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ABSTRACT

The errors generated from current measurement paths are inevitable, and they can be divided into two categories: offset
error and scaling error. The current data including these errors cause periodic speed ripples which are one and two times
the stator electrical frequency respectively. Since these undesirable ripples bring about harmful influences to motor driving
systems, a compensation algorithm must be introduced to the control algorithm of the motor drive. In this paper, a new
compensation algorithm is proposed. The signal of the integrator output of the d-axis current regulator is chosen and
processed to compensate for the current measurement errors. Usually the d-axis current command is zero or constant to
acquire the maximum torque or unity power factor in the ac drive system, and the output of the d-axis current regulator is
nearly zero or constant as well. If the stator currents include the offset and scaling errors, the respective motor speed
produces a ripple related to one and two times the stator electrical frequency, and the signal of the integrator output of the
d-axis current regulator also produces the ripple as the motor speed does. The compensation of the current measurement
errors is easily implemented to smooth the signal of the integrator output of the d-axis current regulator by subtracting the
DC offset value or rescaling the gain of the hall sensor. Therefore, the proposed algorithm has several features: the
robustness in the variation of the mechanical parameters, the application of the steady and transient state, the ease of
implementation, and less computation time. The MATLAB simulation and experimental results are shown in order to
verify the validity of the proposed current compensating algorithm.

Keywords: current measurement error, speed ripple, torque ripple, offset error, scaling error

1. Introduction

Recently, vector control has become essential in
operating an ac motor. In the vector control, a precise

current measurement is very important[l'z]. Stator currents
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are measured through hall sensors, low pass filters and
A/D converters. Because of the non-linearity of the hall
sensor, thermal drift of analog elements, and the
quantization errors of the A/D converters, the errors
generated from current paths are inevitable even if the
system shows consistency and a high degree of
maintenance.

Fig.1 summarizes the types of errors in the digital ac
motor drive system"!. These types of errors will appear as
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offset and scaling errors in the end.

When the stator currents include the offset and scaling
errors, torque pulsation occurs corresponding to one and
two times of stator electrical frequency respectively. This
results in the deterioration of the performance of the motor

influence must be
]

drive system. Specifically, this
considered for the control of the ultra precision position '
and a compensation method is added in the control
algorithm of the motor drive.

When the stator currents include the offset and scaling
errors, torque pulsation occurs corresponding to one and
two times of stator electrical frequency respectively. This
results in the deterioration of the performance of the motor
drive system. Especially, influence of those must be
considered for the control of the ultra precision position ¥
and a compensation method is to be added in the control
algorithm of the motor drive.

The recent studies have reported that the undesirable
periodic ripple element was related by the error in current
measurement. One in [5] and [6] utilizes the inverse
system model to calculate the torque ripple. So this
method may become unstable with inexact mechanical
parameters. Another in [7] and [8] requires a torque sensor,
and this may be unacceptable in many application fields.
The other in [9] is robust in the wvariations of the
mechanical parameters and can be applied to wide speed
ranges. It is, however, difficult to implement this
compensation algorithm in real systems. All methods
mentioned above can only be applied to the steady state
operation.

In this paper a new compensation method is proposed.
The main contribution of this paper introduces the signal
of the integrator output of the d-axis current regulator to
compensate for the errors of the current measurement.
Usually the d-axis current command is zero or constant to
acquire the maximum torque or unity power factor in the
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ac drive system, and the output of the d-axis current
regulator is nearly zero or constant as well. If the stator
currents include the offset and scaling errors, the motor
speed has the ripple related to one and two times of the
stator electrical frequency respectively, and the signal of
the integrator output of the d-axis current regulator also
has the ripple as the motor speed does. The compensation
of the current measurement errors is easily implemented to
smooth the signal of the integrator output of the d-axis
current regulator by subtracting the DC offset value or
rescaling the gain of the hall sensor.

2. The Effect of Current Measurement Error

2.1 Effect of offset error

The offset error, which may be caused by a potential
imbalance of a sensor device, measurement path, or some
other unforeseen factor is inevitable. It is common that the
offset current is calculated by reading A/D converter
repeatedly without current flowing. But the effects of the
thermal drift of analog devices and the switching noise in
the actual running condition are not considered in this case.

