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An intelligent and efficient closed-loop simulation system without any hardware is proposed for AC
servo system. According to the characteristics of AC servo system and its control processor, the code
executing platform combined with the reverse Polish notation algorithm is developed. To gain the ac-
curate simulation results, the discrete motor model and IPM model are built to deal with the dead-time.
Based on the simulation system, parameter identification can be implemented and control parameters
can be optimized by using the exhaust algorithm. The parameters obtained by the simulation system
were successfully applied to an experimental system, and the favorable control performance was

achieved.
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1 Introduction

In digital AC servo systems, PID controllers are usually
used to achieve the closed-loop control. The control
performance of the system is determined by the control
code and parameters™. With the help of MATALAB,
researchers can get the best control models and results,
but it is hard to verify the control code and obtain accu-
rate parameters. On the other hand, the integrated de-
velopment environment of the processors can be used to
execute the code, but it can not realize the closed-loop

. - [2-5]
simulation2=>

. To improve the development of the con-
trol code, a closed-loop simulation system is proposed.

Methods for parameter identification and optimiza-
tion have been proposed, but they are too complicated to
implement. Based on the closed-loop simulation system,
parameter identification and optimization can be
achieved. Furthermore, the simulation system will
greatly reduce the cost of development.

Figure 1 shows the digital AC servo system, which
consists of motor, processor, IPM (intelligent power
model) and encoder. As the core of the system, the proc-
essor accepts the feedbacks and generates 6-phase PWM
(pulse width modulation) waveform with the dead-time

dead-time for the IPM to drive the motor®.

To develop the closed-loop simulation system, the
code executing platform, motor model and IPM model
should be built. Considering the dead-time effect on the
real system, the discrete motor model and IPM model
are designed.

The simulation system including IPM model, PMSM
model, encoder model and sensor model (see Figure 1)
executes the code to serve as the processor, which can
carry out the closed-loop simulation for the whole sys-
tem.

2 Code executing platform

In a real system, the processor reads the registers
(ADAOCRO, ADAOCR1, ADAICRO and CBORX) to re-
ceive the feedbacks (current and angle) and calculates
the values of 3-phase voltages which will be saved in the
registers (TQOCCR1, TQOCCR2 and TQOCCR3) to gen-
erate 6-phase PWM waveform with the dead-time.

In the simulation system, the control code is read into

Received March 3, 2009; accepted April 30, 2009
doi: 10.1007/s11431-009-0207-0
Corresponding author (email: hitren1982@163.com)

Sci China Ser E-Tech Sci | Jul. 2009 | vol. 52 | no. 7 | 1830-1837


mailto:hitren1982@163.com

Three-phase
<l ﬁ ﬂ
IPM Motor
PWM
signals
Angle
feedback Encoder &
o current sensors
processor Three-phase
current feedback

Three-phase
voltage ¢\

IPM model Motor model

PWM
signals

Angle

2 feedback
N\ Three-phase

current feedback

Code executing

platform Sensor model

(a)

(b)

Figure 1 The structure of AC servo system and the simulation system. (a) AC servo system; (b) the simulation system.

the code executing platform in the format of text and
saved as character arrays. The closed-loop simulation
system is developed by using the Visual C++.

2.1 Word analysis

Word analysis is to distinguish the tokens from the code,
such as “if ”and “+”. In the simulation system, a token
is recorded by the class whose name is CSymbol. The
class includes the attributes (name, type and value) of
the token. Figure 2 shows the results of word analysis to
deal with the sentence: “int i=1”. The platform scans the
sentence from left to right and processes the tokens one
by one.

2.2 Sentence analysis

Sentence analysis is to discriminate the sentences in the
control code. The sentences will be classified as basic
expressions, functions and special sentences. The sen-
tence is made up of tokens. The platform should identify
them and arrange the basic expressions together to be a
function or a special sentence. All of them would be
dealt with as the function module. The function module
may include submodules. In the end, the platform gains
the numbers of basic expressions together with the in-
formation of executing steps.

The results of sentence analysis are shown in Figure 3.
By using the results, the platform can execute the basic
expressions step by step.

pretreated by the reverse Polish notation algorithm (RPN)
in advance. The RPN is used to convert the prefix ex-
pression into the postfix expression. For example, the
basic expression “(1+5)x6/3” can be converted into the
postfix expression “1, 5, +, 6, x, 3, /M In the end, the
RPN is used to execute the postfix expression from left
to right and get the result of arithmetic.

