real time by measurement [9]. In the
design of internal model controller, the more accurate object model and inverse model is, the better
control effect is. Although model parameters can be obtained from history data, system characteristics
may change with external interference, which means it’s hard to get accurate model. On the contrary,
model reference adaptive control has certain adaptive ability. It can get rid of disadvantages of model
changes over time. From this point, this paper combined internal control with model reference adaptive
control to design voltage model adaptive internal controller and adaptive law [10]. On the other hand,
disturbance eliminating with compensation structure was designed to increase anti-interference ability.
The whole structure is as follow.
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Fig. 3. Voltage model adaptive internal controller
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1.3 Model Estimator of Adaptive Internal Model

Voltage model direct adaptive parameter estimation has been introduced in part 2.1,then we will design
model estimation in voltage model adaptive internal controller. According to synchronous motor voltage
model equation, the differential equation of controlled object and object model is as follow.

Y(t)= AY(1) + BE(r) V(1) = AV () + Bk(r) @)
Rs 0 i 0
L sl Lcl isa E o~ Uy
Where 4 = * B= ’ Y(t)= . E@®=
0 K 0 L Ly E,-u,
le Lvl
- Fi_s/ 0 -é 0 o ~
~ le ~ le i lsa r Ea - ﬁsa
A= — | B= Y= _| E@W=| .° _
0 R 0o -L Lo Ey-ty
le le

Y ®, A , B , E (?) is used to distinguish from controlled object.

Input of reference model k(¢) = H(+)U (t)—B(t)f/ (¥), where H(¢) and B(¢) stands for feed-forward
and feed-back, they are adjustable.

Foy= A0 BHOUY- BV 0)~(A- BBOY 0B v = | 0s= -7
B

sp

()= Y- ()= Ae()+ PY )+ QU 5)
it e 0 i 0
-~ = LS’ le sl
P=A-A+BB@)= |t B(y)
R R 1
0 -—5 4 AS/ 0 -
le LsI le
-L 0 é 0
=~ le le
O0=B-BH()= + H(®)
1 1
0o -— 0 —
LS’ le
Ifo'=(P Q),r= (?(;) U(t))T, g& == Ade(t)+¢'t (6)

Then we design adaptive law based on Lyapunov stability theorem, which is based on the point of
energy stability. It can avoid solving differential equations. By choosing proper Lyapunov function,
stable control law in form of mathematic analysis can be obtained [11]. If the designed function satisfy

the first Lyapunov theorem, which means V' (y,7) >0 and V' (y,7) <0, then the origin is asymptotically
stable [12]. In order to make Lyapunov function definitely positive.

1
V= (e Eet o' Ep) (7)
E,, E, is unit matrix, assuming balance pointis e=¢' =0.
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So —&"(A"E, + E,A)¢ is negative definite.
2
Only need to prove (9) can satisfy conditions.
1
E(TT§0E18+8TE1¢TT+¢TE2¢+¢TE2¢): 0 )

After calculate, t'pEc=¢"Egp't= ()N’TP +U'Q)e, ¢"E,p=0¢"E,pp= PP+ QQ
(9) was transformed as (Y P+U'Q)e+PP+00=(¥ e+P)P+{U e+0)0=0 so (Y ¢+P)P=0,

UTe+0)0=0

P=-Y'e, O0=-U'e

--P=BB(t) O=-BH(0),

The adaptive law is Bit) = —%Y’Ts , H'(t) = %UTS

Now, V(y,t)>0,V(y,t)<0,system is asymptotically stable at origin.

1.4 Disturbance Eliminating with Compensation Structure

Motor disturbance is inevitable and may decrease the traceability [13]. Traditional adaptive control gives
both output and disturbance to input to improve system performance and eliminate interference.
Disturbance eliminating effect have to compromise. Adaptive inverse control’sdynamic response and
disturbance eliminating control is carried out separately, this can guarantee better dynamic performance
and do its best to eliminate disturbance [14]. Besides, if the inner disturbance model of system is known,
such as n times harmonic, compensation measures can be adopted to eliminate it. In internal model
control system, controlled object and object model have the same input make object model convenient to
close to controlled object. Dynamic response generated by inner disturbance was added to the inverse of
model, whose output was given to the actual input. Then the input was fixed. The inner and external
disturbance was eliminated eventually.