The error of offset can be expressed in an actual 3 phase

system by (1).
as _sens =1 as +A4I as
bs _sens :]bs +A1bs (1)

_(I as _sens + [ bs _sens )

cs _sens

Since the summation of the three phases current values
should be zero in case there is no neutral point
inter-connection, it is sufficient to measure only two phase
currents for the vector control. From (1) the measured
synchronous d-q axis currents can be calculated as

follows:
[;S sens = [;S + A-[;S
e B e e (2)
]qsisens = ]qs + Alqs
where
Al = Al cosb, +L(2AI,7S + Alas)sin 0, 3)

NE)

Aly =-Al, sin6, + L (241, + Al )cos 6, “4)

NE)
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Al and Al contain the ripple corresponding to the

undamental value of the stator electrical frequency.

2.2 Effect of Scaling error

The scaling error may be caused by non-linearity of the
current sensor itself, the matching circuit between the
current sensor and A/D input, the quantization errors
and non-linearity of an A/D converter '

Usually the d-axis current command is zero or constant
to obtain maximum torque in a constant torque region. If
the stator currents contain the scaling error, the stator

currents can be expressed as (5). Where K and
K, denote the scale factor of @, b phase current

respectively. The minus sign merely reflects the reference
angle of a-b phases.
IllSiSl:'nS = _Kﬂl Sin HL)
5 5)
[hsixem' = _Kb[Sin He _Eﬂ-

From (5) the measured synchronous d-g axis currents
can be acquired as follows:

e _ re e
Mds_xcale - ]ds_xenx _Idx

_ _ (6)
(& -K,) K")Isin[2ee +5j+7(1<a Kp),
V3 6 23
A[;sisca/e = ]qesisens - [;s (7)
= 7(Kb _K”)]sin[Zﬁt, +l7r + 7(](” h K”)I
3 2
As known from Al seale and Al ; seale ? d-q axis

currents contain the ripple corresponding to two times
(2f,) of the stator electrical frequency.

3. The Compensation Method for Current
Measurement Error

3.1 Analyzing the signal of the integrator output
of the d-axis current regulator

If the stator currents include the offset and scaling

errors, the signal of the integrator output of the d-axis

current regulator also has the ripple related to one and two
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times of the stator electrical frequency respectively as
mentioned above. This signal can be derived by
integrating the sum of (3) and (6) as follows in (8):

L e e toe
K[J‘O(lds - ldsi.rens )dt = _Kijo Aldx dt (8)

As known from (3) and (6), (8) contains the ripple
corresponding to one, two and six times of the stator
electrical frequency respectively. Six times frequency
ripple reflects the effect of the dead time of the switching
device!"'. In order to remove or ignore the dead time
effect, it is necessary to average (8) between the interval
[0 21t] as shown in Fig. 2. To get the average value,
splitting the interval [0 2x] into 6 parts as shown in Fig.2,
and integrating 6 parts result in the elimination of the dead
time effect by averaging 6 parts respectively.

3.2 Proposed Compensation Method
3.2.1 Offset errors Compensation

Fig. 2 shows the results of two cases. One case is
dividing (8) into two segments (secA and secB) and
integrating as known in Fig. 2(a). And the result of
calculation of secA and secB is shown in (9) and (10)

respectively.
7T et K
sec A= j j CKAISd dO, =221 AL, )
0 Jo w,
27 ot K.
secB = I j CKAISdt d, =220 AT, (10)
r J0 0]

e

The difference (g,) reflects the existence of a-phase

offset error (A7, ), and is (11) as follows:

K.
AL (11)
w

e

g =secl—sec2=-4

This error (g,) is easily removed or compensated by

equalizing the integral values between two segments. The
other case is dividing (8) into six segments (sec I ~ secVI)
and integrating as shown in Fig. 2(b) and (c).