3 Motor model

3.1 Motor model in the d-gq coordinates
In the real system, the voltage of busbar capacitance is

Upn. The 3-phase voltages (Us, Up, and Ug) can be for-
mulated as

_Upy  Upy xTQOCCRI

U. = , 1
) TQOCCRO M
U] U, x TQOCCR2
2 TQOCCRO
_Upy  Upy xTQOCCR3 3
© 2 TQOCCRO

where TQOCCRO is the invariable in the real system, Uy
and Uq are the voltages of d-axis and g-axis, @, is the
electric angle of motor™%. Uyand Uy can be given by

Uy :%(Ua cosd, +Uy COS(He —EEJ
3 3

The platform can not execute the basic expression 2
« » . . +U.cos| 0, +—m ||, 4)
such as “a = 2x3+8/2”. The basic expression should be 3
CSymbol CSymbol CSymbol CSymbol CSymbol
Name: *int ™ Name: “ i~ Name: “ =" Name: * 17 Name: “; 7
Type: TOKEN_INT(41) | Type: TOKEN_ID (2) || Type: TOKEN_ASSIGN (17)|| Type: TOKEN_NUM (3) || Type: TOKEN_SEMI (7)
Value: Value: Value: Value: 3 Value:
Figure 2 The results of word analysis.
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Figure 3 The results of sentence analysis.

U, = —%[Ua sin@, +U, s.in(ﬁe —%n)

+U, sin(@e +§nD.

According to the differential equations below, we can
calculate the current and angle of motor.

©)

d. 1 : :
di ~ LU, —Ri, - L, pari, - Apa) 7)
T la= 7 Mg T Rlg T POy — r/
L,
d 1
Ewr :j(Te - fwr _Tm)’ (®)
de,
= 5 9
G )
T, =1.5p[ i + (Ly — Lyigiq ], (10)
ae = pel" (11)

In each control cycle, the 3-phase voltages can be
calculated by the platform and the PWM waveform can
be generated with the dead-time. By neglecting the
dead-time effect, the 3-phase voltages can be calculated

1832

according to egs. (1), (2) and (3). By the algorithm of
Rungekutta, the differential equations can be solved and
the feedbacks (current and angle) can also be obtained.
However, it is difficult to get the perfect simulation re-
sults because of the dead-time effect. Therefore, it needs
the discrete models to deal with the dead-time for the
simulation system.

3.2 Discrete motor model

We build the discrete models according to the character-
istics of the digital AC servo system and its circuits. The
computation cycle is the minimal resolving time of the
processor. The discrete models are the motor model and
IPM model.

3.2.1 Generation of 6-phase PWM waveform with the
dead-time.
processor and it can generate 6-phase PWM waveform
with the dead-time. The control cycle is determined by
the value of TQOCCRO. The duty-cycles of the 3-phase
PWM are determined by the values of TQOCCRI,
TQOCCR2 and TQOCCR3. The range of them is 0O to
TQOCCRO+1. In the processor, the value of the main
timer and TQOCCR1 determine the output (high level or

There is a motor-control module in the
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low level) of PWM waveform in U phase. By the
dead-time timer, the PWM waveform can be generated
with the dead-time. The simulation system is designed to
generate the PWM waveform with the dead-time as the
processor. The process of generating 6-phase PWM
waveform is shown in Figure 4.

In Figure 4, the CCRO is TQOCCRO, and CCRi (i=1,
2, 3) are TQOCCRI1, TQOCCR2, and TQOCCR3.

3.2.2 IPM model. The voltage between the P pole
and the N pole of IPM is Upy. In the U phase, when the
upper arm is turned on, the voltage of U phase is Up.
When the lower arm is turned on, the voltage of U phase
is Un. The upper arm and lower arm are prohibited to be
turned on at the same time, or else the IPM will be
damaged. The dead-time is provided to protect them
from short circuit. When both the upper arm and lower
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Lower arm is
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Figure 4 The process of generating 6-phase PWM waveform.
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arm are turned off, the current of U phase would be
maintained by the diode. If the current is from the N
pole to the motor, the voltage of U phase is Uyn. And if
the current is from the motor to the P pole, the voltage of
U phase is Up. Figure 5 shows the model of U phase in
the IPM.

PWM_U
PWM U

Figure 5 The model of U phase in the IPM.

The three phases of the motor are symmetrical, so the
models of them are the same with each other. The simu-
lation system can get the same outputs just like a real
IPM. The outputs (PWM waveform, current and voltage)
of U phase in the real system are shown in Figure 6.

The outputs (PWM waveform, current and voltage) of
U phase in the simulation system are shown in Figure 7.
From Figures 6 and 7, we can see that the dead-time of
PWM waveform is achieved in the simulation system.
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Figure 6 The PWM waveform and voltage of the real system.
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Figure 7 The PWM waveform and voltage of the simulation system.

3.2.3 Solution of discrete motor model. The 3-phase
voltages (U,, Up, and U;) can be provided by the IPM
model. The feedbacks (current, velocity and angle) can
be calculated in each computation cycle by the discrete
motor model as follows.

2 2

+ Uc(k) cos(@e(k) + %nn,
(12)

2 . . 2

+U¢ i sin S(ee(k) + %nD,

R L
) -7 @y —T, |-
{'d(kﬂ)} ~ Ly Ly ['d(k)}
iQ(k+1) 1— Der iT _&Ts iq(k)
q Lq
LER
.\ Ly { Uaw }
0 I_S U k)~ @eck)2 (13)

T
O k11) = Dr (k) +TS(Te(k) - fwr(k) —Tongiy)»
Or sy = Griy T Oriiy T
Te(k+l) =15 pliq(k+l)ﬂ

Dgk+1) = POrks1y»

9e(k+1) = pgr(k+l)’

Lagksy = Vaqkon) €08 Gegiiny = gy ST0 Gegis)»

2
Ib(k+1) = Id(k+l) Cos(ee(km _E“J

-1 sin| 6, —gn
q(k+1) eke) T3 (14)

2
Loty = lacen) COS| Geqiean) +§“

. 2
= gsn SIn| Gaiesny +§n .