Assuming that 7'(s) include inner disturbance M(s), according to (1)

~ -R, -sL o 1 , -R, - sL, 0
G = G = s sl G- §) = S S
W=6E { 0 R, - sLJ ® { 0 R, -sL,
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Fig. 4. Disturbance eliminate with compensation structure

The difference between controlled object and object model is
e(s)=Y(s)- Y (s) = (T(s) + M(s)) G(s) +
D(s)G(s)- (T(s)+ M(s))G(s) = D(s)G(s)
AT (s)=(e(s)+ M(s)- G(s))G ' (s) = D(s) + M(s)

Fixed input is 7, (s)=T(s)+ M(s)—AT(s)=T(s)—D(s)
Actual output of controlled model after fix.

Yp(8) = TR ()G (s) + D(s)G(s) =T (5)G(s)

Both M(s) and D(s) were eliminated.

1.5 Cascade Low-Pass Filter (LPF) with Compensation Structure

(10

Due to the pure integral link in voltage model, which usually causes DC bias, integral saturation and flux
waveforms shift seriously [15]. This urgent problem would lead to a bigger error. This phenomenon
always become worse when met electromagnetic interference and sensor error [16]. Improved voltage
model is proposed in this paper, voltage and current item would be processed respectively, and finally

compensate amplitude and phase [17]. The structure is shown in Fig. 5.

Fig. 5. Cascade Low-Pass Filter (LPF) with compensation structure

Cut-off frequency is @, ~ @, * ®,, compensation quantity is X, + X, * X, respectively.

1 1 1 1
Xlz_:)(lzl_jﬁ, X,=1=2X,=0,+ jo,——X; =12 X, =0, + jo,

s+ o, s w, s+o, s+ o,

Total compensation quantity, X = X X, X,
Because v, + jy/ ;= (W, + j¥ )X

91



Research of AC Motor Vector Control System Voltage Model Adaptive Internal Model Control

V/szz = Al//sa _Bl//s[)’
. . (1)
l//,yﬁ :Bl//sa +Al//sﬂ
0,0
Where 4=00, +00, + 0,0, -0, , B=0,0,+ 0,0, + 0,0, —————
o,

e

Cascade two LPF after voltage and current item and one LPF in major loop can deal with voltage and
current item respectively. Only need to satisfy one condition: amplitude and phase errors keep the same.
The relationship of cut-off frequency is shown in formula (12). The cut-off frequency of LPF cascaded
* w,, corresponding compensation quantity is X, ~ X,,. The cut-off frequency
X,

after current item is @,
of LPF cascaded after voltage item is @,, ~ ®,,, corresponding compensation quantity is X, *

0,0, =0,0,, (12)
Cl)i] + C()iz =, 6 + Cl)uz

ul

Xy Xy =X, X, = {
So can we deal with voltage and current items respectively.

2 Simulation Results

This paper simulated in PSIM 9.0, which is a software applied in the field of power electronics and motor
control. Semiconductor switching devices in PSIM 9.0 are ideal model. PSIM 9.0 uses efficient
algorithms to overcome the disadvantage that simulation time is too long compared with other software.
At the same time, it greatly reduced the design cycle. This paper use AC-DC-AC synchronous motor
vector control system, motor parameter is shown in Table 1.

Table 1. Motor parameters

Rated Power Rated Voltage = Rated Current Rs Lsl Pole-pairs Number  Speed
2500Kw 1650V 980A 0.0244Q 2.52mH 4 100 r/min

The whole structure is as follow.
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Fig. 6. AC-DC-AC synchronous motor vector control system
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Fig. 7 is flux waveforms of y, ~ w, , and flux round. The figure shows that flux waveform is stable

S

and the flux round is good when no-load.