Nevertheless the signal of the integral output of d-axis

current regulator has the offset error, sec I, seclll, sec IV
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and secVI have the different values as shown in Fig. 2(b), \
i 2
and (12). Theta6o | 1 1 m_—N v i
2 K. 0 1/,‘? 2/‘3 7 4/‘_? 5/‘3 2
secl = |7 [ - K,Alydt d0, ==, , | | | |
0 Jo . ) ) (a) Integratio
€ pe 7 ié 2 secB
S K. secA
sec Il = [y, [ =K, Alidt d0, = =(al, - 4l,,) (12)
3 a)e 1 &5
47” ' K. (b)lntegrat/io i &;
= - © = pe 7 —
seclV = [ [~ K, Al dt do, o Al fy=¢,+6,
sechzjz”j'—K.Az"dt a0, = & (41, +41,) Integrat Te,
57” o i ds e a)e as bs () mel')éérdﬂ}o ¢8x
E3=6,+¢,
| »
The summation (¢,) between g and g, explains the 0 " ? # 7 7
existence of b-phase offset error (A7, ) as shown in Fig.2 Fig. 2 Each error( €1-€2€3 )of current analyzed for compensation
(b), and (13).
If offset errors (& andg,) are completely compensated
&, =seclV —secl, 13 or removed, each segment shows values as (14)
&, =seclll —secVI (13) respectively. (14) is always satisfied although scaling
K, errors are in the signal of the integrator output of the
& =&,te,=—4—A41, .
o, d-axis current regulator.
»| K H 0 e
» L p v SVPWM INVERTER
+ qus v :bcs
ok o+ K n 2/3 > | —
lgj,—»O0——>»| —L »CO —>
S Ve
- ds
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Fig. 3 Main block diagram of the proposed compensation scheme.
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secl =seclV,
secll =secV (14)

sec Ill = secVI

3.2.2 Scaling Errors Compensation.

If the scaling factors (K «and K ») of a- and b-phase have
the same value, (6) and (7) are zero and not observed. In this
case the compensation of the scaling effect is completed. (15),
(16) and (17) reflect the existence of scaling errors.

secl = Ej;— KAl

ds—scale

dt d6, =0 (15)

3K(K,-K,)I (16)

2z
4
secll = |2 | K Al; .0t dO, =
g.[o l ‘ [ 8 3a)€

3K, (K, —K,)I

83w

e

(17)

ds—scale

seclll = E,,JZ—K,.AI" dt do, =
3

The summation (&;) between ¢ and ¢ explains the

existence of scaling errors between a- and b-phase as
shown in Fig.2 (c), and (18).

&, =secl —secll,
&, =seclll —seclV (18)

V3K, (K - K,)

&3=¢,+¢, B Pe—

e

Scaling error ( &;) is easily removed or compensated by
making ¢, null or zero. Both scaling factors have
approximate unity (K, =1, and K, = 1), compensation is

carried out about two phases simultaneously untilg, = 0.

3.2.3 Implementation of the Proposed
Compensation Algorithm

Fig.3 shows the main conceptual block diagram of the
proposed compensation method. The signal of the integrator
output of d-axis current regulator is used to the input of the
proposed compensation algorithm. This algorithm consists of
offset and scaling parts. The integral outputs of the offset part
are (11) and (13). These terms are the input of the I-type
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(Integral-type) controller( X . /S ). The two I-type

offset
controllers of the offset part force ¢ and &, to be zero.

The integral outputs of the scaling part are (18). This term is
the input of the I-type controller (K, /S ). Also the I-type

of the scaling part forces &, to be zero. The I-type controller

includes a function of the memory which stores
compensation value at this point. The compensation of offset
and scaling errors is achieved automatically in the proposed
compensation algorithm and the compensation direction

corresponds to table 1. The compensating gains ( K and

K., ) of the offset and scaling errors can be chosen between

0 and 1. The smaller gain, the slower response, but more
accurate compensation current can be achieved. In this paper,
K. =01 and K

ot wate =0.05 are chosen for stable
operation. The compensation gains of offset and scaling

and K

scale ®

errors are obtained by multiplying @, by K, et

and the same accuracy of the compensation is guaranteed
according to the rotor speed. The compensating action is
finally achieved by (19) from output (OffSet-a, Offset-b,
Scale-a, Scale-b ) of the I-type controller.

I‘“‘ = 145_53"5 x Scalefa o Ojjserfa (19)
XS cate-b ~ O grer-b

bs I bs—sens

The compensation direction of the proposed algorithm
is summarized in Table 1.