The simulation system has been built up successfully.
The closed-loop simulation system and the real servo
system are shown in Figure 8.

In the real system, the control code is required to
achieve the step response of Ig(lg = 1 A). By executing
the same control code, the result of the simulation sys-
tem with the discrete models is shown in Figure 9.

From Figure 9, we can see that the results of real sys-
tem and simulation system are very similar. This indi-
cates that the simulation system with the discrete models
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Figure 9 The responses of lq. (a) The response of lg in the real system;
(b) the response of lyin the simulation system.

can obtain accurate simulation results.

4 Parameter identification and optimiza-
tion based on the simulation system

4,1 Parameter identification

In the real system, to realize the vector control and PID
control, inductances of d-axis and g-axis (LgandLg) are
necessary parameters. If the inductances can be obtained
accurately, researchers would regulate the control pa-
rameters to meet the requirements of response and posi-
tioning™“, Based on the simulation system, a novel
method is designed to implement the parameter identifi-
cation.

According to the method of vector control, I, = lIqif
both €, and Iy are kept zero. The step response of lg is

determined by the parameters (K and Lg). If Kyis con-
stant, the step response would be determined by Lgy. In
the simulation system, numbers of step responses of Iq
can be obtained by use of different Ly. If K, = 500, the
step response of I, in the real system is shown in Figure
10. In the simulation system, K, is also set to be 500 and
L4 is changed from 5 to 100 mH. The simulation system
produces many curves of step response (Figure 11).
From Figure 11, we can select a curve which is similar
with the one in Figure 10. If its corresponding Lgis 25
mH in the simulation system, the value of Lyin the real
system should be 25 mH. Similarly, we can achieve L,
by the parameter identification based on the simulation
system.

Figure 11 The step responses in the simulation system.

4.2 Parameter optimization

In the real system, to obtain the best parameters the en-
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gineer has to regulate them time after time"%3!, Based

on the simulation system, the exhaust algorithm is de-
signed to implement the parameter optimization auto-
matically.

The IAE (IAE =IJ|e(t)|dt)) is usually used to

evaluate the PID parameters. For the curve of step re-
sponse, the hatching area shows the performance of the
PID controller (see Figure 12). The simulation system
can get nxm groups of IAE values by the nxm groups
of (K,, Ti) and select the least IAE value to get the best
parameters.

Based on the exhaust algorithm, by calculating the
IAE value and selecting the least one from the results,
the simulation system can obtain the best parameters
(see Figure 13).

For K =0, T; ¢=0, AK, = 0x200, AT, =0x00200000,
n = 64, and m = 64, the simulation system would gener-
ate 4096 curves of step responses together with their IAE
values (Figure 14).

1,

o

Figure 12 Integral of absolute magnitude of the error (IAE).

| Run simulation program |

Calculate [4E= J-:.le(.') dr

Calculate the minimum
value of JAE and obtain
the best parameter

Figure 13  Parameter optimization by using the exhaust algorithm.
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Figure 14 The IAE values achieved by the exhaust algorithm.

In Figure 14, the parameter group (K, = 0x2800, T; =
0x07200000) is the best one and its corresponding IAE
value is the least. The parameter group was applied to
the simulation system and the real servo system. The
results of step response are shown in Figure 15.

(a)

() o

Figure 15 Step response results. (a) Step response result in the simula-
tion system; (b) step response result in the real servo system.

From Figure 15, we can find that the results of the
simulation system and the real system are very similar.
The effect of the step response looks nice. It is shown
that the parameter optimization based on the simulation
system can be used to gain the best control parameters.

5 Application to high-speed/high-preci-
sion positioning system

For a high-speed/high-precision positioning system, the
motor is required to complete the fixed angular dis-
placement with a great acceleration. So the system
should be excellent in response and positioning. There-
fore, the control parameters play an important role in the
system. Usually, if the parameters of motor are obtained
in advance, the best control parameters can be gotten by
regulating. For the system, the velocity reference and
current reference of g-axis (Iq_reference) are shown in
Figure 16. The real current of g-axis is required to
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Figure 16 The velocity and current references in the system.

respond as rapidly as the Iq_reference (see Figure 16).

By using the simulation system, the parameters of
the motor were obtained by parameter identification,
and the best control parameters were gotten by pa-
rameter optimization. With the best control parameters,
the system achieved the excellent experimental results
(see Figure 17). Compared with the Iq_reference in Fig-
ure 16, the Iq feedback (the feedback of I;) meets the
requirement of response commendably.

For the system, if the error integrator of position (see

Iq_feedback <= =2 ms/div

Position error integrator

Figure 17 The current of g-axis and the position error in the system.
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