Fig. 7. Flux waveforms (y_,, v, ;) when no-load

In Fig. 8, there is no disturbance, leakage inductance of the stator winding keep the same, stator
resistance R '=1000R, at 2s, add load F=50000N during 3-4s.Comparing the flux waveforms of

traditional voltage model with AIMC voltage model, results is shown in Table 2, “+” stands for above or
advance, “-” stands for below or lag.

Time ()

Fig.8. R =1000R,L,=L,,D(s)=0V,M(s)=0V, v, compared with traditional model

s9 sl

Table 2. When R, =1000R ,L, =L, D(s)=0V,M(s) =0V, contrast v,

Model Items Rs=1000Rs Add load Load Rejection  Recovery Stable Time

Traditional Phase +6% +10% +8% 0.4s after load rejection
Voltage Model Amplitude -7.6% -6.5% -6% )

AIMC Phase +3.5% 3% +1.5% 0.2s after load rejection
Voltage Model Amplitude -1% -1% - 1.2% '

In Fig. 9, stator resistance R, and leakage inductance of the stator winding L, keep the same. Added

disturbance D(s) = 100Vand fifth harmonic at 2s. Adding load F = 50000N during 3-4s. Comparing the
flux waveforms of traditional voltage model with AIMC voltage model, results is shown in Table 3.

Time (s)

Fig.9. R =R ,L,=L,,D(s)=100V, M(s) = 6sin500ztV, v , compared with traditional model
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Table 3. When R =R ,L,=L,, D(s) =100V, M(s) = 6sin5007tV , contrast

Model Items Add Disturbance  Addload  Load Rejection Recovery Stable Time
Traditional Phase +5% +12% +10% 0.3s after load rejection
Voltage Model Amplitude -6% -7.8% -8% )
AIMC Phase +1.5% 4% +1.2% 0.15s after load rejection
Voltage Model Amplitude -1% -0.8% -0.8% )

In Fig. 10, leakage inductance of the stator winding L, keep the same, stator resistance R, =1000R,
D(s) = 100Vand M(s) = 6sin500ztV at 2s, F=50000N during 3-4s. Comparing the rotate speed
waveforms of traditional voltage model with AIMC voltage model, results is shown in Table 4.

Time (s)

Fig. 10. When R =1000R , L, =L, D(s) =100V, M(s) = 6sin5007tV contrast speed control

Table 4. When speed waveform R, =1000R , L, =L, D(s) =100V, M(s) = 6sin5007tV , contrast

s Hsl T

Speed Drop Jitter When Speed Rise

Model Adjust Time Overshoot No-load Jitter When Load Working When Load-off
Traditional o o 0 0 0
Voltage Model 1.5s 1.5% +0.8% 4.5% £1% 2.8%
AIMC Voltage 1.255 2.5% 1£0.5% 2% +1% 1.1%
Model

In all, compared with traditional voltage model, the AIMC voltage model proposed has better flux
round and flux waveforms without load. We simulated the proposed system in several situations.

(1) R, =1000R ,L,=L,,D(s)=0V;

2) R, =R,L,=L,,D(s)=100V, M(s)= 6sin500xtV ,

(3) R, =1000R ,L, =L, D(s) =100V, M(s) = 6sin500ntV .

The results showed that AIMC voltage model can observe phase and amplitude of flux more accuracy.
As for the motor speed, AIMC voltage model has advantages such as short adjust time, small variations
when add load and load rejection, jitter is smaller after add load and load rejection and strong anti-

interference ability. The disadvantage is that AIMC system’s overshoot is bigger than traditional model,
this need to be improved in the future work.

3 Conclusions

This paper proposed and designed a kind of voltage model AIMC system, including adaptive parameter
estimation structure, voltage model adaptive internal controller and cascade low-pass filter (LPF) with
compensation structure. On one hand, AIMC voltage model has nice tracking performance and
robustness when stator resistance changing Flux observer of system and speed control is more accuracy
than traditional model. On the other hand, LPF with compensation structure improved integral saturation
caused by pure integral link and observed flux phase and amplitude become more accuracy.. The
proposed system effectively increased adaptive and anti-interference ability. Compared with traditional
voltage model, simulation result shows that the improved system has a series advantages.
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