Table 1 Compensation directions to adjust the offset and
scaling errors

Error of Error of measured Direction of

Value :
Integral Value Current Compensation

£ >0 Al <0 (+)
Offset-a

£ <0 Al >0 (—)

£ >0 Al <0 (+)
Offset-b

62 < O Albs > 0 (7)

& >0 K, <K, (+)
Scale-a

& <0 K,>K, (—)

& >0 K, <K, (—)
Scale-b

& <0 K,>K, (+)
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4. Simulation

The simulation of the proposed algorithm was
performed by using MATLAB Simulink!"”. To verify the
feasibility and effectiveness of the proposed compensation
algorithm, the current errors of offset and scaling are
given, Al =0.05[4] , Al =002[4] , K, =1.1 and
K, =09

simulation block in order to verify the validity of the

respectively in this simulation. Fig.4 is
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(b) Extension of (a) between 0.3[sec] and 1.3[sec]

Fig. 5 Simulation results
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proposed compensating algorithm. In the upper parts are
the speed controller for a motor, a current controller and a
modeled motor. In the lower parts are the path of current
measurement and compensator for the verification of
algorithm. Fig. 2 shows simulation block of the proposed
compensation scheme.

Fig. 5 shows the simulation waveforms of the integrator
output of the d-axis current regulator, and the starting time
of the compensation is at 0.5[sec]. The compensation
operation of offset and scaling are carrying out at the same
time as shown in Fig. 5(a). And Fig. 5(b) is a larger scale
of Fig. 5(a). These waveforms show that the proposed
algorithm operates well under these conditions.

5. Experimental Results

Fig. 6 shows the AC motor drive system used in the
experiment. In this experiment, 50,000pps encoder is used
for the precise speed measurement.

diode bridges inverter

gy KK _14} KX KE ¢
(%r [N ,ﬂ@@d
x x |J |J |J PMSM
1

1

I

1

A 1
I

]

]
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a
=

®
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D/A Converter

1 : PWM pul tor | A/D Converter
h FLE ! ulse generator
DAC8420 4c] FLEX10K30 [ 1

- AD7899 2¢ch

== 0

TMS320VC33

AM29LV160D

Serial Download & Montioring

Fig. 6 Configuration of power circuit and drive system

The experimental result is obtained under the each error
condition of A7, =0.05[4], Al,, =0.02[4], K,=1.2 and
K, =0.8. Fig. 7 shows the steady state characteristics of
the motor speed and the integral values of 6 segments

before the compensation. The maximum speed ripple is
about 0.5[rpm] and there exists an undesirable 1/, and

2, of the speed ripples as shown in FFT analysis.

Fig. 8 shows the process of the compensation of current
measurement errors. The ripple of Fig.8(c) is diminished by
a method that looks for the compensating value in process.
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Fig. 10 Steady-state characteristics with proposed compensation

Fig. 9 shows the enlargement waveforms of Fig. 8 scheme
between 30[sec] and 80[sec]. After starting flag of

compensation begins, the compensating algorithm T T T T T ?veedRTfrre"F('w/‘T
operates well, and the steady state offset error is very @ from] EREREREERRER L L
small as shown in Fig. 9. But there is scaling error yet in iy ———————
Fig. 9. N l:}‘:J I I T F” [ Motoispeedjw,.”)

. After the corr.lpe'nsatlon by the proposed method, speed o ERERERE L IR L L i
ripples are eliminated almost completely to below 2.0 T T ————
0.05[rpm] as shown in Fig. 10. 6/, shows the influence © ] L
of the dead time in Fig.10. The effect will not be 2.0 1
mentioned in this paper. Several algorithms of the dead ON — =
time have been published as mentioned before section. @ . S:;mmg T —

Fig. 11 shows dynamic characteristics of current errors T
compensation in the transient state. In this experimental 0 [sec] 100
result, the proposed compensation algorithm has the Fig. 11 Dynamic characteristics of compensation in the transient
attractive feature of transient state operation. state. (=400[rpm] STEP)

Copyright (C) 2005 NuriMedia Co., Ltd.



158 Journal of Power Electronics, Vol. 5, No. 2, April 2005

6. Conclusion

In the digital AC motor drive system, the torque pulsation
is caused by the offset and scaling error of the stator
currents. Thus without the proper compensation algorithm,
a higher performance vector control cannot be
accomplished.

In this paper the new compensation algorithm was
proposed. The main contribution of this paper introduces
the signal of the integrator output of the d-axis current
regulator to compensate the current errors. Usually the
d-axis current command is zero or constant to acquire the
maximum torque or unity power factor in the ac drive
system, and the output of the d-axis current regulator is
nearly zero or constant as well. Therefore, the proposed
algorithm shows several features of the robustness in the
variation of the machine variables, the application of the
steady and transient state, the easy implementation, and
requiring less computation time.

Through the simulation and experimentation, the
feasibility and effectiveness of the proposed algorithm was

verified.
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